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ΠΕΡΙΛΗΨΗ 

 Τα νεογνά, και ιδιαίτερα τα πρόωρα (διάρκεια κύησης έως και 24 εβδομάδες και 

βάρος γέννησης έως και 600 g) αμέσως μετά την γέννηση τους διανύουν μια περίοδο υψηλού 

κινδύνου και συχνά έχουν να αντιμετωπίσουν μια ποικιλία από σοβαρές έως και απειλητικές 

για τη ζωή επιπλοκές στην υγεία τους, που συχνά απαιτούν ειδική φροντίδα κατά τη διάρκεια 

των πρώτων ημερών στην Μονάδα Εντατικής Θεραπείας Νεογνών. Τόσο η καθυστερημένη 

ενδομήτρια ανάπτυξη, όσο και ο πρόωρος τοκετός αποτελούν σημαντικές αιτίες για την 

εμφάνιση αναπνευστικών ή καρδιαγγειακών προβλημάτων. Το ποσοστό επιβίωσης αυτών 

των νεογνών, ωστόσο, έχει αυξηθεί δραματικά κατά τις τελευταίες δύο δεκαετίες, που 

βασίζεται τόσο στην άµεση διάγνωση όσο και στην έγκαιρη και αποτελεσματική θεραπεία. Η 

ακτινογράφηση νεογνών είναι ένα απολύτως αναγκαίο και ισχυρό «εργαλείο» που συμβάλλει 

σηµαντικά όχι µόνο στην έγκαιρη αρχική διάγνωση και εκτίµηση της ασθένειας (π.χ 

αναπνευστική δυσχέρεια, εισρόφηση µηκωνίου, βρογχοπνευµονική δυσπλασία, 

πνευµοθώρακας, νεκρωτική εντεροκολίτιδα κτλ) αλλά και στην τοποθέτηση και επιβεβαίωση 

της σωστής θέσης των διαδερµικών ενδοφλέβιων κεντρικών γραµµών, οµφαλικών 

καθετήρων και ενδοτραχειακών σωλήνων που απαιτούνται κατά την αντιµετώπιση των 

συµπτωµάτων αυτών καθώς και κατά την παρακολούθηση της θεραπείας. Συνεπώς, ανάλογα 

µε τα κλινικά συμπτώματα που παρουσιάζουν, τα πρόωρα νεογνά υποβάλλονται σε ένα 

αρκετά σηµαντικό αριθµό ακτινογραφικών εξετάσεων θώρακος και κοιλίας (έως και > 60 

ακτινογραφίες) κατά τις πρώτες µέρες ζωής.  

 Επιπλέον, τα νεογνά πιθανόν να υποβληθούν σε μια ποικιλία από άλλες 

ακτινολογικές τεχνικές κατά τη διαχείριση της κατάστασής τους. Αν και η αξονική 

τομογραφία σε νεογνά (computed tomography- CT) π.χ. για την εκτίμηση των συγγενών 

ανωμαλιών της καρδιάς ή τραύμα στο κεφάλι, είναι σχετικά σπάνια σε σύγκριση με την 

ακτινογράφηση, ενόψει των υψηλών δόσεων που συνδέονται με την τεχνική αυτή, είναι 

σημαντικό για τους ακτινολόγους και τους τεχνολόγους να είναι σε θέση να εκτιμήσουν την 

δόση και τα στοχαστικά αποτελέσματα, όπως την πιθανότητα εμφάνισης καρκίνου η 

λευχαιμίας, εξαιτίας της ακτινοβολίας. Κατά τη διάρκεια εξετάσεων CT, η ενέργεια 

εναποτίθεται στα διάφορα όργανα με ένα περίπλοκο τρόπο, ανάλογα με την 

ακτινοβολούμενη ανατομική περιοχή και τις διαστάσεις του σώματος του ασθενή. Η 

εκτίμηση του κινδύνου καρκίνου απαιτεί γνώση των εν λόγω δόσεων στα όργανα. Ως εκ 

τούτου, κρίθηκε απαραίτητο να διερευνηθεί και να επαναπροσδιοριστεί μια μεθοδολογία 

δοσιμέτρησης, με σκοπό να συμβάλλει στη βελτιστοποίηση των ακτινολογικών τεχνικών 

στις αξονικές εξετάσεις νεογνών. 

 Η ακτινοευαισθησία κάθε ιστού είναι ευθέως ανάλογη του ρυθµού εξάπλωσης και 

πολλαπλασιασµού των κυττάρων. Τα νεογνά είναι έως και δέκα φορές πιο ευαίσθητα σε 

σχέση µε τους ενήλικες στις χρωµοσωµατικές καταστροφικές συνέπειες της ακτινοβολίας, 

εξ’ αιτίας της υψηλής µιτωτικής δραστηριότητας των κυττάρων τους. Επιπλέον, κρίσιµα και 

ακτινοευαίσθητα όργανα, όπως ο µαστός, ο θυρεοειδής αδένας, οι γονάδες και ένα µεγάλο 

τµήµα του αιµοπαραγωγικού µυελού των οστών βρίσκονται κοντά ή εντός της πρωτογενούς 

δέσµης και ακτινοβολούνται απ’ ευθείας. Επίσης, λόγω του µεγαλύτερου προσδόκιµου ζωής 

των νεογνών σε σχέση µε οποιαδήποτε άλλη οµάδα ασθενών, υπάρχει μεγαλύτερη περίοδος 

της πιθανής εµφάνισης κακοήθειας εξ’ αιτίας της ακτινοβολίας.  

 Ένα άλλο στοιχείο σχετικό με την συχνή απεικόνιση των νεογνών, κατά την 

παραμονή τους στην μονάδα, είναι ότι ο χειρισμός και η αλληλεπίδραση με το νεογνό θα 

πρέπει να ελαχιστοποιούνται. Τα πρόωρα νεογνά δέχονται ιατρική φροντίδα σε 

θερμοκοιτίδες, οι οποίες είναι σχεδιασμένες για να παρέχουν το βέλτιστο ελεγχόμενο 
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μικροπεριβάλλον, ιδανικό για το μωρό, όπου οι ζωτικές λειτουργίες του μπορούν να 

παρακολουθούνται προσεκτικά συνεχώς. Κατά την ακτινογράφηση, στην τρέχουσα κλινική 

πρακτική, η κασέτα τοποθετείται κυρίως πάνω στο κρεβάτι, ακριβώς πίσω από το νεογνό. 

Ωστόσο, η ανάγκη για μετακίνηση και ανύψωση του νεογνού μπορεί να οδηγήσει σε 

υποθερμία, υποξία, βραδυκαρδία, εγκεφαλική αιμορραγία, καθώς και μεταφορά μολύνσεων 

και τυχαία εκτόπιση των κεντρικών γραμμών και καθετήρων. Οι σύγχρονες θερμοκοιτίδες 

είναι εφοδιασμένες με ένα μια υποδοχή/συρόμενο δίσκο απεικόνισης (imaging tray) κάτω 

από το κρεβάτι που διευκολύνει την τοποθέτηση της ακτινολογικής κασέτας  με σκοπό την 

ελάχιστη ενόχληση του μωρού και μεταβολή των συνθηκών μέσα στην θερμοκοιτίδα. Για 

ακτινογραφίες που λαμβάνονται χρησιμοποιώντας το συρόμενο δίσκο απεικόνισης, λόγω της 

εξασθένησης που προκαλείται από το κρεβάτι, το στρώμα και τα άλλα υλικά που 

παρεμβαίνουν στην δέσμη, πιθανόν να απαιτείται αύξηση των παραμέτρων έκθεσης, με 

αποτέλεσμα το νεογνό να εκτεθεί σε υψηλότερη δόση. Το κρεβάτι συνήθως δεν είναι 

κατασκευασμένο από υλικά χαμηλής απορρόφησης, αλλά από ένα απλό πλαστικό υλικό, έτσι 

ώστε υπάρχουν ισχυρά επιχειρήματα που να υποστηρίζουν ότι η τοποθέτηση της κασέτας 

πίσω από το νεογνό είναι πιο συνεπής με την αρχή της βελτιστοποίησης. 

 Η παρούσα μελέτη αποτελείται από τρία βασικά μέρη. Ο πρώτος στόχος της μελέτης 

ήταν να πραγματοποιηθεί μια έρευνα σχετικά με τον καθορισμό της δόσεων που σχετίζονται 

με ακτινογραφικές εξετάσεις θώρακος στην Μονάδα Εντατικής Θεραπείας Νεογνών στο 

Πανεπιστημιακό Νοσοκομείο της Πάτρας στην Ελλάδα, η σύγκριση των δόσεων αυτών με 

τα διεθνή διαγνωστικά επίπεδα αναφοράς και ανάπτυξη και η παρουσίαση ενός 

βελτιστοποιημένου ακτινογραφικού πρωτοκόλλου με χρήση ακτινολογικού φιλμ, ανάλογα με 

το σωματικό βάρος γέννησης του νεογνού, βασισμένη σε κλινικές εικόνες νεογνών. 

Δεδομένου ότι η ψηφιακή ακτινογράφηση είναι σήμερα η πλέον χρησιμοποιούμενη μορφή 

απεικόνισης σε πολλά κέντρα, η μελέτη αναπτύχθηκε περαιτέρω ώστε να συγκρίνει τις 

τεχνικές και τις παραμέτρους έκθεσης που εφαρμόζονται κλινικά στην μονάδα εντατικής 

θεραπείας νεογνών στο Royal Victoria Infirmary (RVI) στο Newcastle Upon Tyne, στο 

Ηνωμένο Βασίλειο. Επιπλέον, ερευνήθηκε η επίδραση της χρήσης του συρόμενου δίσκου 

απεικόνισης της θερμοκοιτίδας για την τοποθέτηση της κασέτας κατά τη ακτινογράφηση 

θώρακος, σε σχέση με τη δόση στη κασέτα, το δείκτη έκθεσης της ψηφιακής εικόνας, την 

ποιότητα της εικόνας και των επιπτώσεων από τη χρήση του δίσκου στο νεογνό. Η μελέτη 

πραγματοποιήθηκε βασισμένη σε εικόνες από ανθρωπόμορφο ομοίωμα νεογνού με ψηφιακο 

ανιχνευτή (computed radiography-CR). Στο τρίτο μέρος μελετάται και επαναπροσδιορίζεται 

μια μεθοδολογία δοσιμέτρησης σε εξετάσεις CT, καθώς και η επίδραση των νέων 

παραγόντων ακτινοευαιθησίας των ιστών, όπως δημοσιεύθηκαν στην νέα έκθεση από τη 

Διεθνή Επιτροπή Ακτινοπροστασίας το 2007 (International Radiological Protection Board-

ICRP), στην ενεργό δόση (effective dose- E) και στους συντελεστές μετατροπής της δόσης 

(effective dose per dose length product- EDLP). Αρχικά η μελέτη επικεντρώθηκε σε νεογνά, 

ωστόσο εφόσον οι συντελεστές μετατροπής δόσης εξαρτώνται από τις διαστάσεις του 

ασθενούς, θεωρήθηκε σκόπιμο να επεκταθεί και σε εξετάσεις παιδιών, 

συμπεριλαμβανομένων των ηλικιών 1, 5 και 10 ετών. 

 

 

Πρώτο Μέρος 

 

Στο δείγμα, η πλειοψηφία των νεογνών ήταν πρόωρα και χωρίσθηκαν σε 4 ομάδες ανάλογα 

με το βάρος γέννησης. Συλλέχθηκαν συνολικά 378 ακτινογραφίες θώρακος και θώρακος-

κοιλίας, και κατεγράφησαν οι παράμετροι έκθεσης (π.χ. tube voltage-kVp, mAs). Η δόση 

εισόδου στη επιφάνεια του δέρματος (Entrance Surface Dose –ESD) υπολογίσθηκε 

θεωρητικά από τις παραμέτρους έκθεσης. Η ποσότητα δόση-επί-επιφάνεια (Dose Area 
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Product-DAP)  μετρήθηκε απευθείας. Η αξιολόγηση της ποιότητας της εικόνας 

πραγματοποιήθηκε από δύο παρατηρητές και βασίστηκε στα κριτήρια που προτείνονται από 

την Ευρωπαϊκή Επιτροπή για παιδιατρικές εξετάσεις, και αφορούν στην απεικόνιση 

συγκεκριμένων ανατομικών χαρακτηριστικών όπως απεικόνιση τη τραχείας, καρδιακό 

παρέγχυμα στους πνεύμονες, βρόγχοι, διάφραγμα κτλ. χρησιμοποιώντας 5-βάθμια κλίμακα. 

Επιπλέον, μελετήθηκε η απεικόνιση κεντρικών γραµµών και καθετήρων που τοποθετούνται 

κατά τη διάρκεια της θεραπείας. Τα στοιχεία που προκύπτουν κατά τη διάρκεια αυτής της 

μελέτης κατέδειξαν μόνον λίγες περιπτώσεις στις οποίες ένα νεογνό έλαβε μεγάλο αριθμό 

ακτινογραφιών (μέγιστο 26), ενώ ο μέσος αριθμός ήταν 3,6 ακτινογραφίες ανά νεογνό.  

 Τα Διαγνωστικά Επίπεδα Αναφοράς (Dose Reference levels-DRLs) έχουν προταθεί 

από Επιτροπή της Ευρωπαϊκής Ένωσης (Commission of the European Community- CEC) 

καθώς και πιο πρόσφατα από το National Radiological Protection Board (NRPB), και που 

συστήνουν 80 µGy και 50 µGy αντίστοιχα σαν δόση αναφοράς για προσθοπίσθια 

ακτινογραφία θώρακος νεογνού. Τα DRLs δεν αποτελούν όρια δόσης, όµως συστήνεται να 

µην ξεπερνώνται για συνηθισμένες εξετάσεις κατά την διάρκεια καλής πρακτικής.  

 Οι τιμές της δόσης εισόδου αυξάνονται με την αύξηση του βάρος του νεογνού και 

παρατηρήθηκε διακύμανση (16,4-76.9mGy, μέση τιμή 38.2mGy) τόσο μεταξύ των 

διαφορετικών κατηγοριών βάρους, όσο και μέσα στην ίδια κατηγορία βάρους (3,5 φορές για 

νεογνά στην κατηγορία 4), γεγονός το οποίο αντανακλά την έλλειψη ενός σταθερού 

πρωτοκόλλου ακτινογράφησης. Ένα μεγάλο εύρος τιμών παρατηρήθηκε επίσης στις τιμές 

DAP (1,2-15,0 mGy cm
2
, μέση τιμή 7,2 mGy cm

2
). Η τιμές ESD που λαμβάνονται στην 

παρούσα μελέτη είναι χαμηλότερες ή συγκρίσιμες με τις τιμές που λαμβάνονται σε μελέτες 

άλλων ευρωπαϊκών χωρών. Η πλειοψηφία των τιμών ESD συμφωνούν με τα διαγνωστικά 

επίπεδα αναφοράς που προτείνει η Ευρωπαϊκή Επιτροπή και με εκείνα που προτείνονται από 

το NRPB για ακτινογραφίες νεογνών. Οι τιμές ESD τιμές είναι χωρισμένες σε δύο ομάδες, 

λόγω του γεγονότος ότι οι τεχνολόγοι χρησιμοποιούν τεχνικές χαμηλής ή υψηλής τάσης της 

λυχνίας, σύμφωνα με την δική τους κατάρτιση και εμπειρία και κρίση, χωρίς να 

ακολουθείται ένα συγκεκριμένο πρωτόκολλο ακτινογράφησης. Τα αποτελέσματα δείχνουν 

ότι η χρήση τεχνικών ακτινογράφησης υψηλής τάσης μπορούν να οδηγήσουν σε περαιτέρω 

μείωση της δόσης, αφού λιγότερα mAs χρησιμοποιούνται με την αύξηση της τάσης της 

λυχνίας. 

 Από τις μέσες τιμές παρατηρείται, όπως αναμενόταν, ότι οι τιμές DAP  αυξάνονται με 

την αύξηση του βάρους του νεογνού λόγω της αύξησης του μεγέθους του πεδίου και των 

παραμέτρων έκθεσης (mAs και kVp). Ωστόσο, μια μεγάλη διακύμανση παρατηρήθηκε, με τη 

μέγιστη τιμή DAP να είναι πάνω από πέντε φορές μεγαλύτερη από την ελάχιστη τιμή. Το 

γεγονός αυτό θα μπορούσε να αποδοθεί όχι μόνο σε διαφορές στις τεχνικές έκθεσης, αλλά 

και σε διαφορές στο μέγεθος των ακτινολογικών πεδίων χρησιμοποιούνται σε κάθε εξέταση, 

ακόμη και για νεογνά έχουν παρόμοιο βάρος. Ειδικά, στην τέταρτη κατηγορία βάρους 

υπάρχει ένα ευρύ φάσμα τιμών με τη μέγιστη τιμή είναι 3 φορές το ελάχιστο. Πιθανώς ο 

σημαντικότερος παράγοντας κατά την ακτινογράφηση, όσον αφορά την ακτινοπροστασία για 

το νεογνό αλλά και το προσωπικό, είναι ο προσεκτικός περιορισμός του ακτινολογικού 

πεδίου στην περιοχή ενδιαφέροντος. Ως εκ τούτου, ο κίνδυνος της ακτινοβολίας στον ασθενή 

ελαχιστοποιείται με τη προϋπόθεση ότι λαμβάνονται μόνο απολύτως απαραίτητες 

ακτινογραφίες, αυστηρά περιορισμένες στο πεδίο ενδιαφέροντος.  

 Τα αποτελέσματα της αξιολόγησης της ποιότητας της εικόνας, ανέδειξαν τη 

δυνατότητα επίτευξης εικόνων με υψηλή συνολική τελική βαθμολογία ως προς την ποιότητα 

της εικόνας, που σημαίνει διαγνωστικά αποδεκτές εικόνες, χρησιμοποιώντας τεχνικές τόσο 

χαμηλής όσο και υψηλής τάσης, με την τελευταία να έχει ως αποτέλεσμα τη μειωμένη δόση 

ESD. Τα στοιχεία αυτά οδηγούν στο συμπέρασμα ότι οι τεχνικές υψηλής τάσης παρότι ίσως 

επηρεάζουν ελαφρώς την αντίθεση σε ορισμένες ανατομικές λεπτομέρειες, η ποιότητα της 
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εικόνας συνολικά επαρκεί για να απαντήσει στο κλινικό ερώτημα, ακολουθώντας την αρχή 

της ακτινοπροστασίας As Low As Reasonably Achievable (ALARA). Η απεικόνιση της 

άκρης των ενδοτραχειακών σωλήνων, των ομφαλικών καθετήρων  και κεντρικών γραμμών 

αξιολογήθηκαν με υψηλό βαθμό ανεξάρτητα από τεχνική ακτινογράφησης, εκτός από της 

περιπτώσεις υποκείμενης παθολογίας.  

 Προτείνεται ένα βελτιστοποιημένο σταθερό πρωτόκολλο με παραμέτρους έκθεσης 

προσαρμοσμένες σε κάθε κατηγορία βάρους ξεχωριστά. Με βάση τα αποτελέσματα 

συμπεραίνεται ότι είναι δυνατή η περαιτέρω μείωση της δόσης ESD που λαμβάνει το νεογνό, 

έως σχεδόν το ήμισυ των προτεινόμενων επιπέδων DRL. 

 

  

Δεύτερο Μέρος  
 

Τα στοιχεία έκθεσης συλλέχθηκαν από κλινικές εικόνες νεογνών μέσω του συστήματος 

αρχειοθέτησης και αναζήτησης εικόνων (Picture and Archive Communications System-

PACS), καθώς και καταγράφηκαν επίσης από τους τεχνολόγους. Η δόση ESD υπολογίσθηκε 

θεωρητικά και επιπλέον μετρήθηκε με δοσίμετρα θερμοφωταύγειας (thermoluminescent 

dosimeters-TLDs).Ένα ανθρωπόμορφο ομοίωμα νεογνού ακτινοβολήθηκε με διαφορετικές 

παραμέτρους έκθεσης, που κυμαίνονται 58-64 kVp και 0.64-3.2 mAs ώστε να μελετηθεί και 

να συγκριθεί η ποιότητα της εικόνας, για τις δυο διαφορετικές μεθόδους με την κασέτα 

τοποθετημένη «στο κρεβάτι», και με την κασέτα τοποθετημένη «στο συρόμενο δίσκο». Η 

απορροφούμενη δόση στα όργανα που βρίσκονται μέσα στο πεδίο, όπως ο θυρεοειδής 

αδένας, οι πνεύμονες, η καρδιά, το ήπαρ, το πάγκρεας και ο μαστός, μετρήθηκε με TLDs. 

Για κάθε μια τεχνική ο δείκτης έκθεσης της ψηφιακής εικόνας logM καταγράφηκε για κάθε 

εικόνα. Σε κάθε εικόνα μετρήθηκε η μέση τιμή pixel (pixel value- pv) καθώς και η τυπική 

απόκλιση για 10 περιοχές ενδιαφέροντος (Regions of Interest- ROIs). Οι περιοχές 

ενδιαφέροντος περιλαμβάνουν περιοχές στον πνεύμονα και στον οπισθοκαρδιακό πνεύμονα, 

στα πλευρά και στα  πλευρά πίσω από την καρδιά, στα πλευρά κοντά στην κοιλιακή περιοχή, 

στην σπονδυλική στήλη και στον μαλακό ιστό στην κοιλιακή περιοχή. Ο λόγος σήματος 

προς θόρυβο (Signal to Noise ratio- SNR) μετρήθηκε για τις δύο μεθόδους, με την κασέτα 

στο κρεβάτι και στο συρτάρι μετρήθηκε για κάθε τιμή τάσης kVp της λυχνίας και τις 

ανάλογες τιμές mAs που χρησιμοποιούνται στην κλινική πράξη.  Ο λόγος αντίθεση προς 

θόρυβο (Contrast to Noise ratio- CNR) μετρήθηκε μεταξύ περιοχών στον πνεύμονα και τον 

οπισθοκαρδιακό πνεύμονα, στα πλευρά και στα  πλευρά πίσω από την καρδιά και μεταξύ 

πνεύμονα και μαλακού ιστού στην κοιλιακή χώρα.  

 Το εύρος των τιμών της δόσης ESD στο νοσοκομείο της Αγγλίας είναι μικρότερο από 

το εύρος των τιμών που παρατηρήθηκαν στο νοσοκομείο της Ελλάδας. Όλες οι τιμές ESD 

βρίσκονται χαμηλότερα από τα προτεινόμενα διαγνωστικά επίπεδα αναφοράς της 

Ευρωπαϊκής Επιτροπής και εκείνων που προτείνονται από το NRPB για ακτινογραφίες 

νεογνών. Συγκρίνοντας τα αποτελέσματα από τις δύο μονάδες νεογνών, παρατηρείται ένα 

κοινό εύρος τιμών χαμηλών δόσεων που αντιστοιχεί σε τεχνικές υψηλής τάσης, γεγονός που 

βρίσκεται σε συμφωνία με το προτεινόμενο πρωτόκολλο στο πρώτο μέρος αυτής της 

εργασίας. Επιπλέον, ο δείκτης έκθεσης της ψηφιακής εικόνας για την πλειοψηφία των 

ακτινογραφιών βρίσκονται μεταξύ 1,8-2,1 όπως προτείνεται από τον κατασκευαστή (Agfa).  

 Κατά την προσθοπίσθια ακτινογράφηση θώρακος νεογνών, όργνανα υψηλής 

ακτινοευαισθησίας ακτινοβολούνται απευθείας. Σύμφωνα με τις μετρήσεις, τα όργανα που 

λαμβάνουν υψηλές δόσεις είναι ο μαστός, το ήπαρ, ο πνεύμονας και ο θυρεοειδής αδένας 

(όταν βρίσκεται εντός της πρωτογενούς δέσμης). Ωστόσο, εξαιτίας των μικρών διαστάσεων 

του νεογνού, άλλα όργανα βρίσκονται κοντά στην πρωτογενή δέσμη. Στην μονάδα νεογνών 

στο νοσοκομείο RVI, γίνεται χρήση μολύβδου, διαμορφωμένο σε κατάλληλα σχήματα, που 
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τοποθετείται στο πάνω μέρος της θερμοκοιτίδας ώστε να περιορίζει το ακτινολογικό πεδίο 

ανάλογα με την επιθυμητή ανατομική περιοχή. Αυτή η πρακτική οδηγεί σε χαμηλότερη 

συνολική δόση (προστατεύοντας το θυρεοειδή αδένα και τις γονάδες) και βελτιωμένη 

αντίθεση μειώνοντας την σκεδαζόμενη ακτινοβολία, και θα μπορούσε εύκολα να εφαρμοσθεί 

και στην μονάδα στο νοσοκομείο της Πάτρας. Υπολογίσθηκαν συντελεστές μετατροπής 

δόσης οργάνων για τον πνεύμονα και τον μαστό σε σχέση με την δόση εισόδου (0,48 και 

0,92 mGy/mGy αντίστοιχα). Οι συντελεστές αυτοί είναι συγκρίσιμοι με συντελεστές που 

έχουν δημοσιευθεί σε παρόμοιες μελέτες της διεθνούς βιβλιογραφίας. 

 Μια σημαντική εξασθένηση της δέσμης μετρήθηκε λόγω της παρουσίας άλλων 

υλικών μεταξύ της λυχνίας και του ανιχνευτή πέραν του ασθενούς, όπως το κρεβάτι, το 

στρώμα και το πάνω μέρος της θερμοκοιτίδας. Το πάνω μέρος της θερμοκοιτίδας προκαλεί 

εξασθένηση της δέσμης κατά 20% ενώ το κρεβάτι 55% κατά μέσο όρο, ανάλογα με την 

τάση. Ακτινοβολώντας το ομοίωμα νεογνού με την τεχνική αναφοράς που χρησιμοποιείται 

κλινικά για νεογνό βάρους 3.5 κιλών (62 kVp, 1.6 mAs) η χρήση του δίσκου, για την 

τοποθέτηση της κασέτας, θα οδηγούσε σε μια δόση στον ανιχνευτή κατά 30% λιγότερο από 

αυτήν με την κασέτα ακριβώς πίσω από τον ασθενή. Προκειμένου να επιτευχθεί η ίδια δόση 

στον ανιχνευτή, είναι αναγκαία η αύξηση των τιμών mAs κατά περίπου 40% για την ίδια 

τιμή τάσης λυχνίας. Προκειμένου να επιτευχθεί ο ίδιος δείκτης έκθεσης ψηφιακής εικόνας με 

την κασέτα στο δίσκο, οι τιμές των mAs πρέπει να αυξηθούν κατά περίπου 31%. Ωστόσο ο 

δείκτης έκθεσης δεν θεωρείται κατάλληλος να χρησιμοποιηθεί ως δείκτης για την 

αξιολόγηση δόσεων του ασθενή. Το ακτινολογικό πεδίο και η τάση της λυχνίας θα πρέπει να 

λαμβάνονται υπόψη. Υψηλότερα ποσοστά θορύβου μετρήθηκαν στις εικόνες που 

παρήχθησαν με την κασέτα τοποθετημένη στο δίσκο. 

 Το SNR μετρήθηκε στο ομοίωμα νεογνού για μια σειρά από τεχνικές έκθεσης. Η 

μείωση στις τιμές του μετρούμενου SNR κατά τη μετάβαση από την μέθοδο με την κασέτα 

"στο κρεβάτι" σε αυτήν με την κασέτα "στο δίσκο", είναι σημαντικότερη για τις τεχνικές 

χαμηλής τάσης. Η μείωση στο SNR κυμαίνεται από 48% κατά μέσο όρο, για όλα τα 

ανατομικά χαρακτηριστικά, για τις χαμηλές τάσεις έως 23% για τις υψηλότερες τάσεις 

λυχνίας. Σε δέσμες που περιέχουν περισσότερα «μαλακά» φωτόνια χαμηλής ενέργειας, ένα 

μεγαλύτερο ποσοστό αυτών απορροφάται από τον ασθενή, το κρεβάτι και τα υπόλοιπα υλικά 

που παρεμβάλλονται μεταξύ της λυχνίας και του ανιχνευτή. Δέσμες υψηλότερης ενέργειας, 

περιέχουν περισσότερα φωτόνια με μεγαλύτερη διεισδυτική ικανότητα, που μπορεί να 

φτάσουν ευκολότερα στον ανιχνευτή μέσα από το στρώμα και το κρεβάτι κλπ. Μια αύξηση 

στις τιμές mAs της τάξης του 55% σε mΑs απαιτείται για τη διατήρηση του SNR. 

 Στις ακτινογραφίες θώρακος, η αντίθεση μεταξύ των πνευμόνων, του πνεύμονα πίσω 

από την καρδιά και των οστών και ιστών είναι σημαντική. Η μείωση του CNR μεταξύ του 

πνεύμονα και του οπισθοκαρδιακού πνεύμονα, που προκαλείται από τη χρήση του δίσκου 

είναι 45% για τις χαμηλές και 10% για υψηλότερες τάσεις λυχνίας. Για την τεχνική 

αναφοράς, (62kVp, 1.6 mAs) η αντίστοιχη μείωση του CNR είναι 17%. Το CNR μεταξύ του 

πνεύμονα και του οστού στα πλευρά, και μεταξύ του πνεύμονα και του μαλακού ιστού για 

την τεχνική αναφοράς μειώνεται κατά 23% και 10% αντίστοιχα με χρήση του δίσκου. Μια 

αύξηση στις τιμές mAs της τάξης του 50% σε mΑs απαιτείται για τη διατήρηση του CNR. 

Ωστόσο, ακόμα και μετά την αύξηση των στοιχείων έκθεσης, οι δόσεις παραμένουν εντός 

των προτεινόμενων διαγνωστικών επιπέδων αναφοράς.  

 Ο συντελεστής κέρδους, (figure of merit FOM=CNR
2
/ESD) υπολογίστηκε και το 

συμπέρασμα είναι ότι οι υψηλότερες τάσεις λυχνίας (π.χ. 64 kVp) είναι προτιμότερες για την 

απεικόνιση νεογνών με την κασέτα τοποθετημένη στο συρόμενο δίσκο της θερμοκοιτίδας. Η 

προτεινόμενη τεχνική με χρήση του δίσκου απεικόνισης είναι 64 kVp, 2 mAs, που θα 

οδηγήσει σε αύξηση της δόσης κατά 36%.  
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 Η αναγκαία αύξηση των παραμέτρων έκθεσης, όταν γίνεται χρήση του δίσκου 

απεικόνισης σε σύγκριση με την τοποθέτηση της κασέτας πίσω από το νεογνό στο κρεβάτι, 

οδηγεί σε αυξημένη πιθανότητα εμφάνισης κακοήθειας λόγω της μεγαλύτερης ακτινοβολίας. 

Αυτό αντιστοιχεί σε μια αύξηση της τάξης του 37% μεταξύ των δύο μεθόδων. Στα κορίτσια 

αντιστοιχεί υψηλότερος κίνδυνος, που για μια ακτινογραφία θώρακος, η πιθανότητα είναι 5.6 

νεογνά ανά εκατομμύριο νεογνά (5.6 x 10-6). Ωστόσο τα νεογνά πιθανόν να υποβληθούν σε 

συνολικά έως και 60 ή και περισσότερες ακτινογραφίες κατά τη διάρκεια της θεραπείας τους. 

Ωστόσο, οι περισσότερες μελέτες αναφέρουν 8-10 ακτινογραφίες κατά μέσο όρο ανά νεογνό. 

Αυτό θα οδηγήσει σε μια αύξηση της πιθανότητας εμφάνισης καρκίνου σε 56 νεογνά ανά 

εκατομμύριο νεογνά. Με άλλα λόγια, δηλαδή 1 στα 18.000 νεογνά (που ισοδυναμεί με 14.4 

ημέρες ακτινοβολίας περιβάλλοντος). 

  Η σχετικά ευρεία διακύμανση των δόσεων σε ευρωπαϊκές μελέτες υπογραμμίζουν 

την ανάγκη ανάπτυξης πρωτοκόλλων για ακτινογραφικές εξετάσεις νεογνών. Αν και τα 

αποτελέσματα αυτής της εργασίας χρειάζεται να εμπλουτιστούν περαιτέρω, μπορούν να 

οδηγήσουν στην πρόταση ενός τέτοιου πρωτοκόλλου στην αναλογική και ψηφιακή 

ακτινογράφηση νεογνών (φιλμ και CR). 

  Η ελαχιστοποίηση της αλληλεπίδρασης με το νεογνό και το περιβάλλον εντός της 

θερμοκοιτίδας είναι ευεργετική για την θεραπεία και την αποκατάσταση της υγείας του 

νεογνού, ειδικά σε νεογνά εξαιρετικά χαμηλού βάρους.  

Στόχος είναι ο εξοπλισμός, η τεχνική ακτινογράφησης και η ποιότητα των παρεχόμενων 

πληροφοριών να είναι σε συμφωνία με την αρχή της ALARA. Η τοποθέτηση της κασέτας 

στο κρεβάτι πίσω από το νεογνό συνδέεται με ιατρικούς κλινικούς κινδύνους, κάποιοι από 

τους οποίους αναφέρθηκαν, που θα πρέπει να ζυγισθούν απέναντι στην αναγκαία άυξηση του 

κίνδυνου της ακτινοβολίας όταν γίνεται χρήση του δίσκου.  

 Η άνεση του ασθενούς είναι σημαντική, όμως, στις σύγχρονες θερμοκοιτίδες, 

εξοπλισμένες με συρόμενους δίσκους απεικόνισης πίσω απο το κρεβάτι, ο σχεδιασμός, η 

δομή και η σύνθεση των υλικών που θα μπορούσαν να βελτιωθούν από την άποψη της 

ακτινοπροστασίας. Κρίνεται αναγκαίο η μελέτη αυτή να επεκταθεί και σε υψηλότερες τάσεις 

. 

 Μια στενή συνεργασία είναι απαραίτητη μεταξύ παιδιάτρων, παιδιατρικών 

ακτινολόγων, ακτινοφυσικών και τεχνολόγων ακτινολογικών μηχανημάτων σχετικά με το 

σχεδιασμό και τις διαρθρωτικές βελτιώσεις των θερμοκοιτίδων, π.χ. πιο ομοιόμορφο και πιο 

λεπτό κρεβάτι, διαφανές, κατασκευασμένο από υλικά χαμηλής εξασθένησης (ή ένα πλέγμα 

από ανθρακονήματα), λεπτότερο πάνω μέρος της θερμοκοιτίδας, συρτάρια εξοπλισμένα με 

εξωτερικούς δείκτες για εύκολη ευθυγράμμιση κασέτας, λυχνίας και νεογνού. Ως εκ τούτου 

το σύνολο της αλυσίδας απεικόνισης πρέπει να βελτιστοποιηθεί και η χρήση του δίσκου της 

θερμοκοιτίδας θα πρέπει να ενθαρρύνεται εφόσον η επιλογή της τεχνικής είναι 

βελτιστοποιημένη.   

 Τα νεογνά είναι η πιο ευαίσθητη ομάδα των ασθενών και λαμβάνοντας υπόψη τη 

συχνή απεικόνιση τους, η συνολική αλυσίδα της ακτινολογικής διαδικασίας θα πρέπει να 

είναι βελτιστοποιημένη με σκοπό το μεγαλύτερο όφελος στην περίθαλψη των νεογνών και 

στην ταχύτερη ανάρρωση τους.   

 

Τρίτο Μέρος 

 

Οι συχνότητα των εξετάσεων αξονικής τομογραφίας σε νεογνά είναι αρκετά χαμηλή, 

ιδιαίτερα σε σύγκριση με την ακτινογράφηση, ωστόσο συνδέεται με υψηλές δόσεις σε 

διάφορα όργανα, και είναι επιτακτική η εφαρμογή βελτιστοποιημένων πρωτοκόλλων 

προσαρμοσμένων στο μέγεθος του ασθενούς και το εκάστοτε κλινικό ερώτημα. Ως εκ 

τούτου, κρίθηκε απαραίτητο να διερευνηθεί και να επαναπροσδιοριστεί μια μεθοδολογία 
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δοσιμέτρησης, με σκοπό να συμβάλλει στη βελτιστοποίηση των ακτινολογικών τεχνικών 

στις αξονικές εξετάσεις νεογνών. Η μεθοδολογία δοσιμετρίας που παρουσιάζεται στην 

παρούσα μελέτη, πραγματοποιήθηκε χρησιμοποιώντας ανθρωπόμορφο ομοίωμα νεογνού, και 

επαναπροσδιορίστηκε βασισμένη στην πρόσφατη δημοσίευση των νέων συντελεστών 

ακτινοευαισθησίας για κάθε όργανο, που προτάθηκαν από το ICRP το 2007. Βασικές 

αλλαγές είναι η αύξηση του  συντελεστή ακτινοευαισθησίας του μαστού από 0,05 σε 0,12 

και η μείωση του για τις γονάδες από 0,20 σε 0,08. Επίσης ο συντελεστής για το ήπαρ, την 

ουροδόχο κύστη, τον οισοφάγο και τον του θυρεοειδή αδένα έχουν αλλάξει από 0,05 σε 0,04. 

Το αποτέλεσμα αυτών των αλλαγών στον υπολογισμό της ενεργού δόσης Ε καθώς και στον 

συντελεστή μετατροπής δόσης EDLP ερευνάται σε αυτό το μέρος της εργασίας. 

 Η ενεργός δόση Ε είναι μια παράμετρος που σχετίζονται με το σχετικό κίνδυνο 

εμφάνισης καρκίνου και δεν είναι μια φυσική παράμετρος που μπορεί να μετρηθεί αλλά 

απαιτείται η γνώση της δόσης σε κάθε όργανο. Η μετρήσεις πραγματοποιήθηκαν με σάρωση 

για τέσσερις, μη επικαλυπτόμενες ανατομικές περιοχές, και συγκεκριμένα την περιοχή του 

κεφαλιού, του θώρακα, της κοιλιακής χώρας και της πυέλου. Οι δόσεις στα επιμέρους 

ακτινοβολούμενα όργανα μετρήθηκαν τοποθετώντας δοσίμετρα TLD μέσα στο ομοίωμα. Η 

ενεργός δόση υπολογίσθηκε για κάθε περιοχή σάρωσης. Η παρούσα μελέτη εστιάζεται 

κυρίως σε CT νεογνών, ωστόσο, προκειμένου να ληφθούν οι συντελεστές μετατροπής για 

ασθενείς με μεγαλύτερες διαστάσεις, η μελέτη επεκτάθηκε σε παιδιατρικές εξετάσεις CT, 

συμπεριλαμβάνοντας τις ηλικίες 1, 5 και 10 ετών. Για όλες τις ηλικίες και όλες τις 

ανατομικές περιοχές εφαρμόσθηκε το ίδιο σταθερό πρωτόκολλο για την ακτινοβόληση των 

ομοιωμάτων (120 kVp, 200 mAs, 10 mm slice width, pitch of 1).  

Ο συντελεστής μετατροπής ενεργού δόσης (ΕDLP) υπολογίσθηκε, από την E σε συνάρτηση με 

το γινόμενο δόση επί μήκος (dose-length product-DLP) για νεογνά και παιδιά σε σχέση με τις 

διαστάσεις του ασθενή για τις 4 ανατομικές περιοχές σάρωσης. Ο  υψηλότερος συντελεστής 

δόσης βρέθηκε για περιοχή της κοιλιακής χώρας. Οι συντελεστές για τον θώρακα, την 

κοιλιακή χώρα και την πύελο ήταν περίπου 2-3,5 φορές υψηλότερες από εκείνες για το 

κεφάλι, ομοίως με τους συντελεστές που έχουν δημοσιευθεί στο παρελθόν. Οι μεταβολές των 

νέων συντελεστών δόσης κυμαίνονται από μια αύξηση έως και 25% για CT θώρακα σε μια 

μείωση της τάξης του 30-40% για CT πυέλου. Δεν παρατηρήθηκαν σημαντικές μεταβολές 

για CT του κεφαλιού και της κοιλιακής χώρας. Τα αποτελέσματα της μελέτης αυτής 

επικυρώθηκαν με την ακτινοβόληση του ομοιώματος νεογνού χρησιμοποιώντας το κλινικό 

πρωτόκολλο για απεικόνιση του θώρακα που εμφανίζεται στην προκαθορισμένη λίστα 

διαμορφωμένων πρωτοκόλλων του μηχανήματος (συνολικό μήκος σάρωσης από την βάση 

του λαιμού συμπεριλαμβάνοντας το ήπαρ). Η ενεργός δόση μετρήθηκε με δοσίμετρα TLDs, 

ενώ η προβλεπόμενη E υπολογίσθηκε με τη χρήση των νέων συντελεστών δόσης. Οι δύο 

τιμές αποκλίνουν κατά 20%.  

 Επιπλέον, το ομοίωμα νεογνού ακτινοβολήθηκε σε άλλους δυο διαφορετικούς 

υπολογιστικός τομογράφους (Toshiba και Siemens), εφαρμόζοντας κλινικά προκαθορισμένα 

πρωτόκολλα σε παιδιατρικό νοσοκομείο. Παρατηρήθηκε ότι η κύρια διαφορά μεταξύ των 

δύο πρωτόκολλων των τομογράφων ήταν η τάση στη λυχνία. Για το πρωτόκολλο νεογνών 

στο τομογράφο Toshiba, η προεπιλεγμένη τάση ήταν ορισμένη στα 80kVp, ενώ για τον 

Siemens ήταν 120kVp, όπως εφαρμόζεται σε ενήλικες. Οι παράμετροι σάρωσης που 

απεικονίζονται στην οθόνη του αξονικού τομογράφου χρησιμοποιήθηκαν για τον 

υπολογισμό της Ε από το λογισμικό πρόγραμμα ειδικό για υπολογισμό δόσης, IMPACT. Οι 

τιμές που ελήφθησαν μέσα από το πρόγραμμα IMPACT για αυτά τα κλινικά πρωτόκολλα, 

βρίσκονται σε συμφωνία με τις τιμές που προκύπτουν με εφαρμογή των ΕDLP αυτής της 

εργασίας και επαλήθευσαν τα αποτελέσματα μας. 

Επίσης, πραγματικά δεδομένα από εξετάσεις ασθενών συλλέχθηκαν κατά τη διάρκεια της 

έρευνας σε διάφορα νοσοκομεία. Οι προβλεπόμενες τιμές Ε με χρήση των συντελεστών ΕDLP 
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που προκύπτουν βρίσκονται εντός του εύρους των τιμών της Ε που δίνεται από πρόγραμμα 

IMPACT, γεγονός που καταδεικνύει ότι η χρήση των ΕDLP ανάλογα με τις διαστάσεις του 

ασθενή, είναι μια γρήγορη και απλή μέθοδος για την εκτίμηση της Ε.  

Μετά από έρευνα σε διάφορα νοσοκομεία παρατηρήθηκε ότι τα δεδομένα για νεογνά είναι 

περιορισμένα λόγω της χαμηλής συχνότητας των εξετάσεων. Συνολικά 15 νοσοκομεία 

συμπεριλήφθησαν στην έρευνα. Η πλειοψηφία δεν έχει θέσει προκαθορισμένα πρωτόκολλα 

ιδιαίτερα για νεογνά. Μόνο συγκεκριμένα παιδιατρικά ακτινολογικά τμήματα χρησιμοποιούν 

απεικονιστικές τεχνικές στις οποίες εφαρμόζεται  χαμηλή τάση λυχνίας (80 kVp ή 90 kVp) 

αντί για 120 kVp που χρησιμοποιείται για τους ενήλικες.  

 Τα αποτελέσματα δείχνουν ότι για τομογράφους διαφορετικών κατασκευαστών, οι 

συντελεστές δόσης μπορούν να χρησιμοποιηθούν για την πρόβλεψη της ενεργού δόσης. 

Ωστόσο, είναι ενδεικτικά ως προς την επιρροή των νέων συντελεστών ακτινοευαισθησίας 

των οργάνων του ICRP103 σχετικά με τα E DLP, και περαιτέρω έρευνα είναι αναγκαία, 

συμπεριλαμβανομένης της επίδρασης των χαμηλότερων τάσεων για παιδιά.  

 Τέλος, υπολογίσθηκαν συντελεστές δόσης για συγκεκριμένα ακτινοευαίσθητα 

όργανα (μαστό, πνεύμονα, στομάχι και ήπαρ) σύμφωνα με το δείκτη δόσης CT (computed 

tomography dose index- CTDI). Βάση αυτών των συντελεστών,  η δόση σε κάθε όργανο 

μπορεί να εκτιμηθεί με σφάλμα 20%.  

 Η ακριβής μέτρηση της δόσης είναι ζωτικής σημασίας για τα παιδιά και νεογνά, λόγω 

της αυξημένης πιθανότητας εμφάνισης των επιπτώσεων της ακτινοβολίας σε νεότερες 

ηλικίες. Οι δόσεις σε εξετάσεις CT στα παιδία μπορεί να διαφέρουν σημαντικά ανάλογα με 

την ηλικία του ασθενούς και το βάρος και εξαρτώνται σε μεγάλο βαθμό από τα πρωτόκολλα 

βελτιστοποίησης και τον τύπο του αξονικού τομογράφου.  

 Η μέθοδος και τα αποτελέσματα αυτής της μελέτης μπορεί να παρέχουν ένα πρακτικό 

και αποτελεσματικό τρόπο στους ακτινολόγους και στους τεχνολόγους για την 

αποτελεσματική εκτίμηση της δόσης στην καθημερινή κλινική πρακτική. Αυτό μπορεί να 

συμβάλει στη βελτιστοποίηση των παραμέτρων σάρωσης και να βοηθήσει στον υπολογισμό 

της πιθανότητας εμφάνισης καρκίνου εξαιτίας της ακτινοβολίας για νεογνά και παιδιά 

διαφορετικών διαστάσεων, ενισχύοντας έτσι τα κριτήρια αιτιολόγησης της εξέτασης.  
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ABSTRACT 

 Neonates, and especially premature (with gestational age as low as 24 weeks and birth 

weight as low as 600 g) are predisposed to a variety of minor to life-threatening health 

complications, and often require special care during the first days of their life in the Special 

Baby Care Unit (SBCU). One of the primary methods of monitoring neonates in the neonatal 

unit is through radiography.  

 During hospitalisation in the SCBU premature neonates may undergo a significant 

number of radiographic procedures to assist mainly in the diagnosis and management of lung 

diseases, such as respiratory distress syndrome and meconium aspiration syndrome, which 

represent one of the major clinical concerns in the neonatal care. Additionally, repeated 

radiographs are required to confirm correct positioning of the multiple tubes and lines (e.g. 

umbilical catheters, long-lines, endotracheal tubes) that are placed during the course of their 

management. Additionally, neonates may undergo a variety of other radiological 

investigations during the management of their condition. Although neonatal Computed 

tomography (CT) e.g. for assessment of congenital heart abnormalities or head trauma, is 

relatively infrequent compared to radiography, in view of the high organ doses involved with 

this modality, it is important for radiologists and operators to be able to easily estimate doses 

and cancer risks, and optimise protocols depending on patients size.  

 Radiation damage is more extensive on dividing cells, thus exposure during childhood 

increases the risk of suffering the detrimental effects of ionizing radiation. Also, as a 

consequence of longer life expectancy, compared to adults, there is a greater period for the 

potential delayed effects of radiation to be expressed. Furthermore, the small sizes of the 

newborn bring critical organs frequently within or close to the primary beam resulting in a 

relatively higher overall exposure per examination than may be the case with adults. 

Therefore, it is emphasized that providing an image which is adequate for the clinical 

imaging task with the minimum radiation dose, whilst considering the best outcome of their 

treatment, is of particular importance to the neonate.  

 Handling of the neonate inside the incubator should be minimized, since lifting or 

moving the infant to position the cassette, can lead to hypoxia, bradycardia, cerebral 

haemorrhage and could cause accidental dislodgment of tubes and lines. Modern incubators 

incorporate an imaging tray under the bed to facilitate placement of the radiographic cassette 
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with minimum disturbance to the infant and the conditions inside the incubator. The current 

study was divided in three parts.  

 

Part 1 

The first objective of the study was to perform a survey on the doses encountered during 

chest radiography in the Special Care Baby Unit at the University Hospital of Patras in 

Greece. In our sample (378 chest and chest–abdomen radiographs) the majority of neonates 

were preterm and the mean number of radiographs was 3,6 per neonate (maximum 26). 

Entrance Surface Doses (ESDs) were estimated, Dose-Area Product (DAP) values were 

measured and the quality of radiographic image was evaluated for clinical film-screen 

neonatal images. The ESD values obtained are lower than, or comparable to, the values 

obtained in studies in other European countries and the majority showed good compliance 

with the recommended diagnostic reference levels proposed by the National radiological 

protection board and the European Commission (50 μGy and 80mGy respectively). A relatively 

wide variation in ESD (16-77 μGy, mean 38.2mGy) and DAP (1.2-15 mGy·cm
2
, mean 7.2 

mGy·cm
2
) values is observed even for neonates of the same weight (3,5- fold in group 4). 

Image quality evaluation demonstrated that high tube voltage techniques, related to low ESD 

values, the image quality is adequate to answer the diagnostic question, thus adhering to the 

driving philosophy of the ALARA principle. An optimized standardized radiographic 

protocol is suggested depending on birth-weight for film screen radiography. 

 

Part 2 

 Since computed radiography is now the most used digital imaging modality in many 

centers, the study was further developed to compare techniques and exposure factors applied 

in SBCU of the Royal Victoria Infirmary hospital in Newcastle Upon Tyne, in the UK. The 

range of ESD values in the UK smaller that that found in the Greek hospital. All doses are below 

the Diagnostic Reference level. Comparing the two departments, a common overlap in the low 

range of doses is observed for high tube voltage techniques. That is in agreement with the 

optimised protocol proposed in Part 1 of this work. Additionally, the exposure index for most of 

the neonatal radiographs were in the range 1.8-2.1, as recommended from the Agfa manufacturer.  

 With the use of an anthropomorphic neonatal phantom and thermoluminescent 

dosimeters (TLDs), our results demonstrated that the organs receiving the highest doses during 

neonatal chest AP radiography are the breast, liver lung and thyroid (when in the primary 
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beam) which are also amongst the most radiosensitive organs. Organ dose coefficients were 

deduced for lung and breast with respect to entrance kerma free-in air and entrance surface dose. 

Those are comparable to coefficients deduced in national reports and other studies. The phantom 

was irradiated with various techniques (58-64 kVp, 0.64-3.2 mAs) in order to compare image 

quality for the two radiographic methods, i.e. with the cassette ‘on the bed’ and ‘in the tray’. 

The Signal to noise ration (SNR) was measured for 10 regions of interest (ROIs) representing 

anatomical features such as lung, retrocardiac lung, rib on lung, retrocardiac rib on lung, 

tissue, rib on tissue, spine and was plotted in graphs for each kVp and for the corresponding 

mAs values used clinically. The contrast to noise ratio (CNR), was measured between the 

lung and the lung behind the heart, rib on the lung and lung, as well as between lung and 

tissue. In order to achieve the same dose to the detector when switching from “on the bed” to 

“in the tray” method a necessary increase in the mAs is required of approximately 40%, when 

using the same tube voltage. The reduction in the SNR values is more prominent for low x-

ray beams, ranging from 45% on average for the low tube voltages to 27% for the higher tube 

voltages. An increase of 55% in mAs is required to maintain the SNR. The decrease in the 

contrast to noise ratio (CNR) between lung and lung behind the heart, rid and rib behind the 

heart, and lung and tissue caused by the use of the tray was 40-46% for low and 20-25% for 

higher tube voltages. The figure of merit, CNR
2
/ESD was calculated and it was concluded 

that the higher tube voltages are preferable for imaging neonates with the cassette positioned 

in the incubator imaging x-ray tray.  Reducing neonatal handling may ultimately improve 

outcome and speed up therapy and recovery, therefore structure and composition of materials of 

incubators should be improved e.g. thinner transparent bed, made from low attenuation materials 

or a grid of carbon fibre material can be tested.  

 

Part 3 

Part three is presenting a dosimetric methodology for neonatal CT, updated based on 

the new tissue radiosensitivity factors, published in the new report from the International 

Commission on Radiological Protection 2007. That impact of the new factors on the effective 

dose and the dose conversion coefficients in neonatal and paediatric CT . In order to obtain 

size dependant coefficients, it was extended to paediatric CT scans, including the ages of 1, 5 

and 10 years old. 

Despite the relatively low frequency of CT examinations in neonates compared to 

radiography, since CT is related to high organ doses, optimized protocols adjusted to clinical 
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task and patient size should be implemented for neonates. Neonates represent the most 

radiosensitive group of patients. Additionally, in view of their longer life expectancy, and 

possible repeated radiological examinations, knowledge of organ and effective dose is vital 

for the estimation of cancer risks.  

The dosimetric methodology presented in this study, utilizing anthropomorphic neonatal 

phantom, was updated based on the new set of tissue weighting factors suggested by the 

ICRP 2007. The tissue weighting factor for breast increased from 0.05 to 0.12 and the factor 

for gonads has decreased from 0.20 to 0.08. Also liver, bladder, esophagus and thyroid have 

changed from 0.05 to 0.04. The effect of these changes in the calculation of E through the 

EDLP coefficients is investigated in this work.  

Effective dose is a parameter related to the relative biologic risk and is not a physical 

parameter that can be measured. Four non-overlapping anatomical areas were scanned, 

namely, head, chest, abdomen and pelvis. Organ doses were measured utilising TLDs and 

effective dose was calculated for each scan. This work was primarily focused on neonatal CT, 

however, in order to obtain size dependant conversion coefficients  it was extended to 

paediatric CT scans, including the ages of 1, 5 and 10 years old. A standard protocol was 

used for all patient sizes and anatomical areas.  

Effective dose conversion coefficients, normalised to dose-length product, were 

derived for neonates and children as a function of patient size for four anatomical areas (head, 

chest, abdomen, pelvis). The highest coefficient was found to be for the abdomen. The 

coefficients for chest, abdomen and pelvis were approximately 2-3,5 times higher than those 

for head, similarly to those published previously.  

The changes in the dose coefficients range from an increase of up to 25 % for chest 

CT scans to a decrease of 30–40 % for scans of the pelvis. No significant changes were 

observed for scans of the head and abdomen. The results of this study were validated by 

irradiating the neonatal phantom on a clinical ‘chest neonatal protocol’ (base of the neck to 

end of the liver). The predicted effective doses, using the deduced coefficients, were within 

20% of the measured values.  

The results suggest that even for scanners of different manufacturers and maximum slice 

widths, the coefficients can be used to predict E however, the current results are only 

indicative of the influence of the new ICRP103 weighting factors on the paediatric EDLP 

coefficients, and further investigation is necessary, including the effect of varying tube 

voltages.  
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 The neonatal phantom was additionally irradiated on two other different scanners 

(Toshiba and the Siemens) on the default clinical chest neonatal protocol in a paediatric 

hospital. It was observed that the main difference between the two protocols on the scanner 

was the tube voltage. For the neonatal protocol in the Toshiba scanner, the default tube 

voltage was set to 80kVp, whereas on the Siemens it was 120kVp, as used for adults. The 

scan parameters were used to calculate the E from the IMPACT software program. The 

values produced through the IMPACT dose calculator, for those clinical protocols, compared 

good with those estimated by application of the deduced dose coefficients in this work, and 

verified our results.  

 Also, actual patient data were collected during the survey in various hospitals. The 

predicted values using the coefficients produced dose values which were within the range of 

the dose values given by the IMPACT dose calculator. That signifies that the use of the 

deduced size dependant EDLP conversion coefficients for paediatric patients is a quick and 

straightforward method for estimating E. Accurate dosimetry is crucial for children and 

neonates due to the greater susceptibility of radiation effects in younger ages. That can assist 

in the optimisation of protocols for children. Patient doses in paediatric CT vary considerably 

as a function of patient age and weight and are highly dependent on the optimisation 

procedures and the type of the CT scanner. It was observed that data for neonatal scans are 

scarce due to the low frequency of the examinations. Only half of the 15 hospitals included in 

the survey have responded to the survey as the majority has not set protocols particularly for 

neonates. Only those departments dedicated to paediatric imaging applied low tube voltage 

techniques (80kVp or 90kVp) versus 120kVp used for adults, and less than half used tube 

current modulation.  

Finally, organ doses for radiosensitive organs (breast, lung, stomach and liver) were 

normalized to the CT dose index. The organ doses can be estimated to within 20%.  

The dose coefficients presented in this study provide a practical and effective way for 

radiologists/radiographers to estimate effective dose in routine clinical practice. This can 

contribute in the optimisation of scan parameters and assist in the calculation of radiation 

cancer risks for infants and paediatric patients of any size.   

The method and the results of this study can assist radiologists and CT users understand 

the radiation dose estimates and the risks associated with this modality. Awareness of the 

risks can reinforce the justification criteria.  
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1 CHAPTER 1. INTRODUCTION 

1.1 Introduction to diagnostic radiology  

 The first X-ray guided operation was performed in 

England, in Birmingham, to extract a sewing needle 

embedded in the hand of a seamstress. 
1, 2

. That was only 

one day after the announcement of the discovery of x-rays 

by Roentgen (1845-1923) in January 5, 1896. Since then, 

the use of X-rays, enabling the display of human internal 

anatomical structures, has revolutionized the field of 

medicine. Nowadays, medical imaging if of enormous 

benefit to modern healthcare, with safe and effective 

treatment for a multitude of injuries and diseases, as well 

as, for screening asymptomatic patients (e.g. 

mammography). In modern diagnostic radiology, 

equipment is evolving rapidly. There is a variety of existing 

techniques to diagnose, monitor or treat medical conditions 

depending on the specific organs in question and the clinical pathology.  

 

1.1.1 Digital radiography 

 One of the greatest technological advances in 

medical imaging in the last 20 years is Digital Radiology 

(DR). Conventional radiographic imaging (screen-film-SF) 

systems have worked well as for over a century providing 

increasingly better diagnostic images. Plain film 

radiography is today the most common examination in 

radiology, representing 74% of all radiologic examinations 

performed in the USA, including both adults and children 
3
, However due to the processing 

they require, they can delay the completion of examination. Also, in SF radiography, the film 

serves as the acquisition, display, and archive medium, and must be optimized during the 

acquisition phase of the image 
4
.  

The first digital radiographs were introduced about 20 y ago with the development of 

computed radiography (CR) systems based on phosphor plate detectors (PSP). Digital imaging 
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Figure 1-1. German trade card: Early 

examinations by Roentgen 

 

Figure 1-2. Digital Chest x-ray on 

PACS system 
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has practical technical advantages compared to film techniques by separating these threes three 

components. Images can be taken and examined immediately, can be post-processed, cropped 

and sent to a network of computers through the Picture Archiving and Communication Systems 

(PACS). 
5
. PACS can increase the speed of clinical decision making and the radiology workflow, 

as image transfer allows physicians to review radiological examination simultaneously within 

minutes after the exposure, not only within the same hospital but also remotely from different 

geographic locations.  

One of the most important advantages of digitizing the image information is the application of 

image processing to improve visualization and diagnostic information 
5-8

. A decrease in repeat 

examinations, therefore in dose, that were considered under or overexposed, could be 

accomplished with the support of post-processing techniques 
9, 10

. Reduced repeat rates have 

been realized also in paediatric radiology 
11

.  Additionally, with appropriate training of 

radiologists, medical physicists and radiographers in the aspects of patient dose management 

and relevant quality control, it is possible to generate images with the same or lower radiation 

dose with digital imaging compared with conventional SF systems for general radiography 
5, 

12
. A number of recent studies have confirmed that digital techniques, after improvements and 

corrections, allowed diagnostically adequate images to be obtained with substantially lower 

patient doses than used for SF radiography  
13-16

.  

However, with DR, attention must be paid to unintentional overexposure that may not 

recognized by the radiographer/radiologist and could lead to systematically increased patient 

doses before optimisation 
9
. Also, an increase in the number of examinations could occur 

because of the relative ease of obtaining and archiving images with digital imaging in some 

centre following transition from conventional to DR 
17

. Therefore, despite the potential of 

delivering lower patient doses, justification of procedures should be the first step in the 

optimisation process. Further analysis on digital imaging, regarding the dose levels and the 

characteristics of the digital image will be discussed in Chapter 4.  
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1.1.2 Computed Tomography  

The second revolution began in 1972 in England with Hounsfield’s 

announcement of a practical X-ray tomographic scanner, which is now called 

computed tomography (CT) scanner 
18

. CT scanning is an important and life-

saving tool for diagnostic medical examinations and guidance of 

interventional and therapeutic procedures. CT scanners have been subject to major 

technological advances (faster data acquisition, narrow submillimeter detector widths with 

increased spatial resolution and volume coverage up to 16 cm scan length in a single rotation) 

19, 20
. Modern Multi Slice CT scanners (MSCT or spiral CT) have revolutionized the practice 

of medicine and have greatly extended the role of CT imaging, which is now regarded as the 

most preferable radiological investigation for a broad spectrum of clinical symptoms 
21

 (e.g. 

cardiac CT, CT angiography and colonoscopy, CT of the urinary system).  

The United Nations Scientific Committee on the Effects of Atomic Radiation 
22

 conducted 

a survey of medical exposure for the period 1997–2007. Since the previous survey (covering 

the period 1991–1996), there has been a striking increase in the total number of diagnostic 

medical examinations (both medical and dental) from 2.4 billion to 3.6 billion—an increase 

of  50 %. 
23

.  

Other reports have also highlighted dramatic 

increase in the use of relatively high dose procedures 

with MDCT over the past 25 years, resulting in a 

significant increase in the population’s cumulative 

exposure to ionizing radiation 
24-27

 
22

.  

In the US, CT examinations have increased by 10% 

per year since 1993 
3
. Globally, CT scanning represents 

a contribution of just over 44% to the global collective 

effective dose equivalent from medical exposures 
22

. 

Despite the relatively low frequency of CT 

examinations, (11%), compared to radiography and fluoroscopy in the UK, CT is the growing 

and dominant contributor to the total collective effective dose from X-ray examinations being 

responsible for around 70% of the total collective dose, as reported in 2010, compared to 

40% in 1998 
28

. Conversely, the percentage contribution from radiographic and fluoroscopic 

examinations has nearly halved as new digital techniques develop 
28

.  

 

Figure 1-3. Estimated Number of CT scans 

performed annually in the United States 

(from NCRP 2009)  
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1.1.3 Growing concerns on radiation dose 

Medical radiation has grown at a remarkable rate, and now accounts for 98% of the 

contribution from all artificial sources to the population dose worldwide, representing 

approximately 20 % of the total dose 
29

. This raises concerns about exposure to low-dose 

ionizing radiation in the general population 
30

.  

Experimental and epidemiologic evidence, mainly data derived from the atomic bomb 

survivors in Japan, has linked exposure to low-dose, ionizing radiation with the increased 

development of solid cancers and leukemia 
29, 31, 32

. Two recently published studies have  

addressed the issue of CT-related radiation exposure.
33

 
24

 Overall, approximately 29,000 

future cancers could be related to CT scans performed in 2007 alone. One third of the 

projected cancers were the result of CT exposure from ages 35 to 54 years, and 15% were 

related to exposure in patients younger than 18 years of age. 

The relationship between radiation dose and the probability of delayed radiation 

effects is critically dependent on the age of the exposed patient 
18, 34

. As radiation damage is 

more extensive on dividing cells, exposure during childhood increases the risk of suffering 

the detrimental effects of ionizing radiation 
35

. Children are at up to 5-7-fold greater risk, 

compared with adults, because of the combination of longer life expectancy in children for 

any harmful effects of radiation to manifest during the child’s remaining lifetime, and the fact 

that developing organs and tissues are more sensitive to radiation- induced neoplastic 

transformation 
18, 36, 37

. For example, the lifetime attributable risk of cancer incidence for 5-

year old children, undergoing paediatric coronary CT angiography, can be as high as 1 in 700 

for boys and 1 in 200 for girls, depending on heart rate 
38, 39

. However the majority of 

physicians underestimate the risk, demonstrating a decreased level of awareness 
40

. The risks 

involved in diagnostic radiology for adults and children, as well as mechanisms of radiation 

injury and damage to DNA will be presented in detail in Chapter 3 (“Radiological effects and 

cancer risks”). Also, international reports mention that radiation exposure has been 

demonstrated to increase the risk of diseases other than cancer, particularly cardiovascular 

disease 
31, 41

. 
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1.1.4 Use of CT in paediatric patients 

 Paediatrics represents a comparatively 

small, though increasing fraction of the 

overall number of CT examinations. The 

evaluation of children’s diseases, has been 

greatly improved by spiral CT which is 

particularly useful for diagnosis and 

assessment of congenital heart 

abnormalities, lung and airway diseases, 

trauma, appendicitis and infections 
42

 
43-46

 

The International Atomic Energy 

Agency in 2010 reported that the 

proportion of paediatric patients undergoing CT scans has also increased. The proportion of 

paediatric patients under-going CT scans ranges from 0 to 38% depending on country and 

examination 
22, 47

. 
48

. Brenner et al report that for CT examinations which may involve 

relatively high radiation dose, an estimated 6% to 11 % of CT examinations are performed in 

children 
32

. In Switzerland 41% of paediatric CT scans are performed on neonates and 

children under the age of 5 years 
49

. Broder et al. reported a 220–460% increase in cervical 

spine and chest CT scans for paediatric emergencies from 2000 to 2005 
50

 (figure 1-4). In 

other departments about 2–5 % of the CT examinations are carried out to children 
51, 52

.  

CT is related to high doses delivered to radiosensitive organs, such as thyroid, breast, 

lungs and gonads. That is critical for young patients due to their small sizes, as organs are 

closer to the primary beam. However, exposure parameters are not always adjusted 

appropriately to the clinical question or to patient size and children are frequently scanned 

with adult protocols 
53, 54

.  

 It is of special importance that paediatric imaging techniques are is optimised to avoid 

unnecessary exposure,  since children are more vulnerable to the detrimental effects of 

ionizing radiation 
41

, 
55

. The European Directive 97/43/Euratom 
56

 and the European 

Commission, in the ‘European guidelines on quality criteria for diagnostic radiographic 

images in paediatrics 
57

, have emphasized the need to pay special attention for paediatric 

exposures 
22, 57

. The necessity of the examination must be evaluated carefully and the 

exposure technique should be tailored to the clinical task and the patient size. 
22

.  

Figure 1-4. Broder et al reported a 220-450% increase in 

cervical and chest CT scans for paediatric emergencies 

from 2000-2006  
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1.2 Purpose of this work 

Considering that radiation-related risks may be cumulative over time, particular attention 

is required for the robust justification of radiological procedures and the optimization of 

patient protection, especially for highly preterm neonates that may require frequent follow-up 

radiographic examinations over a short period of time in the early days of life 
22

.  

Lung diseases of the premature represent one of the most life threatening conditions and 

remains a major clinical concern in the neonatal care. It is the most important cause of 

morbidity in preterm neonates whose lungs are often physiologically and morphologically 

immature. The technology needed for their care is among the most cutting-edge in modern 

medicine. In a Special Baby Care Unit (SBCU) the neonate will be cared for in an incubator 

mainly because premature or sick neonates cannot regulate their own body temperature and 

may be vulnerable to hypothermia. Modern incubators provide the optimal 

microenvironment (oxygenation, optimum temperature, humidity, isolation from infections, 

mechanical ventilation, monitoring heart rate, blood pressure, body temperature etc) 
58-60

.  

 The chest radiograph is the primary and most important imaging technique in the 

evaluation of the neonatal chest thus high quality radiographs are vitally important.
61

. The 

timely diagnosis and treatment may require a large number of radiographs. The frequency of 

radiographic procedures depends on various conditions, including birth weight and 

gestational age. For example in one study in Germany recently it was reported that highly 

preterm neonates with a birth weight <751 g require a median of 11 radiographs, with a 

maximum of 62 
62

. Routine neonatal radiography also contributes to the assessment and 

confirmation of the proper placement of percutaneous intravenous long lines, umbilical 

catheters and endotracheal tubes that are inserted during hospitalization in the SBCU. 

  During radiography, the cassette is usually placed underneath the baby. However, it 

is important to minimise disturbance to the baby and the baby’s environment in the incubator 

63
. Over-handling can cause hypoxia or bradycardia and breathing difficulties 

63-66
.  

Additional risks involve cross infection and dislodgment of tubes and catheters. For that 

reason, modern incubators facilitate a dedicated X-ray imaging cassette tray/ sliding drawer 

integrated under the bed 
66

. This is usually be fitted beneath the bed to enable cassette 

positioning for X-rays to be taken with minimum disturbance to the infant and the conditions 

inside the incubator.  

 However, the radiation protection point of view brings some debate of whether this is 

the best method, since the radiation dose might be increased, as the radiation beam must not 
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only pass through the patient but must also penetrate the incubator canopy, the patient 

mattress and the bed. These components attenuate the beam to a degree that varies with the 

incubator model and manufacturer. It can be argued that placing the cassette behind the 

neonate is more consistent with the ALARA principle. The table top is not made of low 

attenuation materials but from a plain plastic material. Also, potentially artefacts from the 

mattress or the table might be present on the image. Additionally, problems in the correct 

alignment of the cassette in the tray might result in a repeat radiograph.  

 Preterm neonates are the most radiosensitive group of patients. Although organ doses 

from radiographs are relatively small compared to CT, it is still vital that the risk/benefit 

balance is critically examined and the dose per radiograph is minimised. In addition, apart 

from the breast, other critical organs such as the thyroid, the gonads and a large fraction of 

blood forming red bone marrow are also frequently directly irradiated. However, considering 

their fragile clinical condition, procedures must be optimised towards the benefit of the 

patient and the best outcome of their treatment.  

The management of patient dose and the quality of images involves the relationship 

between three core aspects of the imaging process. These are determinants for the diagnostic 

quality of the radiographic image: (i) choice of radiographic technique; (ii) radiation dose to 

the patient and; (iii) diagnostic quality of the radiographic image
67

.  

The purpose of this work is principally concerned with exposures received by neonates 

and preterm babies from the use of ionizing radiation as part of their diagnosis and treatment. 

The first objective is to perform a dose survey of the doses encountered in the Special Baby 

Care Unit of the University Hospital of Patras, in Greece. In addition, due to the different 

exposure techniques (tube voltage-kVp values and tube current-time product-mAs values) 

applied in neonatal radiography, the evaluation of image quality in relation to dose is 

considered to be necessary, with respect to neonatal weight.  An optimisation study in screen 

film neonatal radiography is realised in an effort to find the ideal balance of obtaining an 

image, which is adequate for the clinical purpose with the minimum radiation dose.  

Since CR is now the most used digital imaging modality in many centers, the study was 

further developed to compare techniques and exposure factors applied in SBCU of the Royal 

Victoria Infirmary hospital in Newcastle Upon Tyne, in the UK. Additionally, the effect of 

using the incubator imaging tray for positioning the cassette during neonatal chest 

radiography was investigated, with respect to image quality and the impact on radiation dose 

to the neonate.  
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Finally, neonates may undergo a variety of radiological investigations during the 

management of their condition. Although neonatal CT is relatively infrequent compared to 

radiography, in view of the high doses involved with this modality it is important for 

radiologists and operators to easily estimate doses and risks. During CT examinations 

multiple organs are irradiated in a complex energy deposition in the body, depending on the 

anatomical area in question. The estimation of risk requires knowledge of those organ doses 

and the doses should be evaluated for various child body sizes. Therefore, it was considered 

necessary to investigate and update a dosimetric methodology with the purpose of assisting 

in the optimisation of CT examinations in neonates.  

1.3 Aims and contribution  

The aim in balancing radiation dose and image quality is to provide an image which is 

adequate for the clinical imaging task with the minimum radiation dose to the patient.  

The purpose of this work is based on the necessity to develop an optimised standard 

exposure protocol for neonatal chest radiography, for different neonatal weight groups, in 

conventional and computed radiography. The effect of using the incubator imaging tray on 

the image quality for different tube voltages and various receptor doses is investigated for 

computed radiography. 

Additionally, the proportion of paediatric patients undergoing CT scans is increasing and, 

since CT is related to high doses delivered to radiosensitive organs, such as thyroid, breast, 

lungs and gonads, it was considered essential to investigate and update a CT dosimetric 

methodology for neonates. Normalised size and anatomical region-specific dose conversion 

coefficients in neonatal computed tomography were deduced, as a function of patient size for 

the new ICRP tissue weighting fators. 

Analytically, the current work is divided in three main sections. 

 The first section is on conventional (screen-film) neonatal radiography and consists of the 

following aims:  

 to collect demographic data (e.g. gestational age, neonatal weight, number of 

radiographs, and diagnosis ) from >100 neonates.  

 to collect radiographic data for each exposure (e.g. tube voltage, mAs settings, field size 

and examination inside or outside the closed incubator) 
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 to evaluate the degree of radiation exposure from conventional diagnostic chest x-ray 

examinations different birth-weight groups and to compare them with the current dose 

reference levels and other studies 

 to quantify exposure in terms of Dose Area Product for each technique 

 to assess image quality in an objective way on clinical images based on the visualisation 

of anatomical structures 

 to examine the prospect of dose reduction through optimization of radiographic 

parameters in relation to image quality. 

The second section discusses the effect of positioning the cassette in the incubator imaging 

tray under the bed, instead of positioning it directly under the neonate, for neonatal 

computed radiography and specifically consists of the following aims: 

 collection of radiographic data for the current exposure parameters (e.g. tube voltage, 

mAs settings, distance, use/not use of incubator X-ray tray) 

 determination of the entrance surface dose comparison with the current dose reference 

levels 

 irradiation of a neonatal anthropomorphic phantom with various radiographic techniques 

and assessment of critical organ doses such as for lungs, thyroid, breast and heart  

 irradiation of a neonatal anthropomorphic phantom with various radiographic techniques 

applying the “in tray” and “on the bed” technique 

 assessment of image quality on phantom images by quantitative measurements of noise, 

signal and contrast to noise ratios 

 investigation of the effect of using the incubator tray on radiation dose and image quality 

for different techniques  

The third section is on neonatal CT and specifically aims to:  

 provide survey data on current neonatal examination protocols for head, chest, abdomen 

and pelvis CT and to explore regional trends in clinical practice 

 scan a series of paediatric anthropomorphic phantoms containing thermoluminescent 

dosimeters to measure effective dose for scans of various anatomic regions 

 calculate the effective dose for head, chest, abdomen and pelvis per dose-length product 

based on the new set of ICRP tissue weighting factors 

 derive size-and anatomical region-specific dose conversion coefficients in neonatal and 

provide equations of fit for children of any size  
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 derive neonatal organ dose coefficients for highly radiosensitive organs (e.g. breast, and 

lungs) 

 carry out measurements on another scanner to validate our results 

 compare the dose values estimated using the deduced coefficients with those calculated 

from the Impact CT dosimetry software tool.  

The current work was undertaken to contribute in the optimisation of radiological 

examinations of neonates, by investigating current practice, comparing different exposure 

techniques in conventional and computed radiography and provide new data on dose 

conversion coefficients in CT, as children are recognised as a special group of patients and 

merit particular consideration in view of the increased radiation risk compared to adults and 

the longer life expectancy.  

1.4 Thesis Outlay  

The presented thesis consists of 9 chapters, including the current introduction chapter. This 

work is basically divided in 3 parts. 

 Chapter 2 provides information concerning the pathology of the chest of premature 

neonates and the need for repeat chest radiographs during their treatment. Special 

requirements and guidelines for imaging neonates cared for in incubators are also discussed 

in this chapter.  

 In Chapter 3 the radiation-related cancer risk is discussed from diagnostic procedures 

and the greater paediatric risk of manifesting potential radiation damage compared to adults is 

presented. Risk coefficients are presented as a function of age and physicians’ awareness of risks 

is briefly reviewed. 

 The advantages of digital imaging and the technological progress are described in 

chapter 4, as well as the digital image and its characteristics. The dose levels encountered in 

digital imaging are reviewed and compared to those from conventional film screen imaging. 

It contains information regarding the potential of strong dose reduction without substantial 

loss of image quality after optimisation of techniques.  

 An overview of basic dosimetric quantities related to the patient and to radiological 

protection for projection radiography and computed tomography is presented in Chapter 5, 

along with the Diagnostic Reference Levels doses in neonatal radiology and dose conversion 

coefficients used in paediatric CT.   
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 Chapter 6 refers to Part 1 of this work realised in a Greek hospital. That is related to 

the estimation of radiation doses received by newborns and premature neonates during film 

screen conventional radiography as well as to the evaluation of the quality of the radiographic 

images (clinical images) in an attempt to optimise the radiographic protocol depending on 

neonatal weight. Results are compared with neonatal DRLs and other studies.  

 The effect of placing the cassette inside the incubator imaging tray is investigated in 

Chapter 7, in relation to radiation dose to the neonate, detector dose and signal- and contrast-to-

noise ratios on the image, during computed chest radiography (phantom images).  This part was 

performed in a hospital in the UK and data are compared with those from the Greek hospital in 

Part 1 and other international studies. Chapter 7 also contains an overview of dose levels in 

conventional and digital neonatal radiography and optimisation techniques. Organ doses are 

measured and dose conversion coefficients are deduced for certain organs. Additionally, cancer 

risks are estimated per radiograph.  

 Chapter 8 deals with the doses encountered in neonatal CT examinations, and the 

effect of the new ICRP 2007 tissue weighting factors on effective dose and dose conversion 

coefficients. It describes a CT dosimetric methodology which aims to assist in the optimisation 

of neonatal and paediatric protocols in clinical practice. A survey in hospitals in the North east 

of England is included regarding neonatal protocols and doses from CT examinations. A 

comparison of the doses deduced from this work and those from the IMPACT CT dosimetry 

calculator is considered.  

 In Chapter 9 the main conclusions of the current thesis and future research efforts are 

discussed. 
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2 CHAPTER 2. NEONATAL RADIOGRAPHY 

2.1 Introduction  

 Paediatric radiology has become internationally recognized 

as a subspecialty within diagnostic radiology, with increasing 

numbers of specialized radiologists, departments, and imaging 

equipment 
68

. Organizations that are dedicated to medical imaging in 

children are the "Society for Paediatric Radiology" (SPR), 

established in 1958, the British Society of Paediatric Radiology (1976) and the European 

Society of Paediatric Radiology (1901).  Radiological examinations of neonates merit special 

consideration in view of the increased radiation risk, thus all departments examining children 

should have experienced and trained staff in the care and imaging of paediatric patients.  

 According to the World Health Organization, approximately 1 in 10 neonates are born 

prematurely, 2005, which translates to about 12.9 million births definable as preterm in 2005 

(http://www.who.int/bulletin/volumes/88/1/08-062554/en/). At the same time, the prognosis of 

highly premature infants has improved dramatically thanks to significant improvements in 

perinatal care over the last decades. Infants of very low gestational ages are now surviving due 

to technological advances and have resulted in decreased mortality and morbidity in preterm 

and term neonates 
61

.  

 Considering that lung diseases represent one of the most life threatening conditions in 

the newborn it seems difficult to minimize the number of radiographs in this setting  
61

.  

Management of neonates with respiratory problems receiving intensive care usually involves 

radiography and thus high quality radiographs are vitally important. The radiographic findings 

might encourage immediate management, which often involves invasive intervention measures 

(e.g. intubation, insertion of chest drains) essential for survival of the sick neonate.  

 Therefore, most of the diagnostic x-ray examinations taken during the hospitalisation in 

the neonatal intensive care unit comprise imaging of the respiratory and gastrointestinal 

systems, namely the chest, abdomen and combined image of the chest and the abdomen 

(babygram) 
69

.   

 Chest radiography requires detail of both a variety of soft tissue structures such as heart 

and lungs, and also the need to visualise bony details. In diagnostic radiology the final image is 

dependent on many factors and the ideal balance is to obtain an image, which is adequate for the 

clinical purpose with the minimum radiation dose. The most important component is ensuring 

http://www.who.int/bulletin/volumes/88/1/08-062554/en/
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that the image quality is good enough to enable the diagnosis to be made 
70

. The consequences 

of a failure to make a correct diagnosis because of poor image quality are immediate and the 

risks are far greater than those from the radiation exposure. Dose can not be reduced indefinitely 

without affecting image quality. There are some applications where the relative positions of 

structures are being assessed, such as bone alignments/fractures, where a noisy image obtained 

with a low dose of radiation will give all the diagnostic information required. For the majority of 

applications in neonatal radiography we need as high quality an image as the technique can 

provide, since it is the fine detail which allows a definitive diagnosis to be made.  

 Specific pathologies, such as the hyaline membrane disease require the least possible 

noise in the image. Frequent accurate radiographic assessment is required and knowledge of the 

radiation dose is necessary in the justification of such exposures.  

2.2 Premature Neonates in the Special Baby Care Unit  

Neonates (age from birth to 4 weeks), often require special care during the first days of their 

life in the Special Baby Care Unit (SBCU), depending on their health problems. About 67% to 

75% of the neonates in the SBCU are there because they were born prematurely. The number of 

premature infants increased in 1987-2000 from 4.9% to 5.6% of newborns (Marttila 2003).  

 Neonatologists refer to premature babies in gestational age, which is the number of 

weeks since the mother's last period. Factors that can shorten the length of gestation could be for 

example previous obstetric history, maternal illness during pregnancy, chronic maternal disease, 

maternal age, social class, multiple pregnancies. A neonate is considered premature if he or she is 

born prior to 38-40 weeks gestation. If a neonate is born prematurely, he or she will most likely 

have a low birthweight as well (<2500g). Low birth weight refers to those neonates who fall 

below the normal range of weight for babies their age. 

 Perhaps the most concerning issue, in premature and low birthweight neonates, is the 

possibility of health problems (table 6). The full term fetus is well adapted for the transition 

to extrauterine life.  However, the premature fetus is anatomically, physiologically and 

biochemically immature.  Following birth, such infants would be subjected to the pressures of 

premature adaptation to extrauterine life and to the intensive invasive support measures 

necessary, the combination of which will cause particular problems /diseases.  In addition the 

infant and passes from an intrauterine environment to one which is teeming with microbial 

life. About 50% of all neonatal deaths are due to problems of prematurity (Table 6) 
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Table 2-1. Survival of premature neonates as a function of gestational age and birthweight (adapted from 

Goldenberg et al, Obstetrics and Gynecology, October 1984 found in Giving Birth, bv Adrienne Liebermean) 

Gestational Age (in weeks) Average Birth Weight (g) Survival 

24 650 17% 

26 900 51% 

28 1150 75% 

30 1400 87% 

32 1750 95% 

34 2200 98% 

36 2600 99 + % 

 

The earlier a child is born, and the lower the birth weight it has, the more likely it is that he or she 

will have respiratory or vascular problems, or other complications that range from minor to 

serious life-long illnesses. These may affect more than one system in the infant's fragile body and 

cause life-threatening complications. 

In the past ten years however, there has been a great increase in the survival rate of low-birth 

weight premature neonates. This has been due to advances both in technology and in 

management of these patients, the most important of which is accurate monitoring in conjunction 

with ventilation therapy. One of the primary methods of monitoring neonates in the neonatal unit 

is through radiography. Daily chest and abdomen radiographs are very common and indicate the 

various diseases and clinical problems of ill neonates. 

2.3  Need for chest radiographs  

X-ray imaging in the form of plain radiography provides and close clinical–

radiological correlation is essential for a correct diagnostic interpretation.  

Many times it is the chest x-ray which first identifies the diagnostic problem, helping 

in the proper therapeutic approach to those caring for infants on the neonatal unit. Breathing 

difficulties are the most common problems of newborn babies. For example, respiratory 

distress syndrome (RDS), due to lack of surfactant in the lungs, is common in babies born 

early, but it can be confused with a large number of other problems in the first few days of life. 

It is often very difficult to make a clear diagnosis even after examining the baby and having 

seen the chest radiograph.  

The frequency of radiographic procedures depends on various conditions, including 

birth weight and gestational age. For example in one study in Germany recently it was 

reported that neonates with a birth weight <751 g require a median of 11 radiographs, with a 
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maximum of 62, whereas those with birth weight >1000g required a median of 2 radiographs 

62
. A clue to diagnosis is the time of onset of the respiratory problem RDS and transient 

tachypnoea of the newborn begin during the first hours of life. Pneumonia can occur at any 

time during the newborn period. Pneumothorax often causes a sudden deterioration in a baby 

who has had a respiratory problem. Broncho-pulmonary dysplasia or chronic lung disease 

appears insidiously after the first week or two and is often a complication in a baby who has 

required ventilation at high pressures for respiratory problems such as RDS or recurrent 

apnoeic attacks. Apnoeic attacks can occur as part of a respiratory problem, but are 

particularly common in babies born in less than 32 weeks gestation. Meconium aspiration is 

an important cause of respiratory distress in small gestational-age babies. One of the most 

difficult problems may be the differential diagnosis of cyanosis, which may be due to any of a 

number c respiratory problems or to some forms of congenital heart disease 
71

.  

Thus, the X-ray is the oldest non-invasive tool for visualizing internal structures of the 

upper body, such as the heart, lungs, soft tissue, and bones. X -rays are used for many reasons, 

including: 

• Diagnosing lung disease if the infant is having breathing trouble 

• Detect congenital heart disease 

• Assessing proper placement of various tubes and catheters 

• Oesophageal atresia and trachea-oesofageal fistula 

• Congenital diaphragmatic hernia 

• Evaluating bowels for intestinal obstruction or necrotizing enterocolitis 

• Evaluating bones for fracture or osteopenia 

2.4 Common neonatal respiratory diseases 

The most common respiratory disorders of neonates will be briefly 

described, pointing out the need of requiring large numbers of neonatal 

radiographs and the importance of radiographic findings in the treatment of 

a neonate requiring special care. 

2.4.1 Respiratory Distress Syndrome (RDS): 

RDS is seen in premature neonates whose lungs have not fully developed 

and is the most common form of lung disease seen in premature infants 

(also known as Hyaline Membrane Disease). It is rare after 37 weeks 

Figure 2-1. Normal supine 

inspiratory chest radiograph of a 

neonate 
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gestation.  Respiratory distress syndrome (RDS) is the clinical expression of surfactant deficiency 

in neonates. Alveolar instability and collapse results in decreased functional residual capacity and 

increased deadspace. 
72

. 

 It is still the largest single cause of death in babies born alive 

without major congenital defect. RDS is caused by insufficient 

amounts of a naturally produced material, called surfactant, in the 

lungs. Surfactant normally coats the lining of the lung with a thin 

film and helps to keep the air sacs open, so O2 can travel from the 

lung to the blood, while the  waste gas CO2 travels from the blood 

to the lung for exhalation. When the air sacs collapse, because of 

insufficient surfactant, the neonate is unable to get enough O2 into the blood and cannot easily get 

rid of the CO2 from the body. Symptoms  include tachypnea, significant subcostal or intercostal 

retractions, nasal flaring and grunting.  

 

Radiological Findings: 

a. Lungs are hypo-aerated and often will appear as if 

the neonate is in consistent expiration. 

b. Diffuse nodular granular pattern throughout the 

lungs as result of micro-atelectases interspersed with 

dilated air spaces. This pattern has been called a 

'"ground glass" appearance. 

c. If generalized atelectases is present, the lungs may 

have a "white out" appearance. Air bronchogram 

which are air containing bronchi may standout on this 

white background of poorly aerated lung. 

d. The cardiac size may appear increased because of a 

large thymic shadow and decreased lung volume. 

Cardiomegaly is rarely present initially, but may occur 

as symptoms of the patent ductus arteriosus occurs. 

2.4.2 Bronchopulmonary Dysplasia (BPD):   

Bronchopulmonary dysplasia (BPD), or chronic lung disease of infancy, develops in 

premature infants who were previously treated for respiratory distress syndrome (RDS) with 

oxygen usually requiring prolonged ventilation 
61

. Although there has been a significant 

Figure 2-2. Supine radiograph 

on day one. 

Figure 2-3. Chest X-ray showing “ground-

glass” appearance of lungs in hyaline 

membrane disease. 
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reduction in the severity and mortality 

of BPD, its incidence is rising, 

probably because of increase survival 

of neonates. It is difficult to know 

whether it is the pressure effects of 

ventilation or the toxic effects of O2 

which cause injury to the lungs. The 

evidence suggests that the pressure 

effects are more important. It is 

therefore wise to use the lowest 

pressure which will produce adequate ventilation of the chest. BPD occurs as a result of an 

initial injury from RDS, which is then combined with the additional exposure of the 

premature lungs to oxygen and ventilator therapy. The lungs react to these combined injuries 

by forming scar tissue, which causes abnormal lung function. Infections can contribute to the 

worsening of the disease. The typical case is a baby under 1500 g who required prolonged 

ventilation for RDS and apnoeic attacks. Oxygen dependency then continues, and cyanosis 

occurs if no added oxygen is given. Symptoms, which might be present, include difficulty in 

breathing, as seen by fast and/or labored breathing and noisy breathing, which might include 

wheezing 

Radiological Findings: Occurring at 4-10 days of life, involves almost complete opacification of 

the lung fields, obscuring the heart borders and the outline of the diaphragm. This mimics 

congestive heart failure due to the patent ductus arteriosus and left-to-right shunt fluid overload 

or pulmonary hemorrhage. The abnormal chest radiograph shows streaking of the lung fields 

alternating with translucent areas probably representing cystic or over-inflated parts of the 

lung. 

2.4.3 Transient Tachypnea of the Newborn (TTN):  

Transient tachypnea is a respiratory disorder usually seen shortly after delivery in neonates who 

are born near or at term. Transient means it is short-lived (usually < 24 hours) and tachypnea 

means rapid breathing. TTN is sometimes called "wet lung disease". Before the baby is born, the 

lungs are filled with fluid, Most of which is reabsorbed into the lymphatic ducts in the lungs 

within a few minutes after delivery. This resorption is stimulated by chemical changes during 

Figure 2-4. Chest X-ray showing early stages of 

bronchopulmonary dysplasia 
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labor. Vaginal birth might help clear the fluid by squeezing the chest as the baby comes through 

the birth canal. The first few breaths the baby takes fill the lungs with air and increase the clearing 

of the fluid from the lungs. Babies who are born by cesarean section are more likely to develop 

TTN.  

Radiological Findings: Adequate or over-expansion of the lungs and symmetrically increased 

vascular markings radiating from the helium and small amounts of pleural fluid. The heart may 

also be mildly enlarged, lungs thus have a wet" appearance because of increase interstitial and 

alveolar fluid volume and decreased thoracic gas volume. Pneumographic findings thus are 

similar to alveoli or interstitial edema. The lungs clear within 12-24 hours and follow-up chest x-

rays will often demonstrate a remarkable improvement in aeration and a decrease in the vascular 

markings. This condition is usually benign and resolves fairly quickly. 

2.4.4 Meconium Aspiration Syndrome (MAS):  

Passage of meconium is a common occurrence in the term 

and post term neonate. Aspiration of meconium stained 

amniotic fluid into the tracheobronchial tree may occur in 

utero or with the first breath. Particles of meconium in the 

airway may cause partial or complete airway obstruction. 

This leads to gas trapping, and overdistended alveoli and 

pneumothorax or pneumo-mediastinum. If the airway is 

completely obstructed, atelectasis may result. Mild 

degrees of meconium aspiration may be associated with 

tachypnea and oxygen needs. Many of these neonates may also 

have symptoms of persistent pulmonary hypertension of the 

newborn. 

Radiological Findings: 

Hyperinflation at the bases of the lungs with flattening of the diaphragm, increased AP diameter 

of the chest and coarse irregular patchy densities with areas of diminished aeration or 

consolidation, as pneumonitis occurs, a more diffuse opacification of the lungs may occur. Other 

disorders in the neonate where radiographic finding would be important are pneumonia, 

oesophageal atresia, congenital heart disease, air leak. 

Figure 2-5. Mecomum Aspiration 

Syndrome and predisposes the 

neonate to pneumothorax or neumo-

mediastinum.  
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2.5 Placement of tubes and catheters  

 Treatments often used to support and monitor the infant in the therapy can include the placement 

of one or more catheters and tubes into the blood vessels of the umbilical stump. Neonatal long 

lines have improved the care of extremely low birthweight infants. Unfortunately, the use of 

these catheters is not without risk. Malposition of lines can lead to life threatening complications 

like cardiac tamponade and pulmonary oedema, apart from catheter associated infections, like 

pleural effusion, arrhythmia 
73, 74

. 

 Although it seems mundane, probably one the most important function of neonatal chest 

radiography is to assess positions of the multiple tubes and lines that are placed during the course of 

the neonate's intensive care stay. Thus, frequently, neonates are x-rayed to locate the position of 

invasive catheters, drains, lines or tubes, the malposition of which may cause serious iatrogenic 

disease. Those are Endotracheal tube (ETT), Naso-gastric tube, umbilical arterial catheter (UAC) and 

umbilical venous catheter (UVC), percutaneously inserted central catheter (PICC)  

 An x-ray gives useful information for proper placement or accidental dislodging of a catheter or 

tube due to repositioning of the neonate. PICC lines are difficult to recognise on chest x-ray, as they 

are very small 
61

 It is important to ascertain the position of the line tip before use as incorrectly 

positioned long lines can lead to life threatening complications like cardiac tamponade and 

pulmonary oedema 
75, 76

. In general, treatment includes reposition or removal of the catheter. True 

incidence of catheter complications is unknown because of variability of reporting and monitoring. 

The position of catheters and tubes should always be verified to avoid complications caused by 

improper placement. A film showing a dangerously misplaced tube (e.g. endotracheal tube in right 

main bronchus, or in oesophagus) must not be left for hours later. Precautions are taken to prevent 

dislodging tubes and catheters, but this might occur due to accidental disturbance of the infant.  

 There are a number of case reports of infants who have died or suffered significant morbidity as 

a consequence of pericardial tamponade 
75, 77, 78

. One unit reported that pericardial effusion 

tamponade occurred in 3% of inserted lines
79

.  

2.6 Need for "Babygrams"  

For assessing the position of the various tubes a radiograph of the abdomen and the chest is 

necessary, thus frequently, for a single child, both radiographs are requested simultaneously. 

These images can be obtained either as two separate exposures or as a single exposure to include 

both anatomical regions checked, often referred to as a "babygram".    
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 A "babygram" provides significant information about the lower part of the body, such as a 

possible gastro-intestinal obstruction or Necrotizing Enterocolitis (NEC). NEC is an infection of 

the intestines. It causes the inside lining of the intestines to swell and become inflamed and to stop 

digesting food. NEC may be local and affect an isolated area of the bowel or be widespread. NEC 

usually occurs in premature infants, with the smallest and sickest infants at the highest risk, because 

they have immature intestines, which are fragile and sensitive and are easily stressed. In gastro-

intestinal obstruction, different parts of the GI system may be obstructed, such as oesophagus, 

duodenum, small and large intestine and anus. Possible causes of obstruction can include: Atresia, 

Duplication (the bowel abnormally splits into two parts), Malposition (bowel can twist around 

itself) Stricture (abnormal narrowing of the bowel). 

 Correct exposure for AP view of the chest and abdomen on the same film is achievable only 

with small preterm infants.  Full term infants need two separate films, as the abdomen require a 

slightly more exposure of and chest.  Correct centring on the X-ray beam on the chest or abdomen 

avoids distorted film images.  

 Finally, thin bones (Osteopenia) or fractures can be seen on x-ray. The most common fractures 

seen in newborns are in the clavicle (front chest), the arm, and the skull. 

2.7 Special requirements of neonatal radiography  

2.7.1 Incubators 

Even a healthy, full-term infant is preciously fragile, requiring round-the-clock care. For 

premature babies, and other infants requiring treatment in a neonatal intensive care unit, their grasp 

on life is more tenuous, due to the complexity of their problems and illnesses. The technology 

needed for their care is among the most cutting-edge in modern medicine 

 

In a Special Baby Care Unit the neonate will be cared 

for in an incubator because premature or sick neonates 

cannot regulate their own body temperature and may be 

vulnerable to chilling. The insulating layer of subcutaneous 

fat does not develop until 36 weeks so the preterm infant s 

especially vulnerable to hypothermia, which may 

precipitate a number of secondary problems. Careful monitoring of neonate's temperature is 

essential to keep them warm because neonates lose large amounts of heat through their skin, which 

covers a large area relative to their size, and particularly the scalp, so they became hypothermic 

Figure 2-6. A “closed incubator”  
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very quickly 
71

 . Radiographers should be familiar with the different types of incubators used in a 

SCBU. 

An incubator is been designed to provide the optimal controlled microenvironment where the 

baby's needs are all met and vital signs can be carefully monitored 
58

. The incubator provides 

oxygenation or even mechanical ventilation (in cases of respiratory failure), optimum temperature, 

humidity and fluid balance, isolation from infection 
80

 and constant observation of heart rate, 

blood pressure, body temperature or any other signs that might indicate a problem. Incubators 

afford the baby a comfortable and carefully controlled environment; further, they also make it 

possible to keep babies in critical condition under more or less constant observation. Better 

incubators and other improvements in newborn care have contributed to the dramatic decline in 

U.S. infant mortality over the last four decades of the 20th century. Remarkable progress has 

been made in the production of infant incubators, which are highly sophisticated 

technological devices 
60

.  

  Two basic types are "open warmers" which have a radiant heater above an open flat bed, 

and "closed incubators" where a flow of warm air maintains the inside temperature, In both types, 

a temperature probe attached on the baby's stomach leads to a thermostat that regulates heat to 

neonates. "Closed incubators" are preferred for very low birthweight neonates, because they are at 

high risk and very sensitive to noise, light and movement; however open warmers allow the staff 

of the SBCU to have easy access to neonate. 

Depending on its clinical condition, the neonate will 

possibly have attached echocardiography leads, skin 

temperature probe, ventilator tubing leading to his 

endotracheal tube, umbilical venous or arterial catheters, 

possibly with blood pressure monitoring, naso-gastric tubes, 

transcutanious monitoring of blood gas, a blood pressure cuff, 

chest drains, an apnea detector etc. (Appleton 1984). Also, the 

baby might be placed under phototherapy lights (often called 

bililights), which are used to control a condition called 

"jaundice", a condition where too much bilirubin in the blood 

turns neonates skin and the whites of the eyes yellow). The eyes must be covered to protect them 

from the lights and clothing must be removed to allow as much of the skin as possible to absorb 

the light rays  (Fig. 17).  

 

Figure 2-7. Monitors help the staff see 

neonate's vital signs, such as heart rate, 

breathing rate, blood pressure, and the 

amount of oxygen in the blood. 
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It is important during radiography to minimise disturbance to the baby 
63

. For that reason, 

modern incubators facilitate a dedicated X-ray imaging cassette tray/ sliding drawer integrated 

under the bed (eg, incubator model Dräger, Isolette C2000, www.draeger-medical.com). This is 

usually be fitted beneath the bed to enable cassette positioning for X-rays to be taken with 

minimum disturbance to the infant. In other incubators, there is a slot below the bed that allows 

the cassette (CR or screen film) to be placed underneath the bed. Thus, the baby is not disturbed 

and the temperature stays stable. These new types of incubators are used by the nursing stuff 

preferably to the previous ones 
66

.   

 However, the radiation protection point of view brings some debate of whether this is the 

best methods, since the radiation dose might be increased, as the radiation beam must not only 

pass through the patient but must also penetrate the incubator canopy, the patient mattress and the 

bed. These components attenuate the beam to a degree that varies with the incubator model and 

manufacturer. Thus, radiographers believe that placing the cassette behind the neonate is more 

consistent with the ALARA principle. The table top is not made of low attenuation materials but 

from a plain plastic material. Also it is necessary to check for any artefacts from the mattress or 

the table. The effect of the carious changes upon image quality and radiation doses has been 

recently addressed 
66

. In view of the increased sensitivity of 

the patient, the use of carbon fibre or some of the newer 

plastics in materials of table tops and cassettes is strongly 

recommended. 

X-rays taken using the sliding imaging tray/slot may 

require an increase in exposure factors, so the neonate will 

be exposed to a higher dose, due to the attenuation caused of 

the bed, the mattress and other materials intercepting the 

beam. That will be examined later on this thesis.  

 

2.7.2 Mobile Radiography 

 The possibility of the neonate having attached echocardiography lead, skin temperature 

probe, ventilator tubing leading to his endotracheal tube, umbilical venous or arterial 

catheters, apnea detector etc as mentioned above, in conjunction with the risk of cross-infection 

when the neonate is moved out of the incubator, makes the transportation of neonates difficult 

and thus indicate the use of mobile x-ray units for neonatal radiography. Other techniques, such 

as radionuclide (nuclear medicine), magnetic resonance imaging (MRI) and CT, although they 

Figure 2-8. Radiography with a mobile 

x-ray unit in the SBCU 

 

http://www.draeger-medical.com/
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provide superior diagnostic information for many disorders, are not applicable to the neonate in 

the SBCU, because of their lack of portability. Thus, in the SBCU thoracic and abdominal 

imaging consists of portable chest radiography and radiographs are produced with the baby inside 

the incubator. The x-ray tube is placed above the incubator by the radiographer, at a specific 

distance, (the heater can be pushed aside for open incubators).  

2.7.3 Cassette positioning and handling:  

 In general, the neonate must be disturbed as little as possible. Handling of preterm infants may 

cause a marked drop in blood oxygen saturation levels. Overhandling can lead to cardio-

respiratory complications or cerebral haemorrhage.  The common practice of a nurse holding 

the infant’s limbs extended does not immobilize the patient or prevent rotation, and causes 

arching of the back.  It may also upset the infant, who may start crying and struggling, which 

affects breathing.  

 The correct patient position is important for obtaining the best quality x-ray and the type 

of examination that is necessary will determine patient position. For imaging the chest, the most 

common technique is the Anterioposterior view (AP) view. The film usually is placed directly 

under the neonate by a nurse.  Comfort is important.  An infant will not lie still if the cassette is 

hurting his or her head back or the back of the head.  Cassette edges usually need padding. The 

cassette should be warmed and covered or wrapped up in a clean thin linen cover or a pillow. The 

incubator flap or potholes must not be left open. Incubator temperature can drop 10
o
C in 4 

minutes in models without a compensatory mechanism.  

 As mentioned earlier, it is important during 

radiography to minimise disturbance to the baby. In modern 

incubators, the cassette can be positioned in the imaging x-ray 

tray. X-rays taken using the sliding imaging tray/slot may 

require an increase in exposure factors. The neonate will be 

exposed to a higher dose, due to the attenuation caused of the 

bed, the mattress and other materials intercepting the beam. The 

use of the imaging tray and the impact on radiation dose and 

image quality will be examined later on this thesis (in Part 2). 

 

 

 

Figure 2-9. Neonate   in   an   open 

warmer in the SBCU 
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2.8  Guidelines for neonatal imaging  

Since optimization of this procedure is crucial, due to the higher stochastic radiation risk of 

exposure in young ages and the increased number of radiographs required, the Commission of 

European Communities recognized that Quality Criteria need to be specifically adapted to 

paediatric radiology. Thus, in the report "European Guidelines on Quality Criteria for 

Diagnostic Images in paediatrics" guidelines are described, which attempt to introduce basic 

criteria and techniques that have been proved to lead to the necessary quality of diagnostic 

information with reasonable dose values applied to the patient 
81

. Important aspects of neonatal 

imaging are presented below.  

2.8.1 Field size and x-ray beam collimation 

Inappropriate field size is the most important fault in paediatric and neonatal radiographic 

technique. Frequently larger fields than necessary are used, which not only impair image contrast 

and resolution by increasing the amount of scattered radiation, but, most importantly result in 

unnecessary irradiation of body parts outside the area of interest.   

Extra sensitive organs (gonads, eyes, thyroid) are frequently subjected to primary 

irradiation through careless collimation of the x-ray beam. Beam collimation should be 

always within film’s edges Also, radiation protection of blood-producing tissue, such as the 

bone marrow, is very essential and must be as accurate and effective as possible. 

 

 

 

 

 

(Faulkner 1989) 
(Jones 2001) 

Figure 2-10. Protective lead rubbers placed on top of incubator in such a manner to improve collimation of field 
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 It is estimated that in chest radiography approximately 70% of the blood-producing 

tissue, of a 28 weeks gestational age neonate, can be protected. In the case of 

abdominal radiography this is 35% 
82

. This is achieved by using lead rubber sheets 

(Fig.20). They are placed on the perspex top of the incubator in such a manner that 

they collimate even more the field, and exclude the thyroid and the upper 

extremities.  

 The tolerance for maximal field size, especially in the neonatal period, should be less 

than 1cm greater than the minimal, for example, in chest radiographs the part of the 

body irradiated must extend from the cervical trachea to the Thoracic 12 or Lumbar 1 

vertebrae. The inclusion of parts of the body not relevant to the clinical problem is 

criticised (e.g.  Chest on a film requested for bowel obstruction).  The nurse’s hands or 

fingers should never be within the primary X-ray beam.  

2.8.2 Protective shielding 

In all examinations of paediatric patients shielding of 

radiosensitive organs is necessary. The gonads, when they lie 

within or close (nearer than 5cm) to the primary beam, should 

be protected with 0.5mm lead equivalent whenever possible 

without impairing useful diagnostic information  82. Generally, 

it is easier to shield the male testes because they are outside the 

body cavity. In abdominal films collimation should exclude 

male gonads. By avoiding gonadal exposure with the use of 

properly adjusted lead rubbers, the absorbed dose in the testes 

can be reduced up to 95% 82. For girls, ovarian shielding is 

more complex because of the variability in the location of the 

ovaries. When shielding of the female gonads is effective the 

reduction of the absorbed dose in the ovaries can be about 50% 
81

.  

However, lead rubbers for thyroid and gonad shielding, can be 

placed on perspex top of the incubator so that the shadow cast 

covers the radiosensitive organs.  

 

 

Figure 2-11. Radiograph with thyroid 

shield (above) and gonad shield 

(beneath) image from Appleton 1984) 
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2.8.3 Radiographic exposure conditions 

In neonatal radiography, it is essential to apply the appropriate radiographic exposure parameters, 

since they have a considerable impact on patient dose and image quality. Optimum use of these 

parameters results in dose reduction without degradation of image quality. Exposure parameters, 

such as tube voltage, filtration and focus-to-film distance, as well as permanent parameters of the 

apparatus, such as total tube filtration should be taken into consideration. 
81

: For infants (or young 

children) it is often unnecessary to use anti-scatter grids. When no grid is used and the cassette is 

placed upon the table, a distance from the focus of about 100cm should be chosen. High voltage 

techniques are recommended in paediatric patients, thus low voltage techniques should be 

avoided wherever possible. In imaging of neonates (and young children) exposure times should 

be short, because young patients do not co-operate and are difficult to restrain. Also, in neonates 

cardiac and respiratory rates are faster, which results in more blurring of the image. Not all 

generators allow the short exposure times that are required for higher tube voltage technique, so 

frequently low radiographic voltage is frequently used for paediatric patients. The low kV 

technique results in comparatively higher patient doses. However, many generators and mobile 

units are incapable of delivering the exposures in the 1 to 4 ms range that are frequently required. 

Thus this leads to the rather paradoxical conclusion that smaller patients required the most 

powerful machines. Fast Neonatal respiratory rates and inadequate (low powered) X ray 

machines used in many units will give movement blur which may obscure lung detail. 

The following list of quality criteria, which is in accordance to the European Guidelines, 

represents an achievable standard of good practice and can be used as a basis for further 

development by the radiological community 
81

. 

2.8.4 Optimum exposure parameters for neonatal radiography AP projection  

1. Radiographic Technique:  

Patient position: supine 

Radiographic device: bedside (table) depending on the clinical condition 

Nominal focal spot value: 0.6 (≤1.3mm) 

Additional filtration: up to 1mm A1+ 0.1 or 0.2 mm Cu (or equivalent) 

Anti-scatter grid: none 
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Screen film system: nominal speed class 200-400 

FFD: 80-100 cm (150 cm) 

Radiographic voltage: 60-65 kVp 

Automatic Exposure Control: none 

Exposure time: <4 ms 

Protective shielding: lead rubber masking of the abdomen in the immediate proximity of the 

beam edge; if direct placement in not possible, then masking on the incubator lid 

2. Criteria for radiation dose to the patient 

Entrance surface dose for newborns: 80 μGy 

For paediatric radiology, diagnostic reference levels (DRLs) have been proposed by the 

Commission of European Communities in 1996 
81

 and the National Radiological Protection 

Board in 2000 
83

  (as presented later analytically in Chapter 3 Dosimetry), representing a baseline 

above which re-evaluation of the equipment and the technique used is necessary. These are 

presented for each age group (1, 5, 10 and 15 years old).   

2.9 Neonatal radiography with Computed Radiography 

 Imaging of the neonatal chest and abdomen utilising Computed radiography (CR) is in 

practice similar to using a film-based cassette. The same x-ray mobile unit can be used. The 

actual positioning and handling of the neonate, collimation and shielding requirements are the 

same. The CR cassette comes in the same or similar sizes to that of film so the whole procedure 

of setting up and exposing the patient is not much different. The exposure parameters though for 

the optimisation of the technique are probably not the same. Defining the “target diagnostic 

image quality” is a challenge. These will depend on the imaging task. 

 With CR, it is more possible for radiographers to utilise the cassette imaging x-ray 

tray/slot incorporated in modern incubators, due the wider exposure latitude, although the 

‘standard’ method of x-raying the neonate is usually performed.  

 There are a number of nursing issues that support the use of the imaging tray, however 

radiological concerns oppose to utilisation of the tray.  When positioning the cassette in the tray 

underneath the bed, the possible necessary increase in exposure factors due to attenuation of the 
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mattress and bed, as well as the effect on noise and image quality, will be discussed later on this 

thesis (Part 2).  

 Overall, initial experience with the use of digital radiography in the neonatal area has 

produced good quality images, with a concurrent reduction in radiation dose and 'retakes'. The 

system allows selective enhancement of different structures and their magnification. The use of 

Computed Radiography in Neonatal Intensive Care can be routinely applied with good results 
84

 . 

Dose reduction and optimisation with CR will be further analised and discussed in part 3 of this 

thesis.  
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3 RADIOLOGICAL EFFECTS AND CANCER RISKS 

3.1 Biological effects of radiation 

Medical exposure of the patient during diagnosis, therapy and screening is now an 

indispensable part of modern medicine. Adverse health effects of high levels of ionizing radiation 

exposure became apparent shortly after the discovery of x-rays. It was observed that high doses to 

radiation workers would redden the skin above a certain amount of dose, producing a burn which 

looks like very much like sunburn. That was called the “skin erythema dose”. Furthermore, the 

development of chronic, slow-healing, skin lesions on the hands of early radiologists and their 

assistants resulted in the loss of extremities in some cases. Those incidents were some of the first 

indications that radiation delivered at high doses could have serious health consequences.  

The major source of information for evaluating health risks from exposure arose from the Life 

Span Study (LSS) cohort of survivors of the Hiroshima and Nagasaki atomic explosions at the 

end of the Second World War 
85-87

. A number of recent reports have estimated the risk associated 

with radiation exposure 
29, 31, 88

. In October 2011 the Health Protection Agency published a new 

report “Radiation risks from Medical x-ray examinations as a function of age and sex of the 

patient” 
89

. Recently, data from the atomic bomb survivors suggest high doses are also connected 

to other health effects such as heart disease and stroke 
87

. 

3.2 Stochastic and deterministic effects 

Changes or damages from radiation to living cells may be manifested as medical symptoms 

that are classified into tissue reactions (deterministic) or stochastic effects 
41, 90

.  Stochastic effects 

are of particular concern in the case of the newborns and developing fetus.  

 

3.2.1 Deterministic Effects (harmful tissue reactions) 

For some effects there appears to be a definite 

threshold dose below which no damage can be 

detected, followed by a response where the 

severity of the effect increases with increasing 

radiation dose (Fig. 6). Effects such as skin 

erythema, loss of hair, opacification of the lens of 

the eye (cataract) and sterility (temporary or 

permanent) are in this category. Such effects are described as deterministic. The most common 

Figure 3-1. Deterministic Dose Response Curve 
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result of radiation damage is for the cell to die and be and replaced by new cells. However, at 

high doses sufficient cells are killed to cause the loss of organ function. These localized effects 

will not be seen immediately and take time to develop. There can be a latent period of weeks or 

months before the lesion is fully apparent 
91

. The doses involved are well above the doses 

received by patients in conventional radiology.  However there have been reports of radiation 

induced skin injuries to patients resulting from prolonged fluoroscopically guided invasive 

procedures.  

 

3.2.2 Stochastic effects 

Stochastic injuries include genetic effects and cancer induction, and are effects for which the 

probability of an occurrence rather than its severity is regarded as a function of dose, without 

threshold. The term stochastic radiation effect refers to irradiated cells that are modified rather 

than killed. Modified cells may develop into cancer after a latency period of years. 

Both high and low doses may cause of stochastic effects (cancer or heritable effects), which 

may be observed as a statistically detectable increase in the incidence of these effects, occurring 

long after exposure 
88

. 

 Radiation Exposure has been associated with most forms of leukaemia and with other 

cancers, such as lung, breast, and thyroid gland. Radiation can cause cancer in almost any tissue 

or organ in the body, although some sites are much more prone than others. The different 

radiosensitivities are represented by a weighting factor, (WT)
88

. Among the most radiosensitive 

tissues is the breast, the lungs, the stomach, the colon and bone marrow. The detailed table is 

further discussed in Chapter 5 (“Radiation Dosimetry”). The ironic fact is that this very effect is 

used to cure cancer if the radiation is given in a controlled manner.  

While there is convincing epidemiological evidence that doses of ionizing radiation above 

about 100 mSv (which is 40 times higher than the average yearly background exposure), may 

increase the risk for cancer in adults, at lower doses statistical limitations make it difficult to 

evaluate cancer risk in humans, and so it is necessary to rely on models for extrapolation of 

potential risks. However, the data from the study of Pierce et al show a statistically significant 

increase in cancer at dose estimates in excess of 50 mSv 
92

. The BEIR VII report concludes that 

current scientific evidence is consistent with the hypothesis that “the risk would continue in a 

linear fashion at lower doses without a threshold and that the smallest dose has the potential to 

cause a small increase in risk to humans”.  
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This assumption is termed the “linear-no-threshold” (LNT) model. In essence, the higher the 

dose, the greater the risk; the lower the dose, the lower the likelihood of harm to human health. 

The system does not assume a ‘safe/no risk’ level of exposure but rather embodies the philosophy 

of maintaining all exposure ‘as low as reasonably achievable’ (ALARA principle).  

3.3 Children’s radiosensitivity  

 For children there is plausible epidemiological evidence for increased cancer risk at lower 

doses, corresponding to the well established observation that radiosensitivity increases with 

decreasing age 
29, 31, 88

. Paediatric patients in diagnostic radiology represent a special group of 

patients with a higher probability for late radiation effects, assumed to have 5-7 times higher 

sensitivity to radiation compared with adults because dividing cells are most susceptible to 

radiation- induced neoplastic transformation and because there is more time for these genotoxic 

effects to be manifested during the child’s remaining lifetime 
18, 36

. The risk coefficients are much 

higher for children than for adults 
37, 93

. There are also recent reports of an increased incidence of 

hepatoblastoma in very low birthweight infants; the lower the birth weight, the greater the risk of 

developing hepatoblastoma. This has been reported in both the Japanese .
94 and U.S. population 

95
. Epidemiologic studies among bomb survivors, indicate the risk of breast cancer is increased in 

women who are exposed to high levels of radiation as children, especially if the radiation 

exposure occurs before the pubertal development of breast (younger than 10 years) – a surprising 

finding because it is an age at which they would have very little breast tissue 
96, 97

. Also, a large 

increase in thyroid cancer has been reported in children exposed to the fallout at Chernobyl in the 

former USSR 
98

 
99

. Even children exposed prenatally to diagnostic x-rays had a 1.5 times higher 

risk of dying of leukemia than unexposed children 
100

. Studies of individuals younger than 20 

years exposed to therapeutic medical radiation do show an increased risk of brain tumors 
101

.  

In Nagasaki and Hiroshima, fetal exposure at 8 to 15 weeks’ gestational age was associated 

with severe mental retardation, the frequency and severity of which were related to the magnitude 

of the radiation dose
102

. Smaller increase in the frequency of mental retardation was seen in those 

exposed at 16 to 25 weeks of gestation 
103, 104

.  
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The National Academy of Sciences BEIR V 
31

 have estimated the lifetime cancer mortality 

risks per unit dose at a single acute exposure as a function of age (Fig 1). According to the new 

HPA report in 2011, females are at higher risk, by about 27-44% at all ages except above 90 

years 89. Figures 3-2 and 3-3 clearly 

demonstrate that for young children (0-9 years 

old) cancer risks are about two times higher 

than that for adults in their 30’s and about 5 

times higher for adults in their 60’s for both 

sexes. So, risks decrease with age 

approximately by a factor of 2 for every 30 

years for all radiation induced cancers 
89

.   

 In practice, this means that neonates 

are the most radiosensitive group of patients. 

Neonates, of less than 750g birthweight might be 

considered similar to late-gestation fetuses with 

regard to radiation sensitivity 
105

.  Girls are considered more sensitive than boys 
89

.  As published 

by the NRPB in 2001, x-ray examinations are divided into 4 broad risk bands 
106

.  

 Negligible:  <1 in a million (<10
-6

) 

 Minimal: 1 in a million-1 in 100.000 (10
-6

-10
-5

) 

 Very low: 1 in 100.000-1 in 10. (10
-5

-10
-4

) 

 Low: 1 in 10.000-1 in 1.000 (10
-4

-10
-3

).  

Figure 3-2. Lifetime risk of cancer incidence by age and sex for all cancers, following whole 

body uniform irradiation according to HPA and BEIR VII risk models (graph from HPA 2011).  

 

Figure 3-3. Lifetime cancer incidence for breast. The 

line represents the risks for females. There is a steady 

decrease in risk with age (graph from HPA 2011). 
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3.4  Cancer risks from diagnostic radiology  

 Diagnostic radiology is a significant and growing source of population exposure to 

ionizing radiation. The rapid increase in utilisation of X-rays in medicine worldwide, and 

especially in CT scanning in the US, has raised concerns about potential cancer risks, because 

when a large number of people are exposed, even small risks could translate into a large number 

of future cancers in the population.  

 For risk estimations, scientists presently rely on molecular, cellular and animal 

experiments, risk modelling and human epidemiological studies. Much has been achieved, but 

large uncertainties in quantitative risk estimates of exposure especially in the low levels of 

ionising radiation encountered in diagnostic radiology (100mSv).  

The majority of  computed tomographic (CT) scans have effective dose (E) estimates in the 

range of 10 to 25 mSv for a single study 
40

, but some patients have multiple studies; thus, it would 

not be uncommon for a patient’s estimated exposure to exceed 50 mSv. In the ICRP report 

“Managing patient dose in computed tomography” it is stated that CT doses can indeed approach 

or exceed levels that have been shown to result in an increase in cancer 
107

.  

 The ICRP 103 report provides a coefficient for calculating the risk of fatal malignancy as 

a function of E (See Chapter 5 “Dosimetry”). This coefficient is of the order of 5% per Sv for the 

population as a whole, while at younger ages, it is higher probably in the region of 10-15% per Sv 

for children 
88

.  These can be compared to the new age and sex specific risk coefficients for 

cancer incidence for 3 particular age bands provided by the new HPA report in 2011, which is 

based on the new tissue weighting factor of ICRP 103. That is 8-20% /Sv for the age band 0-9 

years old and 0.8-6.8%/Sv for the 60-69 years old. The seventh National Academy of Science 

report on Biological Effects of Ionizing Radiation estimated that a single dose of 10 mSv 

produces a lifetime risk of developing a solid cancer or leukemia of 1 in 1000 (about 10% per Sv) 

31
.  

Radiographic x-rays of the knee and foot are seen typically to involve negligible risks, such as 

<1 in a million as mentioned above, for all ages and both sexes. These are of “little concern in 

ordinary living” being on par with the annual chance of being struck by lightning 
89

. For a 30 year 

adult and older chest and cervical x-ray carry risks which are also “negligible” and just “minimal” 

for younger patients of either sex (1 in a million to 1 in 100.000).  

 However, Smith-Bindman et al in their most recent article concerning radiation-related 

cancer risk, estimate that about 1 in 150 women (20 years old) who undergo CT coronary 

angiography (CTCA) will develop cancer (the risk is about half of that for women 40 years old 
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and up to one third for women 60 year old) 
24

. Huda et al in 2011 have estimated cancer risks for 

adult patients undergoing ECG-gated cardiac CT angiography. Median values were 0.065% 

(about 1 in 1500) and 0.17% (about 1 in 600) for men and women respectively, with three 

quarters of the risk being lung cancer 
108

. 

3.4.1 Paediatric risk in diagnostic radiology 

Paediatric CT represents a comparatively small, though increasing, fraction of the overall number 

of CT examinations. Monitoring of trends in paediatric CT patient doses is currently particularly 

important, as the technology is evolving rapidly 

and possible increased repeated examinations, 

produces a greater paediatric risk of manifesting 

potential radiation damage 
37, 109

. 
110-113

 
18

. 

Children have increased risks of radiation-related 

cancer, especially for thyroid, breasts and brain, 

non-melanoma skin cancer, and leukemia 
34

.  

 The risk from a single radiograph 

performed on a neonate, is estimated to be in the 

range of 1-5 per million neonates. That is 

equivalent to about 1 neonate in 200.000-

1.000.000, which is relatively low and is 

considered minimal to negligible. However, the 

risks estimated for paediatric CT scans are far 

greater. Brenner et all reported a paediatric fatal cancer risk of 0.18% and 0.066% (approximately 

1 in 550 and 1 in 1500) for abdomen or head CT respectively, for a single slice CT scan of a 1-

year old child  
18

. For a low dose chest scan on the 16 MSCT scanner, the lifetime attributable 

risk of cancer incidence is similar, (0.06%) for 5-year old children, however this can be greater 

for paediatric coronary CT angiography, according to recent studies, depending on heart rate (1 in 

300-715 for boys and 1 in 120-230 for girls 
38, 39

.  

These risks are in the higher risk band which, according to the Department of Health in UK 
114

 

are labeled : Moderate 1 in 1.000-1 in 100 risk (10
-3

-10
-2

). 

 

 

 

Figure 3-4. Graph shows the estimated lifetime 

attributable cancer mortality risk as a function of age at 

examination for a single typical CT examination of 

head (broken dotted line) and of abdomen (broken solid 

line). Note the rapid increase in risk with decreasing 

age (graph from Brenner 2001).  
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3.5 Physicians awareness of risks  

Unfortunately, it seems that there is a lack of appreciation of risks and dose levels amongst 

certain groups of medical staff 
40

. In recent surveys it was reported that only 15% of the paediatric 

physicians and surgeons in a large paediatric teaching hospital were familiar with the ALARA 

principle in diagnostic radiology. Only 6% of the respondents estimated correctly the lifetime 

excess cancer risk related to the dose from paediatric CT, with 14% believing that there is no 

excess risk 
115

. In total about 90% of responses were underestimates and it was  found that 

approximately 40%-50% of paediatricians and radiologists estimated the dose from diagnostic 

abdomen-pelvis CT to be approximately equal to or smaller than the dose from ten chest 

radiographs, while 
115, 116

. Also, among doctors of various grades and specialties in a large district 

general hospital in the UK, only 15-25% was aware of the doses relative to a chest radiograph of 

various complex procedures involving ionizing radiation and only 12.5% of doctors knew the risk 

of inducing a fatal cancer from a CT of the abdomen. Only half of the practitioners responsible 

for justifying procedures, passed the test 
117

. 
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4 CHAPTER 4. DIGITAL IMAGING AND CHARACTERISTICS OF THE 

DIGITAL IMAGE 

4.1 Technological advances and the use of X-

rays 

 

 Medical images are obtained with the aim of detecting abnormalities of anatomy resulting 

from injury or disease. CT provides extremely useful information and current practice indicates 

that it is becoming the primary modality for evaluation of a variety of disorders in both adults and 

children. Nevertheless, the most common imaging modality is projection radiography. Plain film 

radiography is the most common examination in radiology, representing 74% of all radiologic 

examinations performed in the USA, including both adults and children 
3
. In SF radiography, the 

film serves as the acquisition, display, and archive medium, and must be optimized during the 

acquisition phase of the image. After the image has been processed very little can be done to 

enhance the image information.  Additionally, due to the processing they require, they can delay 

the completion of examination.  The images are available in hardcopy film that has to be 

catalogued and stored for future review or transported in order to be viewed in another 

geographic location.  Nowadays, radiological imaging is progressing toward an all-digital 

filmless hospital across the spectrum of medical imaging techniques  

 Digital radiography (DR) represents one of the greatest technological advances in medical 

imaging over the last decade. The first digital radiographs were introduced about 20 y ago with 

the development of CR systems based on phosphor plate detectors (PSP). Full field, full digital, 

flat-panel detector systems have been commercially available for a few years. The benefits are 

enormous.  

 Unlike SF radiography digital radiography separates these three components of the 

imaging process. The image quality is not limited into the properly exposed and processed film 

radiograph, which has potentially good and bad outcomes (Seibert 2004). These are discussed 

below. However, the widespread implementation of digital radiography for medical imaging 

applications has increased the need of technologists, radiologists and physicists to keep up with 

rapidly changing technology in order to optimise techniques.  

 DR devices for diagnostic medical imaging can be classified into three major categories 

depending on the image capture technology 
118

: 
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(1) cassette-based  detectors, namely photostimulable storage phosphor systems (PSP), also 

known as computed radiography (CR). 

(2) Indirect x-ray capture digital radiography cassette- less, integrated detectors using active 

readout devices, which include charge-coupled device (CCD) and amorphous silicon/thin-film 

transistor (TFT) arrays.  

(3) Direct X-ray capture with amorphous selenium bonded to TFT array.   

These 2 latter systems directly convert x-ray into electrical signal. They are often categorized 

as “direct digital” radiography (DDR or DR). DR detectors are made typically of amorphous 

selenium or a phosphor coupled to silicon to convert X-ray energy to a digital signal virtually 

instantaneously with not intermediate operation steps.  

Advanced applications are made possible by high throughput and flat-panel DR detectors are 

rapidly becoming an important part of the clinical routine and future expectations 9
 (table 4-1).  

 

 

 

 

 

 

 

 

 

 

 

 

4.1.1 Digital radiography  

 CR has provided an economic and versatile medium for moving radiography from SF to 

digital radiography and the convenient entry point of picture archiving and communication 

systems era (PACS). The systems are cassette-based, which can directly replace film so that 

existing x-ray equipment can be used without modifications 
119

.  

Figure 4-1. Overview of digital and computed radiography 

types, CCD=charge-couple device, FPD=flat panel detector, 

TFT-thin film transistor (figure from Korner et al 2007). 
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 In CR, different cassette sizes 

with standard dimensions for typical 

plain radiography are available (e.g. 18 

x24, 24x30, 35x43 ) with pixel size in 

the range of 100-200μm 
120

. However in 

this case exposure parameters cannot be 

automatically together with the image 

data, in the image header as with DR. 

These plates can prove very valuable for 

portable x-ray work in departments such 

as the emergency or the neonatal 

intensive care unit. These recent digital 

modalities have many key advantages 

such as image post-processing 

capabilities, storage and transmission of 

images. The most important of them are 

presented below:  

Advantages:  

One of the most important advantages of digitizing the image information is the application 

of image processing to improve visualization.  As a consequence of these processing 

capabilities, the brightness or blackening of the image are not strictly associated with the 

exposure. Image brightness in digital systems can be adjusted post-processing independent of 

exposure levels. The so called “windowing” function allows only a part of the range of the 

full range of pixel values (PV) to be displayed.  The coverage of anatomical structures that 

can be recorded with digital imaging is broader 

  

 The signal response is linear with exposure, resulting in a wider dynamic range: 100- to 

1,000-fold greater than that of SF radiography 
121

 The wider dynamic range of the digital 

detectors allows a larger variation in the respective exposure dose without significantly 

influencing image contrast and visualisation of grey values. This potentially has the 

advantage to reduce patient doses 
119, 122, 123

.  

 

 

Figure 4-2. The characteristic curves for conventional 

radiographic film and a digitised image, demonstrating the 

toe (under exposed) and shoulder (over exposed) aspects of 

the dynamic range of conventional film compared to the 

linear response of the digital image (figure from Lanca et al 

2009). 
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 Real time collection of dose data and easily visible indication on the control panel would 

all comprise a with DRLs, facilitate management of dose and had to prevent excessive 

patient doses 
9
  

124
 The display, recording and management of radiographic and geometric 

parameters used during procedures should be quite easy in integrated digital detectors and 

this would help in the optimisation 
9
. Currently, in CR those data are not directly linked to 

the image header, but efforts are aiming to include technique factors in the image archive 

(table 4-1). 

 As mentioned above, because CR has a linear response (figure 4-2), the computer can 

compensate for underexposure or overexposure to produce acceptable images. This 

compensation can be performed over a range of 300-400 times that of SF radiography. 

Even large errors in choosing the appropriate exposure technique do not, therefore, result 

in repeat radiographs. Reduced repeat rates have been realized in paediatric radiology 
11

.  

 Digital image processing and digital noise reduction is now available from leading CR 

vendors to facilitate highly diagnostic, low-dose paediatric imaging. For specific clinical 

tasks, significant reductions in exposure dose may be achieved. This same tool can be 

employed to improve images inadvertently acquired at less-than-optimal doses. 

 DR allows obtaining different levels of image quality (using different patient doses) 

tailored to different medical imaging task.  

 With digital systems images can be taken, immediately examined, deleted, corrected, 

cropped and sent to a network of computers or external memory devices.  Patients can 

have all the X-rays on a compact disc to take to another physician or another hospital 
122, 

125, 126
 

 From a clinician’s viewpoint instant radiograph accessibility is possible. Digital radiology 

allows remote access to radiographic images. The referring physician usually can view 

the requested image on a desktop personal computer just minutes after the examination 

was performed. Image transfer allows several clinicians in different locations, not 

necessarily within the hospital, to review a radiograph simultaneously if necessary. 

Table 4-1. Data on patient doses from digital detectors available now and desired in the future (table 

from Vano et al 2005).  
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Remote access to images relieves radiologists of the requirement of being physically in 

the hospital at all times The speed of clinical decision making can be increased allowing 

the potential for a more efficiently run department (Good man 1997). 

 

Points of attention 

 

 The arrival of CR has given radiographers the ability to use a greater range of radiation 

exposures to produce diagnostic images. However, unlike film-screen radiography, higher-than-

appropriate exposures in CR result in better-quality images due to increased signal and lower 

noise levels. Radiologists prefer images with less noise. The level of noise in the image is 

determined by the level of radiation exposure, and in contrast to film screen, the brightness of the 

image is not dependent on that radiation level 
127

. It has been reported that radiographers therefore 

develop a tendency over time to use higher than necessary exposure factors to improve image 

quality and avoid repeat radiographs 
126, 127

. That is termed “exposure-factor creep” or “dose 

creep” and can occur without the radiologist being aware of the problem. Thus, some type of 

monitoring other than the appearance of the clinical image is required to assure that excessive 

exposure does not occur.  

 Post-processing can disguise overexposure, which may not be recognized by the 

radiologist in the final image, whereas in conventional radiography excessive exposure 

produces a “black” film 
5, 13, 128

. Radiation protection issues should be adequately 

addressed to avoid increases in patient exposure without the concurrent benefit 
129

. 

Upward drifting of radiation exposure can be a significant problem in the newborn 

nursery 
123

. Experience has shown that in many of the radiology departments that have 

made the transition to digital equipment, patient doses have not gone down but have 

measurably increased 
9
.  

 Due to the relative ease of obtaining and archiving images, radiological examinations can 

substantially increase following the conversion from conventional to DR 
17

. One study 

demonstrated an increase by 82% in the number of examinations after transition to 

filmless operation in several US hospitals (Reiner et al). The justification criteria should 

be one of the key components considered in the updates of a quality assurance program 

when a facility converts digital imaging 
9
. 

 Optimisation techniques used for conventional film-screen combinations are not 

necessarily adequate for DR systems. It is important to get the balance of Image Quality 

(IQ) and dose right for a specific imaging task otherwise optimisation will not be 
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achieved. Signal-to-noise ratio (SNR) measurements and contrast-to-noise ratio (CNR) 

were shown to provide a useful objective measure of image quality in an  attempt to 

achieve a balance between the tube potential selection and the patient dose. These will be 

discussed later in detail.  

The ICRP committee has published the following recommendations for DR imaging 
9
  

 Appropriate training particularly in the 

aspects of patient dose management should be 

undertaken by radiologists, medical physicists 

and radiographers before the clinical use of 

digital techniques 

 Local DRLs should be a reviewed when 

used digital systems are introduced in an 

department 

 Frequent patient dose audits should be 

conducted when digital techniques are 

introduced 

 When a new digital system or post-

processing software is introduced an 

optimisation programme for radiation dose and 

continuing training should be conducted 

 As images are easier to obtain and to 

transmit in modern communication networks, 

referring physicians should be fully aware with 

the justification criteria for requesting medical 

X-ray imaging procedures.  

 

4.1.2 Digital image and exposure indicator:  

 To safeguard against overexposure, CR manufacturers have developed a quantitative 

indicator of the dose delivered to the image-plate. That index usually termed as “exposure 

indicator (EI)” acts like a feedback mechanism and reflects the radiation exposure that is 

incident on the image receptor 130. With CR systems, this value is stored and displayed as a 

Table 4-2. Exposure index units by manufacturer 

(from Butler et al 2010) 
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number on the acquisition workstation
131-133

. This information may not be transferred over to 

the Picture Archiving and Communication System (PACS).  

 An adequate exposure is one that results in an appropriate tolerable level of noise in 

the image as determined by the clinic where the system is in use 
134

. As a general rule the 

ALARA concept should prevail in that the minimum amount of exposure should be used to 

achieve the necessary diagnostic information. 

 The intent is to facilitate the production of consistent, high quality digital radiographic 

images at acceptable patient doses. This should be based on feedback regarding the detector 

exposure monitored by the imaging system and not on image optical density or brightness. A 

“target EI value” needs to be established by departments for common examinations. That will 

depend on factors such as type of examination, technique factors, filtration and type of 

receptor, radiologist’s preference.  

 Unfortunately, the EI is non-standard across vendors, with variable nomenclature and 

non-standard units for reference values. Those indicators between manufacturers and require 

individual interpretation (table 4-3) 
127, 135

. For example, in systems manufactured by Fujifilm 

Medical Systems USA, and Konica, it's the sensitivity number (S value). Kodak Carestream 

Health's systems use an exposure index (EI), and Agfa HealthCare's systems use a logarithm 

of the median of the image signal intensity histogram (logM) 
136

.  

 The manufacturers’ reference units even vary in the direction of change. Table 4-3 

demonstrates that for an overexposed image plate, the reference value decreases on equipment 

from one manufacturer and increases on equipment from another manufacturer. It is 

understandable how this lack of uniform nomenclature promotes confusion among users of the 

equipment.  

 

 

Table 4-3. Suggested guidelines for quality control action based on estimated incident exposure (for CR of 

equivalent speed 200)  

 

http://www.auntminnie.com/index.asp?sec=vdp&sub=vendors&pag=vendordetail&vendorid=21542
http://www.auntminnie.com/index.asp?sec=vdp&sub=vendors&pag=vendordetail&vendorid=21542
http://www.auntminnie.com/index.asp?sec=vdp&sub=vendors&pag=vendordetail&vendorid=21531
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 To address the lack of a uniform exposure indicator on digital radiography images two 

groups have worked on the standardization of exposure values. The American Association of 

Physicists in Medicine Task Group 116 issued a report in 2009 
134

 and the International 

Electrotechnical Commission  (IEC) published its standard in 2008 
137

. This could be used to 

monitor differences in exposure between rooms at a given institution, to compare techniques 

between institutions, or to estimate the quality of images from a given radiographic system. It 

could also provide quality control (QC) data if software is provided to record and retrospectively 

analyse exposure data from all systems. Many facilities have begun basing their digital x-ray 

quality assurance, monitoring and dose reduction programs around EI values 
134

.  

 However, the accuracy of each indicator depends on proper calibration to a specific set of 

exposure conditions. The exposure conditions differ drastically among the manufacturers 

primarily with regards to use or not of added filtration. It has been shown that a hardened x-ray 

beam minimizes the sensitivity of the PV (and thus exposure indicator), to kVp and beam energy 

variations. A filtered x-ray beam also gives a better clinical representation in that the energy 

spectrum is more similar to that exiting a patient and incident on the receptor during clinical use. 

 

4.1.3 Exposure index with Afga Computed Radiography  

CR is now the most used digital imaging modality in many centers. However, this technology 

does not have a physical link between the image detector (photostimulable phosphor plate -PSP) 

and the x-ray generator. Consequently, the radiographic parameters and the patient dose cannot 

automatically be transferred to the image header (as part of the Digital Imaging and 

Communications in Medicine (DICOM) header). CR manufacturers offer a certain “dose index” 

related with the light emitted by the PSP during the reading process, to control the level of plate 

exposure. 

 Agfa CR uses an exposure indicator known as “logM” which represents the logarithm of 

the median value of the pixel histogram of the segmented image 
138

. Each image is assigned a 

user-selected “speed class” which determines the gain at which the image will be processed. 

Because of this, the actual radiation exposure required to produce a specific logM value differs 

with different “speed class” setting. When the numerical value of logM changes by 0.301, the 

logarithm of 2, this indicates a factor of two difference in the exposure to the receptor 
138

. The 

logM value calculated from the resulting image indicates how close the actual detector dose was 

to the expected dose and, by implication, how close the patient skin dose  was to the exposure 

that would have been used at that speed slass in an SF environment 
138

.  
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 LogM is not a measure of patient dose, but a useful means to evaluate the adequacy of 

radiation exposure to the image receptor. However, it can be assumed that if the amount of 

radiation reaching the imaging plate is higher than recommended by the manufacturer, this could 

imply that the patient is receiving too much radiation or that the index suggested is too high. 

Therefore patient dose levels can be controlled, as long as the same technique is applied on all 

exposures (distances, tube voltage, etc) 
134

.  

 For example, in a study in Australia, researchers collected data in 2004-2005 for PA chest 

examinations and Lat lumbar spine examinations, including exposure index, date and time. A 

wide range of logM was found. In one hospital less than 1/3 of PA chest exposures were within 

the manufacturers recommended levels (31% were higher and 38% was lower). For the same 

hospital only 27% for the lumbar spine examination were within the recommendations and more 

than 50% were higher. In another hospital in the same study 30% of lumbar spine examinations 

were produced with logM lower than the recommend levels. That implies that possibly the 

manufacturers logM levels are possibly set too high and could be reduced 
122

.  

 Recording the LogM in neonatal radiographs can assist in controlling and evaluation 

doses and techniques in the SCBU. Tracking kV and mAs only, dose not take account of other 

factor influencing the patinent dose, such for variations in distance from the patient to the 

radiation source, variations in tube output of the portable X-ray machine, and the size of the 

patient so it is not a good indicator of overall neonatal radiation exposure 
131

. On the other hand, 

the logM also does not take account of distance but is related to patient size. However, two logM 

values can be similar for two different techniques, eg. low and high kVp technique while the 

patient dose is different. So, again, careful consideration of a variety of factors should be made 

prior to comparison/optimisation of techniques, including those based on the logM value.  

 

4.2 Dose levels in digital and computed radiography:  

4.2.1 Computed radiography versus film-screen 

 The different materials constituting the image plate phosphor (CR), scintillator (DR) and the 

FS, have different k-edge characteristics within the diagnostic energy. CR plates have a k-edge at 

around 37 keV and FS at around 50 keV. Therefore CR and FS will respond differently 

depending on the energy used 
139

 Dose levels in CR plates are not suitable for high-KV 

techniques, in comparison to SF 
12

. Also, CR plates are more sensitive to scatter 
140

.  
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 Reducing the dose required for successful clinical CR imaging has been the subject of 

debate over several years.  There has been an expectation among many users that adoption of CR 

will inevitably lead to reductions in patient dose 
141

. With appropriate training of users and 

relevant quality control, it is possible to generate images with the same or lower radiation dose 

with digital imaging compared with conventional film/screen systems for general radiography 
12

.  

In addition, image quality and diagnostic information after post-processing can be improved with 

digital techniques
5-8

. 

 CR has led to a significant reduction in the range of repeat exposures compared with SF 

radiography. There has been a drop in rejected films, from 27% in conventional radiography, 

mainly due to inappropriate exposure factors, to 2.3% in digital radiography, mainly due to 

wrong positioning
10

. This results from the wide dynamic range of CR and the benefits of the 

image enhancement. CR images can be adjusted to individual preferences of the radiologist with 

post-manipulation that make diagnosis of the produced images without having to repeat the 

radiograph
125, 126

  

 Underexposed CR images are identified by increased quantum mottle (grainy image) due 

to insufficient x-ray photons and subsequent amplification that reduces SNR and contrast 

resolution. However this can be to some extend tolerated with some port processing. In selected 

examinations, radiation exposures can be reduced when the signal is sufficient in the presence of 

increased noise (e.g., nasogastric tube placement, scoliosis follow-up examinations). A few recent 

studies have reported a drop in doses for a chest x-ray with CR up to 50% with an equivalent 

image quality to film 
12, 142, 143

 

 With a reduction in mAs which is possible in CR systems rather than in FS systems, the 

CR systems will be able to produce quality diagnostic images with less patient dose than FS 

systems 
144

. These results were recently confirmed in a study where digital techniques allowed 

diagnostically adequate images to be obtained with substantially lower patient doses than used for 

SF radiography 
13

,  

 On the other hand, other results present an increase in dose values from the transition 

from film to CR 
14, 145, 146

. There is some evidence that the use of “technique factors” suggested 

by manufacturers can lead to higher doses in projection radiography 
147

. Peters and Brennan 
147

 

were able to reduce patient doses by optimizing technique factors. The need to increase CR dose 

was reported by Weatherburn 
145

 who compared the doses in SF radiography and CR for bedside 

chest examinations in the intensive care unit. Vañó et al. performed a retrospective analysis of 

patient dose levels in projection radiography using a CR system 
13

. They found that immediately 
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following the introduction of computed radiography, doses increased by between 44% and 103% 

for lumbar spine and chest examinations when compared with the film–screen combination. 

Since this initial period, patient doses have been reduced. This analysis is based upon relatively 

large sample sizes of between 1,800 and 23,000 

  The increasing use to CR is not yet fully optimized internationally, and still remains a 

critical issue. Recently, it has been reported that after the introduction of CR techniques for adult 

radiography, in increase in dose has been observed initially, from 40% to 103%, which after 

improvements and corrections in the practice for a period of one year, it ended up being at the 

38% of the European Diagnostic Reference Levels. That is a 20-50% reduction from the initial 

values 
13

. In one study on the ESD, in which 4 European hospitals participated doses differed as 

much as 250% for chest PA, 30% for chest LAT 230% for lumbar spine PA and 200% for 

lumbar spine LAT. In that study all participating centres used AGFA Solo CR system. In the 

same study, 2 years later the doses were reduced to half of the initial value when CR systems 

were optimised 
12

. Additionally, another recent study realized in 3 hospitals, concluded that after 

technique optimisation and clinical experience with CR,  that dose can be reduced for a chest X-

ray from 0.28-0.43mGy to 0.08 mGy, which is much lower than the Diagnostic Reference Levels 

(0.3 mGy), whereas the corresponding dose for conventional film technique was 0.19-0.32 mGy 

15
. Another study that was realized in order to compare doses resulting from CR and Screen-film 

radiography, after evaluation of the image quality also concluded that dose reduction is feasible 

by 4,25 times for CR (from 1.02µGy to 0.24 mGy whereas for conventional film that was 

0.2mGy) 
16

. In some departments acceptable increase in quantum noise (graininess) has led to the 

increase of dose by up to 50% 
148

.   

 It is also reported that for achieving the same quality of the image, even between CR 

systems of different generation, dose can be up to 4 times higher 
149

. The question whether 

current practice agrees with the ALARA principle remains open 
141, 148, 150

 

 

4.2.2 Dose reduction with direct digital radiography  

 Previous studies showed the potential of a strong dose reduction without substantial loss 

of image quality in chest radiography performed with digital flat panel detector systems 

compared to conventional SF and CR systems 
151-153

, 
154

. In 2006, radiation doses for standard 

radiographic examinations in an accident and emergency department were studied by an Italian 

group 
14

. They concluded that Es for direct digital radiography were typically 30-40% lower than 

for film–screen or computed radiography. In 2003 it was found that for the same image quality, 



66 

 

radiation doses were halved using direct digital radiography (DDR) during excretory urography  

154
. Doses for chest imaging were 2.7 times lower for a direct digital detector compared with 

film–screen radiography and 1.7 times lower compared with a CR system have been reported 
143

. 

In the same study it was concluded that images from the amorphous silicon detector system were 

of significantly better quality than images from the SF and the computed radiology system. 

Aufrichtig attributed the better performance of the FP-system to the higher detective quantum 

efficiency, and estimated that a dose reduction up to 70% could be achieved in comparison with 

an SF-system 
152

. Clinical studies and anthropomorphic chest phantom studies also support 

previous findings 
153, 155

. 

 The continuing use of digital radiography, direct and indirect, has led to the organization 

of the recent European study, where an effort is made between radiologists, medical physicists 

and radiograhers, to cooperate in order to set clinical as well as quantitative image quality criteria, 

to create radiation protection guidelines and to set DRLs for the new digital imaging techniques 

150
.  

 The advantages of flat panel imaging are numerous and that technology should be used to 

the benefit of patients, especially young children and neonates. For bedside mobile radiography, 

digital wireless detectors could be used, e.g. positioned inside the incubator imaging tray.  

 

4.3 Characteristics of medical image 

A good quality image is of major importance to assure an accurate diagnosis. Image assessment 

is general determined by measuring primary physical image quality parameters in various 

physical test phantoms and combining them according to the requirements of a particular imaging 

task. These fundamental image parameters are: 
156

  

1. Contrast properties 

2. Spatial resolution properties 

3. Noise properties 

These quality parameters can be evaluated by objective image quality measurements such as 

SNR, CNR, modulation transfer function (MTF) and Wiener spectra (WS)
157

. Together they form 

a basis for the description of image quality which encompasses the three primary physical image 

quality parameters 
120
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4.3.1 Noise 

 The noise is recognized as an important factor in determining image quality 
120

. Noise 

arises from a number of sources such as quantum and electronic noise that produces random 

variations of signal that can obscure useful information in a diagnostic image. For a uniform 

exposure, random noise means fluctuations of the signal over an image. That is characterised by 

the standard deviation (std) of the signal variations (PVs) over the image of a uniform object. 

Image noise may be characterised by the Wiener spectrum or noise power spectrum (NPS) 
158

.  

 The quantity SNR is especially useful in digital radiography systems  
159

. The SNR of a 

radiographic system describes the ability of the system to reproduce low-contrast objects. In other 

words, it represents the relationship between signal and noise in an image for large scale objects. 

While signal and image noise properties are important by themselves, it is really the ratio 

between them that constitutes the most significant indicator of image quality 
160

.  

It is calculated as: SNR=Pixel value/STD.  

In the above relation SNR needs to be a ratio of about 5:1 for a reliable detection by human 

observers. In digital X-ray systems, as noise decreases and SNR increases, object detection 

increases very rapidly.  

 

 

4.3.2 Contrast resolution 

 Contrast resolution (radiographic contrast) refers to the magnitude of the signal difference 

between the structure of interest and its surroundings in the displayed image. It can be influenced 

by subject contrast and display (image) contrast. The tube voltage (kVp) is primarily the factor 

affecting the contrast in the image and which refers to the distribution of photon energies in the 

X-ray beam. In practice, x-ray beams contain photons with a wide range of energies—a 

spectrum. The interaction cross section for the photoelectric effect decreases rapidly with photon 

energy whereas that for Compton scattering is comparatively independent of energy in the 

diagnostic energy range. Photoelectric interactions result in improved contrast in the image (at 

lower kVps) as all the energy from the incident photon is absorbed and the probability of 

interaction varies with atomic number as Z
4
 per atom.  

On the other hand, contrast provided by Compton scattering is much lower, because it is derived 

solely from differences in the electron density of the tissue, and any of the resulting photons 

scattered on the electrons which reach the image receptor contribute to image noise 
159

. 
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 With those “softer” x-ray beams, the dose to the receptor can be compensated for by 

increasing the intensity of the beam i.e. the mAs value, which will lead to an increased patient 

dose 
70

. That should be avoided and the higher possible tube voltage with the minimum required 

mAs should be selected, especially in paediatric radiography.  

-Newborns and children do not harden the X-ray spectrum as much as adults do i.e.  The 

loss of contrast for paediatric patients is lower.   

 -Scatter radiation is highly dependent on patient thickness. The amount of the scattered 

radiation on the detector depends on the energy of the x-rays, but the thickness of the tissue that 

the x-ray passes through is more important factor. The thicker the tissue the greater the scatter. 

 For neonates, where thickness in a AP chest radiograph varies between 5-9 cm scatter is 

smaller and does not affect very much the quality of the image hence contrast loss due to scatter 

radiation is less expressed 
161

. Therefore in this case the grid is not necessary. 

 The amount of radiation dose needed to achieve an optimal CNR is dependent on the 

acquisition techniques (kVp and mA) as well as the efficiency of the detector in transferring the 

information from the point of acquisition to the point of display 
4, 162

. With digital imaging 

systems the display contrast can be enhanced and the loss of subject contrast can to some extent 

be compensated for. However, the limitation in image quality is the loss of CNR 
162

. The CNR is 

an important index in digital imaging that can be used in the optimisation process, in order to find 

the lowest achievable dose for the clinical task. In order to optimise a radiographic procedure, 

dose should be taken into account in conjunction with a desirable CNR or SNR 
4
  

Researchers often optimize a value calculated as the square of the CNR relative to absorbed dose: 

CNR
2
/dose, which is a unitless value called the figure of merit (FOM), as one measure of 

determining the optimal kVp with low dose as the constraint and desired goal 
163

.   

For neonates a standard technique has been recommended in the CEC 1996 guidelines for 

paediatric radiography. In that report a tube potential of not lower than 60kVp is suggested.  

 

4.3.3 Spatial resolution 

 Spatial resolution is the ability of an imaging system to allow two adjacent structures to 

be visualized as being separate, or the distinctness of an edge in the image (i.e., sharpness). 

Qualitative measurement is achieved with a bar pattern of alternating radio-opaque “bars” and 

radiolucent “spaces” of equal width, imaged to determine limiting resolution in line 

pairs/distance.  
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 Spatial resolution losses occur because of blurring caused by geometric factors (e.g., the 

size of the X-ray tube focal spot and the magnification of a given structure of interest), 

unsharpness due to light diffusion in the receptor phosphor screen, relative motion of the X-ray 

source during exposure etc. 
162

. The point spread function (PSF), line spread function (LSF) and 

edge spread function (ESF) are the response of a system to point, line and step-edge objects, 

respectively. The modulation transfer function (MTF) of a system is defined as its response to a 

sinusoidal input; it specifies the relative amplitude of the output signal as a function of the spatial 

frequency of the sinusoid. In general, the response will decrease as the frequency increases. The 

MTF curves can be derived by computing the two-dimensional Fourier transform of the PSF or, 

by the one-dimensional transform of the line spread function 
156, 164

.  
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5 CHAPTER 5. RADIATION DOSIMETRY 

5.1 Principles of radiation protection 

An increasing recognition of the harmful effects of ionizing radiation leads to the 

establishment in 1928 of the International Commission on radiological protection 
41

. Over the 

years, the ICRP has issued a number of reports that provide advice on radiological protection 

and safety in medicine. The aim in balancing radiation dose and image quality is to provide 

an image which is adequate for the clinical imaging task with the minimum radiation dose to 

the patient.  

Radiological protection is based on three basic principles. These principles are defined as 

follows:  

1) The principle of justification:  

Any procedure that alters the radiation exposure situation 

should do more good than harm 
41

. Since there is no threshold 

dose for stochastic effects ionizing radiation should not be used 

in any ‘practice’ unless the net benefit from the exposure for an 

individual or society is greater than the radiation detriment. 

Thus, the most efficient way to protect the patient is to avoid 

the examination by switching to a non-ionizing diagnostic 

method, such as Ultrasound or MRI. For example, non-essential radiographs, for re-assurance 

should be avoided. After the exposure is fully justified, the procedure should be optimised.  

For example auditing was implemented for radiological protection in paediatric practices.  

For paediatric skull trauma, an audit of the recommended guidelines for CT examinations 

demonstrated that adjustments in clinical referring practices resulted in an eightfold decrease 

in CT utilization 
165

. In the same way, repeated audits resulted in marked reduction in skull 

radiographs and significant increase in compliance to guidelines for paediatric head trauma 

166
 

 

2) The principle of Optimization 

The likelihood of incurring exposure, they number of people exposed and the magnitude 

of the individual doses should be kept As Low As Reasonably Achievable (ALARA), taking 

into account economic and social factors. This means that the level of protection should be 

the best under the prevailing circumstances, maximising the marginal benefit over harm.  

Figure 5-1. Justification of a practice 
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Optimisation of protection is not minimisation of 

dose.  Optimise protection is the result of an evaluation, 

which carefully balances that the detriment from the 

exposure and the resources available for the protection 

of individuals.  That’s the best option is not necessarily 

the one with the lowest dose. The process of optimisation 

of protection is intended for application to those situations that have been deemed to be 

justified.   

 

3) Dose limits 

The total dose to any individual from a regulated source in planned exposure situations, 

other than medical exposure of patients, should not exceed the appropriate limits specified by 

the commission 
41

.The process of optimization is aided by setting ‘constraint doses’. These 

doses are planning doses which should not be exceeded by a practice.  

5.2 Dose measurements – Need for Dosimetry 

Radiological protection has the general aim of protecting humans from the effects caused by 

ionizing radiation after external or internal exposures. This requires a quantitative description 

of the radiation absorbed in human body.  Dosimetry is the science of radiation measurement 

and it deals with methods of quantitative determination of energy deposited in a given 

medium in procedures where patients are irradiated for screening, diagnosis or therapy 
167

.  

Dosimetric quantities are needed to assess radiation exposure is to humans. This is necessary 

in order to describe dose response relationships for radiation effects which provide the basis 

forest estimation in radiological protection.  

A wide range of radiation absorbed doses is delivered to patients by the various diagnostic 

imaging modalities that use ionizing radiation. Even though these procedures are assumed to 

produce a net benefit, the potential for radiation-induced injuries to the patient exists. 

International guidance on patient dosimetry techniques for x-rays used in medical imaging 

has recently been published by the International Commission on Radiation Units and 

Measurements in ICRU Report 74 
168

. 

The main aims of patient dosimetry for X-rays used in medical imaging are the 

establishment, use and assessment of diagnostic dose reference levels as well as the 

measurement of the dosimetric performance of the equipment 
169

. 
  

Figure 5-2. The ALARA principle 
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Patient dosimetry in paediatric diagnostic radiology is of supreme importance due to 

the substantially greater radiation hazard to children caused by their higher radiosensitivity 

and greater life expectancy, however studies on paediatric doses are hard to conduct and there 

are insufficient data 
170 

In this section several different quantities will be defined, with their corresponding 

units, associated with specifying amounts of radiation absorbed by an organism. 

5.3 Radiometric quantities 

Some very common quantities are the following:  

5.3.1 Energy 

The energy of ionising radiation is measured in terms of electron volts (eV), where one 

electron volt is the amount of energy gained by an electron when it is accelerated through a 

potential difference of one volt. In terms of joules:  

1 eV = 1.6 x 10
-19

 J 

The electronvolt is a very small unit of energy, even in atomic terms, so in practice the 

energy of radiation is usually given in kiloelectronvolts (keV) or megaelectronvolts (MeV).  

 

5.3.2 Energy Fluence 

The Energy Fluence (Ψ) is a quantity that can characterize the energy carried by the photons 

in an X-ray field and may be defined as
168

:  

 

Ψ= dE/da                  units: J/m
2
 

 where dE is the radiant energy entering a sphere of cross sectional area da. 

 

5.3.3 Exposure (X)  

Exposure is the quotient of dQ by dm, where dQ is the absolute value of the total charge of 

the ions of one sign produced in air when all the electrons and positrons liberated or created 

by photons in mass dm are completely stopped in air: 

X=dQ/dm  

The special unit of exposure was originally called the roentgen (R), named after the 

discoverer of x-rays, Wilhelm Roentgen. The SI unit of exposure is the coulomb per kilogram 

(C kg
-1

) and this is related to the roentgen as follows: 
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1 R = 2.58 x 10
-4

 C kg
-1

 of air 

Although the roentgen is no longer used in radiation protection, there are many 

instruments, which give readings in roentgen (R) or roentgen per hour (R h
-1

).  

5.4 Quantities related to the patient:  

During medical imaging procedures using X-rays, mean absorbed doses in organs or 

tissues of the patient undergoing diagnostic or interventional procedures cannot usually be 

measured directly. Therefore, measurable quantities that characterise the external radiation 

field are used to assist in managing the patient dose. These include simple quantities such as 

absorbed dose in a tissue-equivalent material at the surface of a body or in a phantom, but 

also a number of other quantities of varying complexity, depending on the nature of the X-ray 

equipment e.g. for CT 
107, 171

. Significant progress has been achieved in recent years in 

providing methods to derive mean absorbed doses in organs and tissues from a number of 

practical measurements, and a considerable body of data is available e.g. ICRU Report 74 

“Patient dosimetry for X-rays used in medical imaging”168
  and in the technical report of 

IAEA series No. 457: Diagnostic radiology: an international code of practice 
172

.   

There are three main approaches to the assessment of patient doses in diagnostic 

radiology: (a) direct dose measurements on a patient; (b) dose measurements in physical 

phantoms; and (c) Monte Carlo radiation transport calculations. Direct measurement of 

patient dose is limited to relatively few superficial organs, such as the eye, skin, thyroid or 

testes. The most common approach is the combination of an easily measurable quantity, such 

as Entrance Surface Dose, with the respective conversion coefficients derived from Monte 

Carlo calculations.  

The following quantities are related to the patient and can be used for assessing the 

risk of stochastic or deterministic effects.  

 

5.4.1 Energy imparted 

The mean energy imparted, εmean  to the matter in a given volume equals the radiant energy 

Rin of all those charged and uncharged ionizing particles which enter the volume minus the 

radiant energy Rout, of all those charged and uncharged particles that leave the volume, plus 

the sum ΣQ of all changes of the rest energy of nuclei and elementary particles which occur 

in the volume, thus:  

εmean = Rin-Rout + ΣQ     unit: J (joule) For photon energies in diagnostic radiology ΣQ=0) 
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5.4.2 Absorbed Organ or tissue dose:  

Absorbed dose D is the basic physical quantity for radiological protection and it is a 

measurable quantity.  Absorbed dose is the measure of energy absorbed by tissue from 

ionizing radiation 
41

 and it is assumed that the mean value of absorbed dose in an organ or 

tissue is correlated with the radiation detriment from stochastic effects in the low dose range.  

The fundamental dose quantity given by:  

 

                                unit: gray Gy= J/kg 

 

 where dε is the mean energy imparted to matter of mass dm by ionising radiation. The unit’s 

special name is gray (Gy) 
41

. The original unit of absorbed dose was the radiation absorbed 

dose (rad) and one gray is equal to 100 rad (1 Gy = 100 rad) 

5.5 Quantities related to radiological protection 

Mean absorbed dose is insufficient on its own for assessing detriment caused by ionizing 

radiation exposure.  In order to establish a correlation between dose quantities applied in 

radiological protection and stochastic effects (radiation induced cancer and heritable diseases) 

two types of weighting factors have been introduced the radiation weighting factor WR and 

the tissue weighting factor WT.  The weighting factors are intended to take account of 

different types of radiation and stochastic effects in different organs and tissues of the body.  

The body related protection quantities described below (equivalent dose and E) are not 

directly measurable. 

 

5.5.1 Equivalent Dose:  

Absorbed dose refers to the energy deposited in an absorbing material but it does not indicate 

how much damage may be done to tissue, nor does it point out the level of the potential 

hazard. For example, the level of damage produced by an absorbed dose to tissue of 0.5 Gy 

would be much greater if the energy was deposited by alpha radiation or by neutrons than it 

would be if the energy was deposited by gamma radiation. Hence, a quantity known as 

equivalent dose is used to include the biological effect of a particular type of radiation on 

organs or tissues.  

dm

d
D
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 Equivalent dose is the absorbed dose, for a particular type and energy of radiation 

averaged over a tissue or organ and weighted for the radiation quality of interest. The 

weighting factor for this purpose is called "radiation weighting factor (WR)", which reflects 

the severity of biological effects due to different types and energies of radiation.  

The Equivalent Dose, HT to an organ or tissue is defined in ICRP 103 
 41 as the product of the 

mean absorbed dose DT,R from radiation R in a tissue or organ T and the radiation weighting 

factor WR:  

 

HT=ΣR WR · DT,R                                                  unit: Sv (Sievert)  

 

Since WR is dimensionless the unit for equivalent dose is the same as for absorbed dose but 

its special name is Sievert (Sv) to distinguish it from absorbed dose 
41

.  

 

1 Sv = 1 J kg
-1 

 

The original unit of equivalent dose was the rem (1Sv= 100 rem). 

The WR factor for photons used in diagnostic radiology is WR=1 
41

.  

5.5.2 Effective Dose 

In radiological protection practice a single quantity has been developed for specifying the 

“amount” of exposure which is quantitatively related to the probability of stochastic effects in 

human bodies for all types of radiation.  

This parameter is the effective dose (E) and is of great interest in assessing and 

comparing radiation doses and biologic risk. It is calculated from organ dose estimates using 

weighting coefficients prescribed by the International Commission on Radiological 

Protection (table 5-1). It is a single-dose parameter that reflects the risk of a non-uniform 

exposure in terms of a whole-body exposure. E is expressed in the unit of millisievert (mSv). 

ICRP, in its latest report on Radiation Protection in Medicine 
41

, confirms that E can be of 

value for comparing doses from different diagnostic procedures and for comparing the use of 

similar imaging technologies and procedures in different hospitals and countries as well as 

the use of different technologies for the same type of medical examination, provided that the 

patient populations are similar with regard to age and sex 
29, 41

.   

However, for planning of exposure of patients and risk-benefit assessments, the 

equivalent dose or the absorbed organ dose to irradiated tissues is the relevant quantity. E 

should not be used for epidemiological studies.   
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The procedure for the assessment of E adopted by the commission is to use absorbed dose 

as a fundamental physical quantity. After averaging it over specified organs and tissues, 

suitably chosen weighting factors should be applied, that take into account variations in the 

biological effectiveness of different radiation qualities, to give the quantity equivalent dose. 

Then, the differences in sensitivities of organs and tissues to stochastic health effects should 

be considered. The weighting factors are selected from a range of experimental and 

epidemiological data and are the tissue mean values representing an average over many 

individuals of both sexes. These are applied to population of all ages and both sexes.  For 

retrospective dose an especially risk assessments in individual cases individual parameters 

such as sex age and organ doses would need to be taken into account. This quantity provides 

a value which takes account of the given exposure conditions but not of the characteristics of 

a specific individual.  

 The tissue weighting factor WT for the organ or tissue T represents the relative 

contribution of that organ or tissue to the total detriment arising from the stochastic effects 

for uniform irradiation of the whole body. The sum over all organs of the tissue weighting 

factors WT is unity  

 

 

 

 

 

 

 

 

 

 

 

 

For the purposes of radiological protection it is useful to apply a single value of E for 

both sexes.  The previous and the latest set of tissue weighting factors are presented in table 

5-2 
41, 173

. These are sex- and age- averaged values for all organs and tissues, including the 

male and female breast, testes and ovaries (gonads: for carcinogenic and heritable affects) 

(figure 5-3). This averaging implies that the application of this approach is restricted for the 

estimation of E in radiological protection and cannot be used for the assessment of individual 

risk.   

Table 5-1. Recommended tissue weighting factors in 2007 by ICRP (table from report 103). 
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The most recent ICRP report 103, published in 2007, presents a new revised set of these 

factors 
41

. The most significant changes are the increase in WT for the breast (from 0.05 to 

0.12) and the decrease for the gonads (from 0.20 to 0.08). The new set of WT,103 induces 

changes in the calculated E which can differ substantially in comparison with the previous set 

174
  

 

  

Analytically, E is computed from the equivalent 

doses HT for the organ or tissue T of the Reference 

Male HMale, T, and the Reference Female HFemale, T 

(sex averaging) according to the following 

equation:  

 

E=
 




T

F

T

M

T

T

HH
W

2
 

 

The E is the tissue weighted sum over all the 

specified organs and tissues of the body of the 

product of the equivalent dose HT in a tissue or 

organ T and the tissue weighting factor WT of that 

organ or tissue 
41

.
 
 

 

 

 

 

Analogous to the approach for other organs and 

tissues, the equivalent data for the remainder is 

defined separately for the Reference Male and the Reference Female and these values are 

included in the above equation. The equivalent dose to the remainder tissues is computed as 

the arithmetic mean of the equivalent doses to the tissue is listed in the footnote to table 5-1.   

The equivalent dose to the remainder tissues of the Reference Male HMale, rmd and the 

Reference Female HFemale,rmd , are computed as:  

 

and 
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Table 5-2. Previous Comparison of 

recommended tissue weighting factors by 

ICRP (ICRP report 60 and 26). 
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Where T is a remainder of tissue from table 5-1.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.6 Recommended measurable quantities 

5.6.1 Projection Radiography 

For Projection Radiography, the dose quantities: “KERMA”, “Entrance surface dose” and 

“dose-area product” have been recommended.  These are basic quantities are fundamental 

quantities defined in the ICRU 103 
41

.  

5.6.1.1 Kerma (K)  

KERMA (kinetic energy released per unit mass): is the quotient dEtr by dm, where dEtr is the 

sum of the initial kinetic energies of all the charged particles liberated by uncharged particles 

in a mass dm of material, thus 
41

 :  

 

K= dEtr / dm      unit: gray Gy= J/kg 

Incident Air KERMA: K is the kerma air from an incident X-ray beam measured on the 

central axis at the position of the patient or phantom surface.  

Kerma is defined as a non-stochastic quantity and dEtr is the expectation value of the sum of 

the kinetic energies. Only the radiation incident on the patient or phantom is included and not 

the backscattered radiation. 

 

 

Figure 5-3. Sex averaging to obtain the effective dose (graph from ICRP 2007). 
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5.6.1.2 X-ray tube output:  

The X-ray output Y(d) is defined in ICRU 74 
168

 as the quotient of the air kerma at a 

specified distance d from the X-ray tube focus by the tube current (i)-exposure time (t) 

product (Pit), thus:  

Y(d)= K(d)/Pit    unit: Gy∙s
-1

∙A
-1

 

 

5.6.1.3  Entrance surface dose 

Entrance Surface KERMA: Ke, the entrance surface KERMA (ESAK) is the kerma to air 

measured on the central beam axis at the position of the patient or phantom surface, including 

backscattered radiation. The radiation incident on the patient or phantom and the 

backscattered radiation are included.  This quantity is also more commonly called Entrance 

Surface Dose (ESD) and this term will be used in the continuation of this thesis.  

The entrance surface dose is related to the incident air KERMA by the backscatter factor, B.  

 

Ke=K∙B                      Units: mGy. 

 

Theoretical Indirect measurement: entrance surface dose can be calculated from knowledge 

of the tube output and the exposure factors, applying any necessary correction for source-to-

skin distance and a factor to allow for backscattered radiation from the patient. 

Direct measurement : Entrance surface dose measurement can be made using ionisation 

chambers or small, independently calibrated, thermoluminescent dosimeters (TLDs).  TLDs 

are small and of low atomic number so they are unlikely to obscure diagnostic information. 

The dosimeters are packaged in plastic sleeves that are sterilizable, and are attached to the 

patient’s skin using surgical tape. Correction factors for the energy dependence of the 

dosimeters and their sensitivity must be applied to the raw TLD data. A background 

correction is also applied 

 TLDs provide the most straight forward and most accurate method of measurement and 

major surveys have used them.  \ 

Advantages of TLDs:  

-response is leaning out with dose over a wide range 

-sensitivity is almost energy independent  

-adequate sensitivity is achieved on in a small volume 
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Disadvantages:  

-Delay between exposure and readout  

-expensive TLD read-out equipment is required 

-must be calibrated against standard radiation sources 

 Careful annealing is required after read-out to ensure that the TLD material returns to 

the same condition in respect of the number of available traps otherwise the sensitivity and 

hence the calibration factor may change. 

 Entrance surface dose changes very little with change in the field size.  However, 

there risk to the patient is clearly greater if the dose is delivered over a larger area, where 

more organs would be exposed.  Therefore the field size is important. 

 

5.6.1.4 Air-Kerma-area product:  

The air-kerma-area product PKA is the integral of the air kerma over the area of the X-ray 

beam in a plane perpendicular to the beam axis 
175

.  

 

            unit: Gy∙m
2 

 

 

This quantity is also known as KAP (kerma-area product) or DAP (dose-area product). The 

term DAP will be used in this thesis.  

In other words, dose area product is defined as the absorbed dose to air averaged over 

the area of the X-ray beam in a plane perpendicular to the beam axis multiplied by the area of 

the beam in the same plane.   

The DAP is a measure of the total energy fluence incident on the patient and may be 

related to the total energy absorbed in the patient. It is usually measured in Gy∙cm
2
 and 

radiation backscattered from the patient is excluded. The DAP has the useful property of 

being independent of distance from the tube focus, as long as the plane of the measurement is 

not so close to the patient or phantom that there is significant contribution of the 

backscattered radiation.  

It is conveniently measured with special large-area ionisation chambers (DAP meters) 

attached to the diaphragm housing of the X-ray tube, which intercept the entire cross section 

of the beam, and respond to the total charge collected over the whole area of the chamber.  


A

KA dAAKePKAPDAP )(
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DAP meters are mounted usually on the tube focus where the X-ray beam is relatively small 

and dose rates are high and does not interfere with the examination. 

 

5.6.2 Computed Tomography 

Quantities used in CT dosimetry are presented below.   

5.6.2.1 Computed Tomography dose index  

The fundamental radiation dose parameter in CT is the CT dose index (CTDI)
176

. This is 

defined as the integral along a line parallel to the axis of rotation (z) of the dose profile (D(z)) 

for a single rotation and a fixed table position, divided by the nominal thickness of the x-ray 

beam. CTDI can be conveniently assessed using a pencil ionisation chamber with an active 

length of 100 mm, so as to provide a measurement of CTDI100, expressed in terms of 

absorbed dose to air 
136, 177, 178

.  


50

50
100 )(

1
dzzD

NxT
CTDI                      unit: mGy 

where N is the number of tomographic sections, each of nominal thickness T (mm), from a 

single rotation. For multi-slice CT scanners, where N > 1, NxT (mm) represents the total 

detector acquisition width (eg 4 x 5 mm), and is equivalent to the nominal beam collimation. 

5.6.2.2 Weighted CT dose index 

 

In CT, dose distribution inside the phantom is heterogeneous so that the measured dose at the 

phantom surface is roughly double compared to the central dose (body phantom) 
176

. The 

heterogeneity is reckoned with by measuring the dose in the centre and periphery positions of 

the phantom and calculating the weighted dose value, which matches better with the real 

radiation distribution in the patient compared to the use of central or surface values only. 

 

Weighted CT dose index (CTDIw) is the weighted CTDI in the standard adult head or body 

CT dosimetry phantom for a single rotation corresponding to the exposure settings used in 

clinical practice is defined as the weighted sum of the CTDI measured in the centre (c) and 

periphery (p) of a 16 cm (head) or a 32 cm (trunk) diameter cylindrical polymethyl-

methacrylate (PMMA) phantom. 

 

                      unit: mGy 
PcW CDTICTDICTDI ,100,100

3

2

3

1
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where CTDI100,p represents an average of measurements at four equally-spaced locations 

around the periphery of the phantom. Monitoring of CTDIw per rotation takes account of the 

exposure settings selected, such as tube current and tube voltage. 

CTDIW provides an indication of the average absorbed dose (or air kerma) in the central slice 

of a series of contiguous scans of the phantom.  

 

5.6.2.3 CTDI volume 

CTDI volume (vol) is a radiation dose parameter defined by the International Electro-

technical Commission 
177

 that provides a single-dose parameter, based on a directly and 

easily measured quantity, which represents the dose within the scan volume to a standardized 

phantom. All current CT scanners display the value for CTDIvol on their console. This 

feature can allow the clinician to compare the radiation output from different imaging 

protocols 
178

.  .  

 

torCTpitchfac

CTDI
CTDI W

vol              unit: mGy       

 

where      

 

 

 

and Δd is the distance (mm) moved by the patient support in the z-direction between 

consecutive serial scans or per rotation in helical scanning; NxT (mm) is the nominal beam 

collimation. CTDIvol is recommended for display on the CT scanner console 
177

. CTDIvol 

represents the average value of the weighted CTDI throughout the volume scanned in a 

particular sequence. The CTDIvol estimates the average radiation dose within the irradiated 

volume, but does not take into the account the length of the scan or the total number of 

successive scans.  

 

5.6.2.4 Dose-Length-Product 

The Dose-Length-Product (DLP) LP is therefore, used to represent the overall dose delivered 

by a scan protocol. The dose-length product (DLP) for a complete examination is defined as: 

NxT

d
torCTpitchfac
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               unit: mGy·cm 

 

 where i is the number of scan sequences in the examination, each with n rotations of nominal 

beam collimation NxT (Equation 1, but expressed in cm) and radiographic exposure C mAs 

per rotation; nCTDIw is the normalised weighted CTDI (mGy mA
-1

s
-1

) appropriate for the 

applied potential and total nominal beam collimation.  

Alternatively, the DLP for each scan sequence is given by 
179

: 

                      

                   unit: mGy·cm  

 

where L is the total scan length (cm), between the outer margins of the first and last slices in 

a sequence, irrespective of pitch (already included in CTDIvol) 
176

.  

For a helical scan sequence, this is the total scan length that is exposed during (raw) 

data acquisition, including any additional rotation(s) at either end of the programmed scan 

length necessary for data interpolation 
180

. The DLP provides a broad indication of the energy 

imparted during a CT examination 
181

. 

5.7 Dose Conversion coefficients:  

In diagnostic radiology it is common practice to measure a radiation dose quantity that is then 

converted into organ doses and E by means of conversion coefficients, since it is impossible 

to make direct measurements of most of the organ doses during exposure in living patients. 

These coefficients are defined as the ratio of the dose to a specified tissue or E divided by the 

normalization quantity. In CT the most direct way of estimating doses to patients undergoing 

CT examinations is to measure organ doses in patient-like phantoms
37

. Another way of 

obtaining the pattern of energy deposition in patients undergoing CT examinations is by 

calculation 
182-18538–40

.  

Monte Carlo computational techniques are used to estimate organ or tissue doses and 

E. With Monte Carlo techniques computational models (mathematical and voxel phantoms) 

are developed, that simulate the physical processes associated with the interaction of a large 

number photons with the virtual phantom and estimate the probability of the dominant 

interaction processes (i.e., Compton scatter and photoelectric absorption). These are used to 

deduce energy deposition of x-ray photons in human anatomy. Mathematical phantoms are a 

CnTNCTDIDLP
i

Wn  )(

LCTDIDLP vol 
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three-dimensional representation of a patient. The organs and the whole body are defined as 

geometric bodies (such as cylinders and ellipsoids). The various phantoms used have been of 

increasing anatomical accuracy and complexity 
186-188

.  

Once suitable computer programs have been developed to perform these calculations, 

they can be readily repeated to simulate a whole series of medical x-ray examinations and 

provide coefficients relating organ doses and the E to the practical dose quantities that can be 

easily measured in the x-raybeam outside the patient or calculated from exposure parameters. 

If the dose or air kerma at a specified point is known, it is possible to use normalized organ 

dose data to assess organ doses for a typical patient. Normalized organ dose data are available 

for many examination types, including CT 
183, 189, 190

. An Excel spreadsheet can be 

downloaded from www.impactscan.org to perform organ dose and E estimates using the 

NRPB organ dose coefficients.  

 For CT scanning, the simple practical approach of estimating E is achieved utilising 

appropriately normalised size and anatomical region-specific conversion coefficients, relative 

to dose-length product
181, 191

 

 EDLP= E / DLP 

 In modern scanners, DLP and CTDI are displayed on the console at the end of the 

examination. These EDLP coefficients have been comprehensively published previously, 

based on estimates of E using the WT,60 from the ICRP60 report 
173, 181

, and have been shown 

to provide little inter-vendor variation
192

 (10). 

 Organ dose conversion factors and coefficients for 8 week old and 7 year old patients 

have been suggested by Zankl et al 
184, 185

 and  estimates of E normalised to DLP (EDLP) and 

to unit energy imparted are published for different patient sizes 
193-196

. These coefficients 

have been further supplemented and have been comprehensively published by the National 

Radiological Protection Board (NRPB) 
181

  

E values were calculated from the NRPB Monte Carlo organ coefficients
39

 were 

compared to DLP values for the corresponding clinical exams to determine a set of 

coefficients k=E/DLP, where the values of k are dependent only on the region of the body 

being scanned (head, neck, thorax, abdomen, or pelvis) 
181

 (table 5-3. Using this 

methodology, E can be estimated from the DLP, which is reported on most CT systems. 
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Table 5-3. Normalised values of effective dose per dose-length product (DLP)over various body regions and 

(standard) patient age (table from Shrimpton 2004). 

 

 

 

 

 

 

 

 

Higher organ doses in younger children result in conversion coefficients for a neonate 

being approximately fivefold greater for the head and threefold greater for the body than 

those for a 15 year old 
181

. The chest and abdomen contain more radiosensitive organs than 

the head, and so trunk coefficients were greater (four to sevenfold) than those for the head at 

all ages (table 5-3) 
181

.  

 Huda et al have studied the variation in EDLP values in relation to different tube 

voltages and various positions of the x-ray beam along the z-axis for short scan lengths (2cm) 

on head and body scans 
191

. They may vary up to a factor of 30 when radiosensitive organs 

are within the primary beam e.g. breast, and they increase (about 25%) with increasing tube 

voltage (from 80 to 120kVp).  

 Values of EDLP for paediatric CT have also been derived from measurements with 

TLDs by Chapple et al, using phantoms of various age groups (ages 0 to 15 years) and taking 

into account the relative radiosensitivity of different anatomical regions for each age group 

197
 (table 5-4). 

 

 It is within the scope of this thesis to update those coefficients by Chapple et al, using 

the same methodology with the new ICRP tissue weighting factors
197

.  

Table 5-4. Measured values of dose-length product and effective dose from Chapple et al 2002. 
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 Deak et al have also published EDLP, based on the ICRP 103 weighting factors, using the 

CTDIw32 cm phantom for paediatric body regions with Monte  Carlo techniques 
198

 

 The use of DLP to estimate E appears to be a reasonably robust method for estimating 

E as, the values of E predicted by DLP and the values of E calculated using other more 

accurate methods, are remarkably consistent, with a maximum deviation from the mean of 

approximately 10% to 15%. 

5.8 Diagnostic Reference Levels  

5.8.1 The concept of diagnostic reference levels in radiology 

 Regulations on exposure to ionising radiation have been in operation for 80 years and 

have resulted in reductions in the levels of exposure to the general public, to patients and to 

radiation workers.  The overall philosophy is best summarised the ALARA principle 

described earlier 
199

.  

 The EC Medical Exposure Directive of 1997 
56

 requires that all health care facilities 

that carry out radiological examinations to establish Diagnostic Reference Levels (DRLs) for 

selected procedures and to carry out appropriate investigations and corrective action 

whenever they are consistently exceeded. This been implemented in the UK through the 

Ionising Radiation (Medical Exposure) Regulations, 2000 
200

.
 

 The objective of a DRL is to achieve acceptable or adequate diagnostic information 

consistent with the medical imaging task and to help avoid radiation dose to the patient that 

does not contribute to the clinical purpose 
199, 200

. 
  

 DRLs are not legal limits but a practical tool to control radiation dose to patients in 

diagnostic radiology and to identify any unusually high or low dose levels in local and 

national practice, for a reference group of patients. DRLs are defined as “dose levels for 

typical examinations for groups of standard sized patients and for broadly defined types of 

equipment” 
201

. These dose levels are the 75th percentile of the distribution of the mean value 

of doses encountered in each of the x-ray rooms surveyed.  

If those level are consistently exceeded then practice should be reviewed.  

 The quantity used for DRL should be obtained in a practical way and should be a 

suitable measure of the relative change in patient tissue doses and, therefore risk, for the 

given medical imaging task.  

 Those values should be selected by professional medical bodies in conjunction with 

the national health and radiological protection authorities and reviewed at intervals that 
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represent a compromise between the necessary stability and the long-term changes in the 

observed doses distributions.  The selected values could be specific to a country or region 
201

. 

 

5.8.2 Diagnostic Reference Levels in Neonatal Radiology 

For those examinations where extensive patient dose survey data have been available for 

many years, there has been a general downward trend in doses with time, and for some of 

them, it is expected that this trend will continue 
201

.  The NRPB collects and publishes data 

and patient dose distributions and gives guidance on national reference doses frequently when 

sufficient data are available. 

DRLs must be expressed in terms of dose quantities that are simple to measure or calculate 

from readily available exposure parameters. The following quantities have been adapted for 

DRLs:  

1) Entrance surface dose (ESD) for  individual radiographs 

2) Dose-area product (DAP) for individual radiographs 

3) Weighted CT dose index (CTDIW) per slice in serial CT scanning or per rotation in 

helical CT scanning  

4) Dose-length product (DLP) per complete CT examination.  

 

5.8.2.1 Neonatal chest radiography  

 The dose levels used for X-raying children are critically dependent on the size of the 

child, which varies considerably with age, so have different reference levels might be 

appropriate for the same examination conducted and children for different ages.  NRPB 

recognizes that the thickness of the patient through the section being X-rayed was the critical 

factor affecting patient dose and that the patient’s age or weight are not reliable guides to 

their thickness.  Five standard-sizes were chosen corresponding to the average dimensions of 

children 0,1,5,10,15 years old.  

 Recommendations on equipment and techniques for radiographic examinations of 

newborn infants have been published by the Commission of European Communities (CEC), 

in the publication “European Guidelines on quality criteria for diagnostic radiographic 

images in paediatrics”, (1996) with the aim of at least achieving a “reference entrance skin 

dose” of 80 μGy for a chest x-ray 
81

.  According to the more recent publication of NRPB 

(2000) this reference value is proposed to be 50 μGy, representing a baseline above which re-

evaluation of the equipment and the techniques used is necessary 
202

. In the 2000 review 
190
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there was information on patient size and dose from a sufficient number of hospitals to 

propose national paediatric reference doses.  

 The proposed reference levels doses should be seen as a practical aid to increase 

awareness of the significance of observed levels of patient dose and hence to the promotion 

of optimization of radiation protection in neonatal radiology. Also, image quality criteria are 

presented in the EC guidelines, based on the visualization of certain anatomical structures, for 

a number of common paediatric and neonatal projections, with the aim of producing high 

quality images at the lowest possible dose to the patient.  

 It is important to note that these DRLs were obtained prior to the widespread 

introduction of CR and digital radiography (DR) in many parts of the world, and they need to 

be extended and re-evaluated to take account of recent developments  developments 
5
. 

5.8.2.2 Paediatric Computed Tomography  

 DRLs are expressed in terms of CT Dose Index (CTDI), dose-length product (DLP) 

and E for adults for each examination. DRLs for paediatric CT examinations have been also 

proposed in terms of DLP, CTDI and E 
93, 192, 195

. Modern scanners display CTDI and DLP on 

the scanner console, therefore operators can recognise unusually high doses. Currently up to 

date UK based national reference doses for paediatric such examinations are shown in table 

5-5 
93, 193, 195

.  

 
Table 5-5. National reference doses for CT on paediatric patients (2003 review) and comparison with previous 

recommandations (data from Shrimpton et al 2006, Shrimpton and Wall 2000, EU 1999). 
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DRLs providing guidance on appropriate dose levels for standard radiographic examinations 

have become a valuable and well-accepted instrument in dose optimization 
203

. However, 

only a few data on paediatric doses are available and the concept of DRLs in many cases 

does not extend to paediatric radiology due to the difficulties encountered in conducting dose 

surveys and defining appropriate reference levels for children. The number of medical X-rays 

performed on children is generally lower than for adults and the data need to be split into age 

groups to reflect physical properties of the patient correctly. 
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6 CHAPTER 6.  PART 1. NEONATAL RADIOGRAPHY- OPTIMISATION 

WITH FILM SCREEN  

In the present study, the first section deals with the estimation of radiation doses 

received by newborns and premature neonates during film screen conventional radiography 

and the evaluation of the quality of the radiographic images in an attempt to optimise the 

radiographic protocol (clinical images). In the second section the effect of the use of the 

incubator tray for placing position the cassette is investigated in relation to image quality and 

radiation dose, during computed chest radiography (phantom images). Due to the high doses in 

CT examinations, it was considered necessary to investigate and update a dosimetric 

methodology with the purpose of assisting in the optimisation of CT examinations in 

neonates, which is presented in the third section of this work. 

6.1 Materials and Methods  

6.1.1 Neonates-Radiographic sample 

Radiation doses were estimated for a sample of neonatal patients undergoing film screen 

radiography in the Special Baby Care Unit (SCBU). The sample consists of 378 neonatal 

radiographic examinations (35 %chest and 65 % babygrams), performed on 123 neonates (64 

male-59 female) treated in the SBCU of University Hospital of Patras. Lateral or other 

projections were excluded from the study, since anterior-posterior (AP) projections of the 

chest and the abdomen are the most frequent examinations. The majority of the neonates, 

83%, were preterm (gestational age lower than 37 weeks). Specifically, gestational ages were 

in the range of 27- 41 weeks, with a mean of 34.5 weeks. The birth- weights of the neonates 

included in the study varied between 635g and 4440g, with a mean value of 2245g. 

Approximately 30% of the neonates were cared for in a closed incubator. The following 

demographic data for each neonate collected: date of birth, date of entrance, duration of stay, 

gestational age, sex, height, weight, date and time of radiographic examination, number of 

radiographs taken and diagnosis (table 6-1). This is similar to the data used by Chapple et al 

204
, with some additions. Radiographic data for each exposure, such as projection, FFD, tube 

voltage, mAs settings, field size and examination inside or outside the closed incubator, were 

also recorded. 
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Table 6-1. Patient protocol-date recorded for each neonate 

Radiographs were obtained by several 

radiographers using different exposure 

parameters (kVp and mAs), even for neonates 

of the same weight-group. They were asked 

to use and record the techniques and the 

exposure parameters that would normally have been chosen, so that results would be 

representative of standard practice. For all the techniques recorded, the tube voltage varied 

between 44 kVp and 66 kVp whereas mAs values were in the range of 0.5 to 2.6 mAs. 

 Because patient dose can be significantly dependent 

on patient size, it was considered necessary to study the 

variation in ESD and the quality of the image obtained for 

neonates of approximately the same weight. Neonates were 

categorized into the following four groups, depending on 

their birthweight (w) 
205

:  

(1) extremely low birthweight (w≤1000 g)        (47 radiographs); 

(2) very low birthweight (1000 g<w≤1500 g)  (67 radiographs); 

(3) low birthweight (1500 g<w≤2500 g)           (138 radiographs); 

 (4) normal birthweight (w>2500 g)                  (126 radiographs). 

 

  The majority of the radiographs (36.5%) used in this study belonged in the third 

group. During radiographic set-up, the cassette was placed directly under the neonate, 

wrapped up in a clean thin linen cover. All radiographic examinations were performed using 

the same capacitor discharge mobile unit (Mobilet II; Siemens, Erlangen, Germany) with 

total inherent filtration of 3.8 mm Al, focal spot size of 0.8 mm and tube target angle of 15°. 

This was exclusively used for neonatal radiography. Radiographs were acquired using Kodak 

Lanex regular screens and Kodak film and the films were processed with a daylight processor 

(XOMAT 5000 RA Processor ML 700+; Kodak, Eastman Kodak Company, Rochester, NY). 

To ensure the correct performance of the equipment and the reliability and reproducibility of 

exposure parameters, a complete quality control check was initially and periodically 

performed, based on published protocols 
206

. Additionally, daily quality control of the film 

processor was performed to ensure a high and stable performance. 

 

Neonatal and radiographic data 

Date Time of X-ray      

Patient name Duration of stay 

Date of birth DAP value   

Gestational age  Diagnosis 

Weight  kVp and mAs 

Height Number of radiographs 

Date of entrance In/out of closed incubator 
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(1) 

 

(1) 

6.1.2 Dose Estimation 

6.1.2.1 Entrance Surface Dose 

Since the DRLs for neonatal radiography, as proposed by the Commission of European 

Communities 
81

 and the National Radiological Protection Board 
83

, are expressed in terms of 

ESD, it was considered appropriate for comparison purposes to estimate the ESD during each 

radiograph in the SBCU of University Hospital of Patras. 

 The collected data were used to estimate ESD retrospectively for each neonatal 

radiograph according to the following equation (1) 
207, 208

: 

 tissue

air
enTFISLBSFtIUESD )()(



                

 In this equation, U is the output of the mobile unit (mGy mAs
-1

) measured at 100 cm 

with an X-ray multimeter (Victoreen non-invasive X-ray test device, 4000M+; Victoreen 

LLC, Cleveland, OH) for various tube voltage values in the range of 40–102 kVp. (I∙t) is the 

product of tube current (mA) and exposure time (s) required for the radiograph. BSF is the 

backscatter factor, which is applied to take into account the scattered radiation from the 

neonate. For examinations in children, BSFs vary from 1.1 to 1.36, depending on exposure 

factors, the patient’s thickness and field size 
204, 209-212

 

 Because of the small size of the neonates, a constant BSF value of 1.1 was applied for 

the whole sample. This is also in accordance with the BSF calculated by Chapple at al (1994) 

through Monte Carlo techniques 
204

. ISL is the inverse square law factor, allowing for the 

correction of the output from the measured distance of 100 cm to a standard focus-to-skin 

distance of approximately 85 cm. TF is the transmission factor of 5 mm perspex, which was 

applied as the majority of neonates were cared for in closed incubators. The attenuation of the 

beam was estimated to be in the order of 10%, whereas the scattered radiation by the perspex 

was considered negligible. (μen/ρ)
tis

air is the mass energy absorption coefficient ratio of tissue 

over air, averaged over the X-ray energy spectrum used, and was evaluated for muscle as 

defined by the International Commission on Radiation Units and Measurements 
213

. It is 

equal to 1.05 for the range of 50-58kVp used in this study, with an uncertainty of no more 

than ±1% 
208, 214

.  

 Direct dose measurements utilizing TLDs during the examination provide the best 

indication of actual clinical practice; however, this was not practically achievable in this 

study, mainly because of the limitations set by the infection control protocol of the SCBU. 
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Also, unnecessary disturbance to the newborn can raise heartbeat and blood pressure and 

lower oxygenation 
66

. In addition, the doses involved are near the minimum detection level of 

common TLDs-100 (50 mGy) 
215, 216

.  

 The output of the mobile unit (mGy mAs-1) measured at 100 cm for various tube 

voltage values in the range of 40–102 kVp. However, in order to minimize the relative 

measurement error, the measurements were realized with increased mAs values (20, 50) than 

those commonly used in neonatal radiography (0.5- 2.2). Finally, corrections for the mAs 

were realised and the output for typical kVp values used in neonatal radiography was derived 

through interpolation from the data presented in figure 6-1. 

 

 

 

6.1.2.2 Dose-Area Product (DAP) measurements 

Despite the fact that ESD is indicative of the techniques applied, it does not take into 

account the effect of field size variations. A small shift in the field margins will produce large 

differences in E and organ dose, a problem that is magnified in neonates compared with 

adults because of their small size. Thus, beam limitation is a major criterion of the image 

quality according to the CEC guidelines. An appropriate dose index that can be correlated 

with field size is the DAP. DAP is increasingly used as it provides a convenient and accurate 

method for dose measurements and it is independent of the set-up. In addition, it allows 

comparison with other studies and E can be deduced as well as the somatic risks introduced. 

This flexibility emphasizes the possibility of using DAP as a selected dose index for the 

DRLs.  

 

 

Tube voltage (kVp) 

 

Tube voltage (kVp) 

50           60           70               80             90       

 

50           60           70               80             90       

Figure 6-1. Correlation of the output of the unit with tube voltage 
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A DAP meter (PTW Diamentor M4; Freiburg, Germany), initially calibrated by the 

manufacturer and periodically cross calibrated in situ using a Victoreen non-invasive Xray 

test device (4000M+) was used to measure the dose in the centre of the field, at a distance of 

100 cm, by attaching it directly to the light beam diaphragm on the tube head of the mobile 

unit. Slow radiotherapy films (Kodak EDR2) positioned directly on the top of the device 

were used to measure the irradiated area. DAP values were obtained under conditions 

simulating all neonatal chest and chest– abdomen (babygrams) radiographs. However, the 

lower limit of delectability of the DAP meter was very close to the DAP values that occur in 

neonatal radiography. Thus, for better accuracy, DAP values were measured for all tube 

voltages (from 44 to 64.5 kVp) for a 10 x 10 field at 90 cm and for 10 mAs (figure 6-2). 

Finally, a correction was employed for the typically used mAs settings and the corresponding 

field sizes. For each radiograph, the field sizes were measured on the acquired films to 

determine the DAP values, taking into account the different degrees of collimation as well as 

the different technique parameters applied. Additionally, DAP measurements were used to 

deduce ESD values, taking into account the backscatter factor from the neonate and the 

various field sizes (for an anteroposterior thickness of 5 cm), as a validation of the formula 

used. 

6.1.3 Image quality clinical evaluation 

6.1.3.1 Image quality clinical criteria 

To quantitate image quality and the amount of diagnostic information received, a visual 

grading analysis of the radiographs was performed in accordance with the CEC guidelines 
81

 

which define the acceptability of radiographs. A radiologist and a paediatrician, experienced 

in reading radiographs, interpreted the images in a random order, independently and blinded 

Figure 6-2. Correlation of DAP for 5mAs with tube voltage 
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Table 6-2. Image quality criteria used in this study (from EU 

guidelines )  

 

to the technique used. The image quality assessment criteria used (table 6-2) were based on 

the CEC guidelines, dealing with the visibility of certain anatomical features, with the 

addition of four more criteria concerning the visibility of bowel loops and the tips of the 

various tubes and lines inserted in the body of a neonate during treatment in the SCBU. .  

Specifically, the visibility of ten (10) anatomical features was evaluated, such as trachea, 

proximal bronchi and diaphragm, as well as the visibility of the tip of the various tubes and 

lines placed during treatment, such as endotracheal tube and umbilical catheter. These 

features are presented in table 6-2 81, 217  

Malposition or displacement 

of venous and arterial long 

lines can result in severe 

complications for the neonate, 

including perforation, pleural 

and pericardial effusions and 

cardiac tamponade 
75

, whereas, 

because of their short airways, 

dislocation of the endotracheal 

tube is crucial as it may result 

in inadequate mechanical 

ventilation 
218

. The additional criteria were considered necessary because a large number of 

radiographical examinations are performed to ensure the accurate placement of these devices.  

Apart from the exposure parameters that are discussed in the present work, other CEC 

criteria, such as reproduction of the thorax without rotation and tilting, whether the 

radiograph is performed at peak inspiration and whether the field size is appropriate (from 

above the apices of the lungs to T12/L1 for chest examinations), are equally important. The 

inability of neonates to follow directions (e.g. stop breathing) produces inevitable 

immobilization difficulties. Nevertheless, premature neonates who are ill are not very active 

and settle after a while. The most frequent cause of clinically unacceptable image quality in 

neonatal radiography is incorrect positioning, which can lead to diagnostic errors because of 

organ overlapping and shape distortion. However, this aspect is outside the main focus of this 

work and only criteria that could be affected by the radiographic technique were included and 

investigated. All indices for image quality criteria were equally weighted, assuming that the 

anatomical details described in the image quality criteria are of comparable significance.  

. 
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6.1.3.2 Grading scale 

The visibility of the features was assessed using a five-grade scale (table 6-3), enabling 

quantitative evaluation of the image quality criteria 
219, 220

. The maximum possible total image 

quality score for each image was 65, if all criteria were applicable. The final total score for each 

image was acquired by summing the mean scores of the two observers for each feature. 

 

Images were excluded 

from the study when the 

presence of severe underlying 

pathology in the patient (e.g. 

atelectasis, transient tachypnea 

of the newborn, bronchopulmonary dysplasia and pneumothorax) led to some features not 

being visualized, resulting in the failure to fulfil a criterion (11 radiographs). Also, in some 

cases a criterion could not be applied because of the absence of the feature (e.g. bowel loops for 

chest radiographs or absence of tubes and catheters). In these cases, the criterion was 

characterized as non-applicable (N/A). Four more radiographs were excluded from the study as 

their image quality was characterized by the physicians as ‘‘unacceptable’’; these radiographs 

were included in the neonate’s file to enable the exact number of exposures that the neonate 

had undergone to be recorded. In total, 363 radiographs were evaluated. During evaluation the 

room illumination was dimmed and kept constant, whereas the reading time and observer-to-

image distance were not restricted. 

 

 

6.2 Results  

6.2.1 Frequency of radiographs  

 In the Special Baby Care Unit the majority of the neonates admitted are preterm and of 

different gestational ages, so a relatively wide variation in birthweights is observed. 

Specifically, lower gestational age neonates born prematurely had lower birthweight values, 

as shown in figure 6-3. 

Table 6-3. Grading scale for image quality criteria (from EU 

guidelines)  
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Figure 6-3. Variation of weight with gestational age 

The majority of the neonates included in this study belonged in the 3rd birthweight group.  

The number of radiographs required for the treatment of each neonate depends on its crucial 

health condition and in general this number tends to increase for neonates of lower 

birthweight, due to the more severe respiratory problems they may present. The data obtained 

during the period of this study revealed only a few cases that a neonate received many 

radiographs, while the mean number was 3,6 radiographs per neonate (figure 6-4).  

 

 

 

 

 

 

6.2.2 Entrance Surface Doses (ESD)  

The results of ESD, as calculated theoretically from the formula (1) and the corresponding 

exposure parameters with respect to weight, are presented in table 6-4. 

 

 

Figure 6-4. Frequency distribution of the number of radiographs for each neonate in the SBCU 
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Table 6-4. Range and mean value (in parentheses) of exposure parameters and corresponding Entrance Surface 

Dose (ESD) values for each birthweight group.  

Weight-group KVp mAs settings ESD (μGy) 

1 45 – 66 (52.5) 0.5 – 2.5 (1.1) 16.4-76.9 (29.8) 

2 44 – 64.5 (52.3) 0.5 – 2.0 (1.2) 17,8 -47.4 (32.4) 

3 44 – 66 (52.3) 0.5 – 2.2 (1.4) 16.5 -57.9 (37.5) 

4 47 – 65.4 (54.1) 0.5 – 2.6 (1.6) 21.1 -74.9 (45.5) 

 

A relatively wide variation in ESD values is observed, not only among different weight 

groups but also within the same weight group. This reflects the lack of standardization of the 

exposure parameters applied in all of the procedures performed. In Group 4, in particular, the 

ratio of the maximum to minimum value  is 3.5:1, ranging from 21.1 to 74.9 mGy. However, 

the acquired ESD values are lower than the DRL of 80 mGy proposed by the CEC, and the 

majority are in accordance with the more recent and strict reference value of 50 mGy 

proposed by the NRPB for neonatal chest radiography. The distribution of ESD values as a 

function of tube voltage is presented in figure 6-5. The data are in two groups because 

radiographers applied high or low tube voltage techniques according to their own judgment, 

training and experience, rather than following a particular protocol. In general, older 

radiographers tended to use lower tube voltage techniques (approximately 44–53.5 kVp) with 

decreased mAs, whereas younger radiographers used higher tube voltage techniques 

(approximately 55–63.5 kVp) because of the better training they had received on radiation 

protection issues.  

Based on the data acquired, the mAs values decrease in general for increasing tube voltage 

without though achieving a standard optical film density. Thus, some films could be 

characterized as underexposed or overexposed. It has been observed that high dose values 

are, generally associated with low tube voltage and high mAs values.  
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In the above figure, the trend for ESD reduction is observed for higher kVp values. This 

means that harder beams, with increased penetration, are preferable, as in conjunction with 

the lower mAs values result in lower ESD values. For neonates placed in open incubators, the 

ESD is underestimated, since the Perspex top of the incubator attenuates the beam. This top is 

5mm thick and acts like a filter, by absorbing the low energy photons that would be absorbed 

by the tissue increasing the ESD. 

It was observed, as anticipated, that ESD values tended to increase with neonatal 

birthweight, because neonates of increased weight require harder techniques with increased 

mAs values. The correlation between mean ESD values and mean birthweight of neonates 

from each birthweight group (876 g, 1289 g, 1994 g, 3198 g, respectively) is shown in figure 

6-6 (R
2
=0.9995). There is a linear correlation between the mean ESD values and neonatal 

weight, as a result of the higher tube voltages and higher mAs for larger patient size. 

 

 

 

 

 

 

Figure 6-5. Distribution of entrance surface dose (ESD) as a function of tube voltage 

for all birthweight groups. The dotted line represents the dose reference level (DRL) 

value recommended by the National Radiological Protection Board (50 μGy). .  
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6.2.3 Dose- area product measurements 

Dose–area product measurements (DAP) values were obtained for a fixed field size of 10 

x 10 cm and were corrected for the field size and the exposure parameters applied to give the 

DAP values for all neonatal chest radiographs and babygrams performed. The range of the 

derived DAP values and the corresponding mean values for each birthweight group are 

presented in table 6-5. A relatively wide variation is observed within groups because of the 

different tube voltages and mAs settings applied. Concurrently, DAP values also varied 

widely because of differences in body size and mainly because of the varying degree of 

collimation used for each examination. The distribution of the DAP values as a function of 

weight is presented in figure 6-7. There is a broad range with the maximum DAP value being 

over five times the minimum. From the mean values it is observed, as expected, that DAP 

values increase with increasing weight because of the increased field size, mAs settings and 

tube voltage values. The acquired ESD values, as derived from the DAP values, are presented 

as a function of the theoretically estimated ESD values in figure 6-8. The two sets of values 

were found to be strongly correlated (R
2
= 0.957). 

Table 6-5. Dose-area product (DAP) values and the corresponding mean values for each birthweight group 

 

 

 

Birth- weight-group DAP (mGy· cm
2
) Mean DAP ( mGy· cm

2
) 

1 1.2 -7.4 4.1 

2 2.0-11.1 5.4 

3 2.2-15.0 7.5 

4 3.9-15.0 9.2 

Figure 6-6. Mean entrance surface dose (ESD) values with respect to mean birthweight for 

each birthweight group.  
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DAP values are independent of field size and geometry, however a relatively wide 

variation is observed within groups, due to the different kVp and mAs applied. Especially, in 

the forth group there is a broad range with the maximum value being 3 times the minimum. 

From the mean values, it is concluded that DAP values increase with increasing weight, 

which was anticipated.  

Variations of DAP in that figure would be due to various degrees of collimation. DAP 

values only describe the amount of radiation involved in the procedures, thus they cannot be 

directly correlated to ESD, or E, without taking into account other parameters, such as focus-

to film distance, exposure parameters and field size. This means that in two procedures 

characterized by the same DAP value the ESD may be different. For example, comparing two 

different techniques, e.g. 60 kVp –0.8 mAs and 48kVp – 1.8 mAs, of the same DAP value 

Figure 6-7. Distribution of dose-area product (DAP) values with neonatal birthweight for all radiographs.  

 

Figure 6-8. Entrance surface dose values as deduced from the dose-area product values (ESDDAP) as a 

function of those theoretically estimated (ESDTHEOR).  
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(4.6 mGycm
2
), the ESD is lower for the first technique (28 μGy) than that for the second 

(39 μGy). DAP is increasingly used, as it provides a convenient and accurate method for dose 

measurements and allows comparison with other studies. This flexibility emphasizes the 

possibility of using DAP as the selected dose index for the DRLs.  

 

6.2.4 Evaluation of image quality  

 The image quality is studied as a function of the exposure parameters. The normalized 

total image quality score for chest radiographs and babygrams as a function of tube voltage 

for all weight groups is presented in figures 6-10 and 6-11, respectively. In the SCBU both 

high and low tube voltage techniques were performed by different radiographers; however, a 

preference for low tube voltage techniques was observed. Figures 6-10 and 6-11 reveal the 

feasibility of achieving high total image quality scores, which means diagnostically 

acceptable images, using both techniques; these data demonstrate the fact that high kV 

techniques result in no clinically significant image quality degradation whereas they decrease 

dose. Thus, comparison of the imaging techniques indicates that a significant dose reduction 

(by a factor of approximately 3) may be achieved (table 6-4).  

 The variations seen in figures 6-9 and 6-10 may be partially attributed to difficulties 

in positioning the neonate. However, the major factor affecting image quality is considered to 

be the exposure parameters, because in all radiographs no significant positioning errors 

(cables, holder’s hands, tilting) were observed that could obstruct the evaluation of the 

visibility of various anatomical details and the placement of catheters. A few of the 

radiographs however (5 radiographs) were excluded from the study as they were overall 

characterized by the doctors as “unacceptable”. The patient’s chest condition, which is 

unknown prior to exposure, may be the reason of some features not being visualized. In some 

cases a criterion could not be applied, either due to the underlying pathology (e.g. transient 

tachypnea of the newborn, bronchopulmonary dysplasia, pneumothorax) or due to the 

absence of the feature (e.g. absence of catheters, bowel loops for chest radiographs). In these 

cases the criterion was characterized as non-applicable (N/A).  

In the SBCU both techniques are performed by different radiographers, however a 

preference for the low kVp techniques is observed, despite the fact that harder techniques do 

not degrade the image while they minimize the risk. In neonatal radiography, as well as in all 

radiological examinations, the most significant concern is the diagnostic information, 
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Tube Voltage (kVp)

retrieved by the image to be satisfactory, depending on the clinical question. This is the 

reason for analyzing each anatomical feature separately, because diagnosis of a possible 

disease in the first days of a neonate’s life is of paramount importance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 The reproduction of all anatomical features included (vascular pattern, trachea, 

proximal bronchi, diaphragm, costo-phrenic angles, spine, paraspinal structures, retrocardiac, 

mediastinum and bowel loops), is analyzed separately, and is presented in figure 6-11 as 

assessed by the two observers, for all weight- groups as a function of tube voltage. 

Figure 6-10. Normalised total image quality score of babygrams for all 

birthweight groups as a function of tube voltage.  

 

Figure 6-9. Normalised total image quality score for chest radiographs for 

all birthweight groups as a function of tube voltage.  
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 In figure 6-11 it is observed that each feature can receive a high score for low and 

high tube voltage applied. It is reminded that mAs values are not kept constant in the 

techniques performed, but are reduced for increasing kVp values, thus reducing the ESD This 

means that the use of higher kV techniques does not affect the visibility of the anatomical 

features in a way that it could be characterized as unacceptable. The low scores can be 

attributed to other factors, such as underlying pathology, incorrect positioning etc. It can be 

concluded that, amongst the techniques applied, the high tube voltage techniques are 

preferable. 
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Figure 6-11. The normalized score for criteria 1-13-Visibility of Vascular pattern, trachea, proximal bronci, 

diaphragm, costo-phrenic angles, spine and paraspinal structures, retrocardiac lung, mediastinum and bowel 

loops, as a function of tube voltage.  

 

Similarly, in figure 6-12 it is observed that the visibility of the various tubes and lines 

inserted during hospitalisation can be equally high when higher tube voltages techniques are 

applied. Again, the low scores can be attributed to other factors, such as underlying 

pathology, incorrect positioning etc.  
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Figure 6-12. The normalized score for criteria 11-13– Visibility of endotracheal tube, umbilical catheters and 

long-lines as a function of tube voltage.  

6.3 Discussion  

6.3.1 Frequency of neonatal radiographs in the Special Care Baby Unit  

Chest radiographs in the SBCU are among the most common radiological x-ray 

procedures and therefore are of great concern in paediatric settings because of the higher 

tissue radiosensitivity of infants and children. Moreover, in preterm neonates with respiratory 

problems or with congenital heart disease, there is often a need to perform multiple 

examinations, increasing the radiation risks. It has been reported that the frequency of X ray 

examinations varies according to neonatal birth weight, gestational age, neonatal disease, and 

the duration of the NICU stay 
105, 221

. data clearly demonstrate that neonates with lower birth 

weights tend to stay longer in the NICU and the average number of studies was inversely 

proportional to the birth weight 
205

 

 The data obtained during the period of this study revealed only a few cases that a 

neonate received many radiographs (usually 1 or 2), while the mean number was 3,6 
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radiographs per neonate (max was 26). Sutton et al reported a median value of 5 radiographs 

per neonate and Donadieu et al reported 10.6,  while Makri et al reported an average of 8.9 

radiographs (range 1-27, median 6)
222-224

. The results of this study compare with values of 3.2 

reported by Armpilia et al 
214

, where maximum was 17 radiographs for one neonate. In other 

similar studies mean number of radiographs were 3.8 by Fletcher et al 
209

, 5.3 by Wall et al 

225
 and 4.7 by Duggan et al 

215
 . The median number of radiographs per infant, with a birth 

weight less than 750g, was 31 in a study by Wilson-Costello et al 
105

. Ono et al reported an 

average of 26 films for neonates with weight <720g. Other studies report a maximum of more 

than 35 
209, 225

. In 2008, Smans et al reported a maximum of 78 x-rays (9.6 on average)
226

. For 

neonates with birthweight <1500 g Puch-Kapst in 2009 reported a maximum of 62 

radiographs (median 9) 
62

. 

 

6.3.2 Comparison of doses with Diagnostic Reference levels and other studies in the 

literature 

In paediatric and neonatal radiology, wide variations (1:35) have been found in radiation 

doses in different hospitals in a European survey 
211, 227

. This wide range in doses reported is 

due to differences on equipment performance and technique. In 2008, a survey was 

conducted by Datz et al in Israel including a number of departments (5 Israeli neonatal 

departments) 
228

. It appears that there is not a standard protocol and that there are differences 

in exposure parameters between departments: tube voltage varied from 42 to 50 kVP (mean 

46 kVp), mAs was in the range of 2.5-4.0 (mean 3.1 mAs) and focus to skin distance was 

varying between 70cm and 100cm (mean 90cm).  

 In our study, the range of the applied potential values is 44-66 kV and the range of the 

current–time product values was 0.5-2.6 mAs compared with 46–60 kV and 1.2–4 mAs, 

respectively, in former studies 
205, 208, 209, 211, 229

. In our department higher tube voltage values 

are used in conjunction with lower mAs leading to reduced ESD.  

 In 2010 Billinger reported that the ratio of maximum to minimum individual patient 

ESD was a factor of 19 in Austria, whereas the in average doses per installation applied by 

institutions were found to be a factor of 5 for neonatal radiographs
230

.  In the same study, 

national DRLs were derived for Austria. 3rd quartile values set the DRL value at 50 μGy for 

a neonatal chest radiograph
230

.  
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 The ESD values obtained in the present study are lower than, or comparable to, the 

values obtained in studies in other European countries. Comparative results with other studies 

are presented in table 6-6.  

Table 6-6. Comparison of the mean entrance surface dose (ESD) value obtained for all birthweight (BW) groups 

with the corresponding ESD values of other studies.  

 

Reference Mean entrance surface dose (μGy) 

Fletcer 1986 
209

 70 

Faulkner 1989 
229

 92-39
a
 

Schneider 1992 
211

 68 

Chapple 1994 
204

 55 

Wraith 1995 
210

 65-37
 a
 

McParland 1996 
207

 20-16
 a
 

Sutton 1998 
223

 44 

Lowe 1999 
219

 6-160
 b
 

Jones 2001 
231

 72 

Armpilia,  2002 
208

 36 

Duggan 2003 
215

 46-28 
a
 

Ono et al 
205

 20-170 

Brindhaban 2004 
232

 51-102
b
 

Makri et al 2006 
222

 17-80
b
 (44) 

Olgar et al 2008 
233

 44-136 (67) 

Smans et al (2008) 
226

 21-34
b
 (median 28) BW<1000g 

 3-75
b
 (median 33) BW 1000-2500g 

 26-101 (median 52) BW>2500g 

 34  (median for all BW)  

Billinger 2010 
230

 9-53b
c
 (42 3

rd
 quartile) 

Kiljunen et al 2009 
234

 10-270
b
 (60 mean) 

Makri et al 2006 
222

 17-80
b
  (44 mean for chest)  

15-112
b
 (43 mean for babygram)  

CEC paediatr. guidelines DRL 1996 
81

 80 

NRPB DRL 2000 
83

 50 

Kiljunen DRL in Finland 2007(
235

 40 (3rd quartile) (34 mean) 

Billinger DRL Austria 2010 
230

  50 

This study  16-76
b 
(mean 30) (BW≤1000g) 

 18-47 (mean32) (BW 1001-1500g) 

 16-58 (mean 28)(BW 1501-2500g) 

 21-75 (mean 46) (BW >2501g) 
a 
Before and after optimisation of technique 

b
 Range 

c 
Data  correspond to average patient dose per installation studied (not individual patient dose) 

 
 

In the 2002 report form NRPB, “Doses to patients form medical x-ray examinations in the 

UK-2000 Review”, a range of 30-90 μGy is reported for neonatal chest. The mean was 60 

μGy and the 3rd quartile value was 70 μGy 
236

.  

 

6.3.3 Comparison of Dose area product values with other studies 

The variability in the DAP values is attributed to differences not only in the technique 

parameters but also in field size. This is an area of concern as larger fields are frequently 
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used, resulting in image contrast impairment because of increased scatter and, most 

importantly, in the unnecessary irradiation of adjacent organs and red bone marrow of the 

neonate outside the area of interest.  

The results are comparable with other studies (table 6-7). For the chest radiograph, Jones 

et al 
231

 and Armpilia et al  
208

 reported mean DAP values of 8.3 mGy ∙cm
2
 and 4.3 mGy 

∙cm
2
, respectively, whereas Wraith et al 

210
 reported a higher value of 12.3 mGy ∙cm

2
. The 

DRLs from the German Federal Office for Radiation Protection (BFS) in 2003 were 5 mGy 

∙cm
2 

 for a neonate 3000g 
237

. For the combined (babygram) technique they reported values of 

18.7 mGy cm2, 5.5 mGy ∙cm
2
and 12.8 mGy ∙cm

2
, respectively. The mean DAP values in this 

study are 7.4 mGy ∙cm
2 

for chest radiographs and 8.1 mGy ∙cm
2 

for babygrams. Smans et al 

have reported a large spread in DAP values (3.5-32.4 mGy ∙cm
2
). Since the exposure settings 

in that study were set according to strict weight protocols, those variations were linked to 

different field sizes. Measuring the field size a doubling was observed for the same patient 

with the same exposure factors on two consecutive days 
226

. 

 Babygrams are usually routinely performed in a neonatal unit when neonatal chest 

and abdominal radiographs are requested simultaneously. In the separate exposure technique 

there is usually a field overlap. Fields diverge with depth resulting in double irradiation of the 

overlapping area, thus contributing to an increase in E of the neonate. In contrast, in a 

babygram the dose deposited is relatively more homogenous 
215

. In a more recent study 

performed in Austria in 2010 , Billinger et al reported 3rd quartile DAP values were 17 mGy 

∙cm
2
 ranging from 1.8 mGy ∙cm

2
  to  43 mGy ∙cm

2 230
.   

 

Table 6-7. Comparison of the Dose Area product values (DAP) obtained for all birthweight (BW)groups with 

the corresponding DAP values of other studies.  

 

Reference 

Dose area product value 

(DAP) for chest x-ray 

(mGy ∙cm
2 
 ) 

Jones et al 2001  8.3 

Armpilia et al  2002 4.3 

Wraith et al 1995 12.3 

Billinger et al 2010 1.8-43 (17 3
rd

 quartile) 

Kiljunen et al 2009 
234

 1-74 (9 mean) 

Smans et al 2008 
226

 3.5-32.4 (median 7.1)  

German DRLs 2010 
237

(1000g) 3 

German DRLs 2010 
237

 (3000g) 5 

Kiljunen DRL in Finland 2007(
235

 6 (3rd quartile) (5 mean) 

Billinger DRL Austria 2010 
230

  17   

This study 1.2-15 (7.4 mean) 

Additionally, neonates should be disturbed as little as possible, whereas the separate 

exposure technique increases the risk of chilling and cross-infection. However, the use of a 



111 

 

single radiographic field can cause distortion of the shape, size and position of structures, 

which increases with distance from the centring point. Thus, undoubtedly, the separate 

exposure technique can produce images of higher quality because of the different exposure 

parameters required and the lower distortion. However, the priority is to minimize dose while 

producing acceptable rather than maximum image quality radiographs. The risk in the 

combined technique (babygram) does not differ significantly from that of separate exposures 

231
. Because neonatal abdominal radiography is regularly requested in order to examine the 

presence of necrotizing enterocolitis, atresia or other pathological conditions of the intestine, 

a babygram centred at the chest should be adequate to answer the clinical questions.  

 

6.3.4 Optimisation of radiographic technique 

Although, in general, mAs settings decrease with increasing tube voltage, the lack of a 

standard protocol, in conjunction with the unavailability of an automatic exposure control 

system, results in overexposed or underexposed films. High dose values are generally 

associated with high mAs settings. In figure 6-5, a trend of ESD reduction is observed for 

higher tube voltage values. This means that harder X-ray beams with increased penetrating 

ability are preferable because, in conjunction with the lower mAs settings required, they 

result in lower ESD values.  

High image quality scores were obtained for both low and high tube voltage 

techniques with the latter resulting in reduced ESDs. By increasing tube voltage the contrast 

of the image is reduced, and so an upper level has to be set. A study of the images that 

received the highest scores enabled the derivation of the optimum combination of exposure 

parameters. The optimum range of mAs settings for achieving high image quality scores 

(>70%) as a function of tube voltage is presented in figure 6-13. The ideal combination of 

exposure parameters that would result in the maximum total image quality score is 

represented by the solid curve. This was deduced by fitting the curve of the mAs values, and 

the corresponding kVp values applied, for those radiographs that achieved high image quality 

scores (over 70%), assuming that the ideal combination would lie in the area between the 

almost equal number of underexposed and overexposed radiographs. However, high and 

satisfactory image quality is obtained for mAs settings in the range determined by the curves 

above and below the ideal. These curves represent the combination of values (kVp and mAs) 

that result in images having quality scores of 70% of the maximum, which was considered as 

clinically acceptable.  
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Films irradiated with exposure parameters lying beyond these two curves are characterized as 

overexposed and underexposed, respectively, resulting in unacceptable degradation of image 

quality and possible repetition of the radiographic examination.  

The ideal parameters to be selected, as obtained from the image quality evaluation, are 

presented for each weight group separately in figure 6-14.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-13. The required values of mAs setting (mAs) for achieving maximum image quality scores (solid line) 

and 70% of the maximum score (dotted lines) as a function of tube voltage for all neonatal birthweight groups. 
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 The evaluation of the quality of the image, for the techniques applied, based upon 

reproduction of certain features, reveals that useful diagnostic information is not affected by 

using higher tube voltages in such a way as to be considered as clinically unacceptable.  

 . In accordance with the previous figures, the curves over and below the central curve 

represent those ESDs that correspond to images achieving 70% of the maximum score, as a 

function of tube voltage. From the radiation protection point of view it can be seen that it is 

possible to further reduce the doses received by neonates and, as shown in figure 6-15, the 

ESD may reach almost half the DRL value. Thus, selection of exposure parameters that 

correspond to more penetrating X-ray beams, with increased tube voltage, are preferable.  

Figure 6-14. The required values of mAs settings (mAs) for achieving maximum image quality scores (solid line) 

and 70% of the maximum score (dotted lines) as a function of tube voltage for each birthweight group separately.  
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The area that represents the best combination of exposure parameters, giving high image 

quality and lower radiation dose, is in the right hand part of the diagram and between the 

curves. For example, an increase in tube voltage from 50 to 60 kVp allows a decrease in mAs 

from 1.6 to 0.6, giving a maximum image quality score. This change of exposure parameters 

reduces the ESD by approximately 53.2% (from 42.1 to 22.4 mGy).  

 

Our results agree with those presented by Smans et al. in 2008 
226

. In their study in Belgium 

exposure parameters were optimised for film-screen as a function of birthweight. Their 

protocol is presented in table 6-8 226.   

 

The range of tube voltages applied  is 

60-70kVp but a small variation in mAs 

values is observed (0.56-0.8 mAs). For 

voltages above 60kVp our results also 

indicate that mAs should be in that 

range independent of birthweight group.  

The visibility of the tips of 

endotracheal tubes, umbilical catheters 

Figure 6-15. Entrance surface doses (ESDs) for images receiving maximum image quality scores (solid line) and 

for images receiving 70% of the maximum score (dotted lines) as a function of tube voltage for all neonatal 

birthweight groups.  

 

Table 6-8. Expousre parameters according to weight 

optimized for film screen from Smans et al 2008  
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and long lines was graded with a high score independently of tube voltage, except in 

conditions of underlying pathology. This could be a matter of concern because the dose from 

radiographs performed routinely and exclusively for ensuring accurate tube and catheter 

placement could be considerably lower than the dose arising from radiographs performed for 

strict diagnostic reasons.  

The results presented in this study could contribute to an agreed protocol among 

departments, with standardized techniques, comparable diagnostic quality of images and 

doses within published reference ranges for neonates. The use of standardized exposure 

tables can facilitate the adjustment of tube voltage and mAs settings according to neonatal 

weight. Overall, education, training and practical experience of staff in all departments 

examining neonates is essential in diminishing wide dose variations in this radiosensitive 

group of patients.  
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7 CHAPTER 7. PART 2. NEONATAL RADIOGRAPHY WITH 

COMPUTED RADIOGRAPHY 

7.1 Materials and methods 

  The use of an incubator tray and its effect on dose and image quality during computed 

radiography was investigated in a Special Care Baby Unit (SCBU) at a major acute paediatric 

hospital in the UK. Currently, in a clinical situation in the SBCU it is considered acceptable 

practice to position the cassette on the bed, directly behind the neonate. The existing exposure 

protocol in routine clinical practice was taken to be the “reference” protocol. The dose to the 

detector with the cassette positioned on the bed with the current exposure factors (kVp, mAs) 

applied is considered to be adequate for the clinical task. The image quality resulting from 

such a technique will be considered as the “reference” image quality for positioning the 

cassette on the bed. This would be useful to set a “reference” image quality in order to 

estimate the effect of using the tray on radiation dose. For a 3.5 kg neonate, exposure 

parameters would usually be 62kVp and 1.6 mAs at a distance of 110cm to the film. That is 

achieved with the tube at maximum height and the incubator at the lowest level.  

 When positioning the cassette in the tray, the aim is to achieve the same dose to the 

detector and the corresponding image quality. We can theoretically assume that the same 

level of image quality is achievable with the cassette positioned in the tray with a concurrent 

increase in the exposure parameters. This is the matter of this investigation, since 

theoretically we can assume that the noise would be increased and the contrast would be 

reduced when using the tray. This increase of the exposure parameters was studied. 

 In the first part of this investigation, an attempt is made in order achieve the same 

dose to the detector by changing the exposure factors. Also, the increase in the radiographic 

exposure factors for a constant clinically acceptable exposure index on the CT plate (which is 

specifically called “logM” for Agfa CR) was investigated. Additionally, the noise is 

compared between the two methods and the necessary increase in the mAs is studied for a 

constant (acceptable) image noise. Finally, in the last part of this investigation it is aimed to 

achieve equivalent image quality as with the cassette positioned on the bed, in terms of SNR 

and CNR for regions of interest in selected anatomical features such as, in the lung and 

retrocardiac lung, bone at ribs and retrocardiac bone, soft tissue in the abdomen, bone on soft 

tissue, and spine, with the cassette positioned in the tray.  

 



118 

 

7.1.1 Data collection-exposure factors and radiographic technique 

Radiographic data for each 

exposure, such as tube voltage (kVp) and 

mAs settings were collected 

retrospectively from clinical chest 

images of neonates. These were 

retrieved from the Picture Archiving and 

Communication System (PACS).  For 

each neonatal radiograph the exposure 

factors, such as the kVp values and the 

mAs values do not appear on the image Digital Imaging and Communication system in 

Medicine (DICOM) header, like in DR, and this requires manual logging of the data on a 

case-by-case patient basis by the radiographers. Those data were attached on the image from 

the radiographers during read-out as a note labeled on the side of the image. However, the 

neonatal weight was not included in the label. Radiographers were asked to note the use of 

tray whenever a radiograph with the cassette positioned in the imaging tray was performed, 

on the digital image. Data from PACS regarding the exposure factors and the use/or not use 

of the tray were retrieved for a period of 6 months (1
st
 of July 2011 to 31

st
 of December 

2011). In total 100 images were randomly selected.  

Additionally, radiographers were recording the exposure factors applied for each 

neonate, as well as the weight of the corresponding neonate and the use of the imaging tray, 

on a workbook positioned on the x-ray unit directly after the exposure. That workbook was 

filled in for the period, 7 January 2010 to 18 August 2011.  

 

 

7.1.2 Incubator 

 In the SBCU of the Freeman Hospital different types 

of incubators are used. For the present study, the closed 

incubator Dräger, (Isolette C2000, model C2HS-1C, Asset 

ID: 157102, Series 03, TT16730, CE0123 Class 1) was 

utilised for all exposures as it was the most frequent to be 

used in clinical practice (figure 7-1).  The attenuation of the 

Figure 7-1. Dräger incubator used to perform the 

dosimetric and image quality measurements  

 

Figure 7-2. Closed Dräger 

incubator with tray.  
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beam produced of the canopy (plastic top of the incubator) was measured using the Unfors Xi 

dosimeter (8201011-C Xi base unit platinum, 8202011-E-Xi R/F Detector Platinum).   

 The incubator has an integrated x-ray imaging tray to avoid additional stress on baby 

when placing the cassette underneath (figure 7-2, 7-3). In order to achieve the same detector 

dose, x-rays taken using the imaging tray may result in a higher dose to the patient because of 

the attenuation caused by the bed, the mattress and other plastics in the beam. The effect of 

the use of the imaging tray on image quality and the necessary increase in radiation dose will 

be investigated in this section. The attenuation of the bed including the mattress was also 

measured, without the phantom being inside.    

 

7.1.3 X-ray unit, CR cassettes and CR reader  

 All radiographic examinations were performed 

using the same capacitor discharge mobile unit (AMX4 

Plus GE, (GE Healthcare, Milwaukee, WI, USA) with 

total inherent filtration of 2.9 mm Al, focal spot size of 

0.8 mm. The unit was exclusively used for neonatal 

radiography in the SBCU. Computed Radiographs (CR) 

were acquired using phosphor storage plates (PSP-CR 

cassettes). The CR used in our study is the Agfa system 

with phosphor storage plates (PSP) model MD40 (Agfa Gevaert, Mortel, Belgium, sensitivity 

at 400). Each of the PSP used had a 18x24 cm detection surface. After acquisition, the 

storage phosphor plates are placed into a read-out unit (Agfa, ADC_51, DirectView CR 900; 

Eastman Kodak, Solo 0.3, software sol_2205,), resulting in a pixel matrix 171.84mm x 

231.99 mm (pixel size 0.1135mm).  

 To ensure the correct performance of the equipment and the reliability and 

reproducibility of exposure parameters, a complete quality control check was initially and 

periodically performed, based on national published protocols 
70, 206

.  

 The images were read out in the “System Diagnosis” mode in order to obtain the raw 

image for our image quality measurements. Therefore the Agfa MUSICA (Multi- scale 

imaging contrast amplification algorithm) processing was not applied.  

After read out, images were sent to PACS workstation (Infinitt PACS, Seoul, Korea).  Images 

can be accessed from the Freeman hospital through the network and then downloaded for the 

analysis. 

Figure 7-3. Integrated X-ray tray on 

the Dräger incubator to position the 

cassette.  
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7.1.4 Anthropomorphic Phantom 

An anthropomorphic phantom, representing an average 

size newborn infant (3.5kg weight, 51.5 cm height) was 

used for the different scanning protocols and the 

calculation of the E. This was one (AHP-0) of a series 

of paediatric phantoms obtained from Latvian Medical 

Academy (Varchenya et al, 1993). The phantom is 

illustrated in figure 7.4. 

 The phantom is composed of tissue equivalent 

substitutes corresponding to soft tissue, lung and bone 

etc. It comprises of 20 axial slices (25mm each), with 

separate detachable arms. Each slice contains holes 5 mm in diameter to enable the setting of 

placement of thermo-luminescence dosimeters in the various organs.  

 For the newly included tissues in the ICRP 103 report (e.g. heart, brain), the phantom 

was adapted with extra holes drilled where necessary, or else the closest position to the organ 

was used. The radiation equivalence of the phantom is stated to be close to that of the 

simulated tissues. For energies from 20 - 100 keV, with linear attenuation coefficients 

agreeing to within 4% for all tissue types. The phantom was exposed with various techniques 

with the tube voltage ranging from 58-64 kVp and the mAs values 0.64-3.2 for comparison of 

the image quality.  

 

7.1.5 Exposure techniques:  

7.1.5.1 Phantom irradiations 

For each examination, the phantoms were positioned in line with clinical practice of chest 

radiography and international guidelines. The phantom was placed in a supine position on the 

bed inside the incubator, facing the tube. The beam was centered in the midline at the level of 

thoracic vertebrae T7–T8 (slice 8). The neonatal phantom was irradiated using a collimated 

field size (12 cm length x 11cm width) from the bottom of the neck (clavicle) to end of slice 

10, just before the end of liver.  

 

 

 

Figure 7-4: Neonatal anthropomorphic 

phantom which consists of a human skeleton 

and soft tissue equivalent material that 

simulates the internal organs. It is split into 

sections to allow the placement of 

dosimeters to assess radiation dose. 
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A number of exposures with different mAs values were performed, for a range of the mostly 

used tube voltages in clinical practice. The exposure techniques are presented in table 7-1. A 

range of mAs values were used for each kVp in order to acquire images produced with a 

range of about 1-5 μGy for the detector dose. Exposures on the phantom were acquired with 

both the cassette placed in the tray and on the bed, with the phantom positioned exactly in the 

same place on the mattress, or as close as possible.  

 For each exposure the logM was recorded during the read out process. For clinical 

images the radiographers have been advised to aim for a logM of 1.8-2.1 for all patients, 

including neonates. The same cassette was used for the 62kVp techniques and the various 

mAs values, for in tray and on bed technique. An attempt was made to use the same cassette 

for every other exposure, however, that was not always possible. In total 3 different cassettes 

were used.  Graphs of detector dose in relation to logM were plotted for each exposure.  

 The above phantom irradiations were realised all at a distance of 70cm from the tube 

to the canopy (top of the incubator) with a focus-to film distance of 110cm for on the bed 

techniques and 116 for in the tray techniques. The above techniques were selected to compare 

the effect of the use of the incubator imaging tray when aiming to achieve detector doses 

similar to those used clinically.  

 Additionally, the phantom was irradiated with the same cassette placed on the bed at 

62 kVp and 1.6 mAs using 3 different field sizes in order to see the effect of collimation on 

the detector dose indicator logM (see chapter 7.1.12). 

 

 

 

 

Cassette in the tray Cassette on the bed 

Tube Voltage 

(kVp) 
mAs 

Tube Voltage (kVp) 
mAs 

58 1.0-4.0 58 1.0-3.2 

60 0.8-5.0 60 0.8-3.2 

62 0.64-2.5 62 0.64-2.5 

64 0.64-2.5 64 0.64-2.0 

Table 7-1. Exposure parameters for irradiation of the neonatal phantom 

with the cassette placed on the bed and inside the imaging tray.  
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7.1.6 X-ray unit Output measurements: 

 

Figure 7-5. Geometry of irradiation on the mobile unit 

 The output of the x-ray unit was measured with the Unfors Xi dosimeter (Unfors Xi 

8201011-C Xi Base Platinum, and Detector 8202011_E Detector Platinum Sweden). The 

dosimeter was positioned at a distance of 70 cm from the tube and the output was measured 

in μGy/mAs for various tube voltage values in the range of 50–80 kVp (figure 7-5). In order 

to minimize the relative measurement error, the measurements were realized with higher 

mAs values (20 mAs) than those commonly used in neonatal radiography (0.5-2.2).  

 Finally, the output for typical kVp values used in neonatal radiography was derived 

through interpolation from the data and corrections for the mAs clinically used were made.  

The output was also measured with a Radcal ion chambers, (Radiation monitor controller 

model 9015, electrometer /ion chamber model 9060, Radcal corporation, California, US).  

 

7.1.7 Attenuation of the canopy:  

The output of the x-ray unit was measured with the Unfors dosimeter. In order to measure the 

attenuation of the canopy, the dosimeter was initially positioned on the top of the canopy, at a 

distance of 70cm from the tube (point A). The output was measured at point A for different 

tube voltages (58, 60, 62, 64, 66 kVp) and for 20 mAs. The same measurement was 

Cassette positioned 

directly underneath the 

neonate  

 

110cm focus-to 

cassette on the 

bed 

 

Canopy 

X-ray tube 

70cm 

 

Cassette positioned in the 

incubator tray 
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performed inside the incubator with the dosimeter placed at 110cm below the canopy (point 

B) so therefore the attenuation of the canopy was included in the measurement (figure 7-5). 

The same range of exposures was performed for measuring the output at point B. The inverse 

square law was used to estimate the output values at a common distance of 70 cm. The 

attenuation of the canopy (% difference in output from point A to point B) was calculated 

using the formula:  

Attenuation= 100*(output below canopy - output above canopy) / output above canopy 

The mean value of the % attenuation from both dosimeters was applied in order to take into 

account the canopy attenuation in the calculation of ESD later.  

 

7.1.8 Attenuation of the incubator bed: 

The attenuation of the bed (including the mattress and the canopy) was measured in terms of 

dose measurement on the bed and in the incubator tray. The measurements were performed 

with the unfors dosimeter, placed in a plastic holder with a slot specially designed for the 

dosimeter to fit in. The holder had the same width as a normal CR cassette. The dose in air 

was measured at points C on the bed (at 110cm from the tube) and D in the tray (in the tray at 

110+6=116cm from the tube) and the % decrease in dose due to the attenuation of the beam 

from the bed was estimated according to the equation:  

 Attenuation of bed= 100*(output on the bed- output in the tray) / output on the bed 

Measurements were realised for a range of kVps (58-66 kVp) and a range of mAs values 

(1.0-4.0 mAs). A correction factor was applied (inverse square law) to estimate the dose at 

the same point, at 110cm from the tube.  

7.1.9 Entrance Surface Dose  

7.1.9.1 Theoretical estimation:  

 The attenuation of the beam due to the presence of the incubator canopy for the 

calculation of ESD was between 19.5-21.5% for a range of tube voltages (58-66kVp). In the 

majority of cases, 60kVp and 62kVp are applied clinically, were the attenuation was 

measured 20.5%. Therefore, for our theoretical estimation of ESD the attenuation was 

considered to be 21% for all cases. This is for the incubator Dräger, (Isolette C2000, model 
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C2HS-1C, Asset ID: 157102, Series 03, TT16730, CE0123 Class 1) which was utilised for all 

exposures in our measurements.  

 Similarly to the previous section (Part 1), ESD was estimated theoretically from the 

data collected retrospectively for each neonatal radiograph according to the formula presented 

below
 
(described analytically in Section 1.1.2.3)  

tissue

air
enTFISLBSFtIUESD )()(



                 (1) 

7.1.9.2 Measurement with ionisation chamber 

The ESD for each technique was measured with a Radcal ion chambers, (Radiation monitor 

controller model 9015, electrometer /ion chamber model 9060, Radcal corporation, 

California, US) attached to the neonate’s skin, in the centre of the beam. Results were 

compared with those estimated theoretically and with those provided with the TLDs 

measurements (for selected techniques).  

 

7.1.10 Phantom measurements 

7.1.10.1  Calibration of TLDs and read out 

LiF:Mg,Ti TLDs were used in this study were calibrated following the method outlined in the 

‘National protocol for patient dose measurements in diagnostic radiology 
238

 (NRPB 1992). 

The calibration measurements were performed with an x-ray beam quality of a radiographic 

unit at 120kVp, using a calibrated Radcal ion chamber, (Radiation monitor controller model 

9015, electrometer /ion chamber model 9060, Radcal corporation, California, US). A series 

of exposures to different amounts of dose (doubling the dose each time) was performed and a 

linear relationship between the TLD reading and the dose measured through the ion chamber 

was obtained. A Harshaw TLD reader and a Pickstove oven were used for read-out and 

annealing purposes. Each TLD chip had an individual sensitivity factor, relative to the batch, 

applied during read-out.  

7.1.10.2  Entrance surface dose 

 TLDs were positioned on the surface of the phantom to measure the skin dose (front midline 

slice 9). TLDs were also positioned on the breast (slice 8), on thyroid gland internally (slice6) 

and externally (surface of slice 5) on the gonads (slice 14), in plastic handling bags (3 TLDs 
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Table 7-2. Exposure techniques applied to measure organ doses.    

for each bag). The neonatal phantom was irradiated with different techniques and at different 

distances which are analytically described below, in the organ dose measurement section.  

 

 

7.1.10.3  Organ Dose measurement 

For each exposure, TLDs were placed 

on the skin of the phantom and 

internally in the various organs (figure 

7-6). These were: thyroid, lungs, heart, 

liver, pancreas, gall bladder, intestines, 

colon, kidneys, spine, oesophagus and 

breast. 

 However, for a chest X-ray, the organs 

considered to be at risk are the most radiosensitive of the afore mentioned organs so mainly 

those would be the breast, the lung, thyroid, oesophagus and liver. However, not all of them 

are included in the primary beam, therefore not receiving high doses. After the read out, for 

organs with multiple TLDs, the mean value of the TLDs doses was taken as the organ dose. 

For the ESD measurement purposes 3 TLDs in plastic sachets adjacent to each other were 

attached to the skin surface at the point of intersection with the central beam axis in each 

exposure. This point was located at the mid-sternum for the chest examination and at the 

level of slice 8. The mean value of the 3 TLD readings was used for the evaluation of ESD. 

 

TLDs were also 

positioned on 

skin on the breast 

(level of slice 7), 

externally on 

thyroid gland (slice 6) and on the gonads (slice 14), in plastic handling bags (3 for each bag). 

The neonatal phantom was irradiated with different techniques and at different distances. 

This was performed to investigate the effect of radiographic techniques on organ doses. 

These are shown in Table 7-2. Each exposure was performed 10 times for sufficient and 

reliable measurements and better statistics, as the doses encountered in neonatal radiography 

Exposure 
Distance (cm)    

focus to bed 

Tube Voltage 

 (kVp) 

mAs  

values 
Field size 12m x11 cm 

1 60+40=100 62 1,6 With lead collimation on canopy 

2 60+40=100 62 1,6   No lead collimation on canopy 

3 50+40=90 62 1,6   No lead collimation on canopy 

4 60+40=100 66 1,6   No lead collimation on canopy 

Figure 7-6. Radiographic set-up illustrating dosimetric and 

geometric quantities recommended for the determination of 

patient dose.  
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are very low. TLDs were also positioned at the back of the neonate in order to estimate Exit 

dose, which would be very close to detector dose.  

 Direct dose measurements utilizing TLDs during the examination provide the best 

indication of actual clinical practice; however, this was not practically achievable in this 

study, mainly because of the limitations set by the infection control protocol of the SCBU. 

Also, unnecessary disturbance to the newborn can raise heartbeat and blood pressure and 

lower oxygenation. In addition, the doses involved are near the minimum detection level of 

common TLDs-100 (5 μGy).  

 

7.1.10.4  Conversion coefficients for organ doses  

For the exposure techniques presented above, the organ doses for the breast and lung were 

measured. Organ doses depend on the entrance surface dose and on the Kerma free in air for 

each technique. Therefore, it was considered useful to deduce conversion coefficients for 

estimating the organ dose from entrance kerma-free in air and Entrance surface dose values 

for lung and breast for the standard technique. These coefficients were compared with those 

from other dosimetric studies.  

7.1.11 Detector dose:  

The dose to the detector has been measured for all techniques used in order to assess the 

effect on the image quality. The Unfors dosimeter was positioned in a plastic case simulating 

a cassette (same width) with a specifically drilled orthogonal space designed to position the 

dosimeter. The dosimeter in the case was placed on the bed, just underneath the neonatal 

phantom for measuring the detector dose for all ‘on the bed’ exposures. The case with the 

dosimeter was positioned in the tray, just below the neonate for ‘in tray’ exposures. The dose 

for all exposures was measured behind the left lung on the level of the nipple. For the same 

exposure, the dose was also measured behind the lung, behind the spine and at the far left and 

right sides at the nipple level (slice 8).   
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7.1.12 Exposure index- logM values  

7.1.12.1  Exposure index as a function of 

detector dose 

The detector dose indicator or exposure index, 

which for Agfa is termed logM value, was 

calculated as a function of the measured 

detector dose, based on the equation provided 

in the AAPM report for Agfa CR radiographs 

“Recommended Exposure Indicator for Digital 

Radiography”, Task group 116 
134

.  

 

logM=1.9607+log (Dose(μGy)/ 2.5)+log (Speed /400).  

All our images were 400 speed. The images with 0.5 mm of Cu on the tube were used for this, 

since the dose to the detector is more uniform and can be more easily measured. However, 

images of the neonatal phantom irradiated with the reference method were used (tube voltage 

58-64kVp) in order to investigate the relationship between the displayed and the calculated 

logM values and the dose to the detector behind the lung and behind the spine.  

 

7.1.12.2  Exposure Index from clinical images from PACS 

 A sample of 100 images was randomly selected and the logM values were recorded 

from images archived in the acquisition station , in the last 6 months, This index is not 

included in the header for CR images, but does show up on the acquisition workstation in the 

department were the image was read out. Our Agfa workstation automatically keeps a record 

of the exposure index for every patient. Data included the use/not use of imaging tray. 

 The dose exposure level provided by Agfa is not related directly to patient entrance 

surface dose (ESD) but to the light emitted during the plate readout process. The digitizer 

produces a histogram where the pixel content is proportional to the emitted light (figure 7-7) 

239.  

 The very narrow peak on the right corresponds to the directly exposed part of the 

plate (without attenuation of the patient), and the other wide lobule on the left corresponds to 

the collimated area (low signal chiefly because of the scatter radiation arriving to this area of 

the plate). If the correct lobe of the histogram is not selected, the calculated logM will not be 

Figure 7-7. Histogram of the typical pixel 

content in a CR image (figure from Sanchez 

Jacob et al 2009)  
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valid. So, small variations in the collimation can lead to variation in the logM values. An 

increase of 0.3 in the logM represents a doubling of the dose on the plate (logM+0.3=2 * 

exposure). The radiographers have been advised to work in the range of 1.8-2.1 for all 

patients, including neonates.  

 

7.1.12.3  Effect of collimation on the Exposure index 

 For the same exposure factors and distance, the effect of collimation on the logM 

values was investigated. That was realised with the neonatal phantom in the beam at 62 kVp 

and 1.6 mAs for three different field sizes, small, medium and large. The irradiation was 

performed, similarly, for three different field sizes with 0.5 mm of Cu placed on the tube 

without a phantom in the beam and the cassette placed on the bed.  

 

7.1.13  Detector response 

In order to investigate the relationship between exposure on the detector and pixel value on 

the image, the same cassette was irradiated on the bed at 60kVp for a range of mAs values 

(0.8-16 mAs). The same procedure was performed for the same cassette placed inside the 

imaging tray. A region of interest (ROI) was selected in the centre of the image 

(200x200pixels) to measure the detector response. The mean PV and the std in the ROI were 

measured with the Image J software program.   

 

 

 

 

 

 

 

 

 

 

Figure 7-8. Pixel values as a function of detector dose on the cassette for both the “reference” and the 2in the 

tray” technique. 
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The response of the detector is not linear (figure 7-8), therefore the PVs were linearised with 

respect to dose (figure 7-8) 
162, 240

. The equation for the two methods, “on the bed” and “in 

the tray” is slightly different, so the procedure was realised for each method separately. 

Provided the variation within the ROI is small, then the mean value of the linearised PVs can 

be approximated by linearising the mean PV 
162

.  

7.1.14 Assessment of Image quality 

In order to investigate the relationship between tube voltage, mAs and the image quality for 

the 2 methods, namely the same radiographic set up firstly with placing the cassette on the 

bed and secondly placing the cassette inside the imaging tray, a couple of indexes were 

selected 
5, 162

. The relevant information in an image consists of both the contrast between 

objects and the noise which has been put into the image in various ways (both during image 

formation and read-out).  The CNR was therefore used, as well as the SNR, as an anatomical 

item of interest must always be discerned against a background: most frequently the object of 

interest is bone against soft tissue.  

 

7.1.14.1  Irradiation with Cu on the tube: effect of tray 

The irradiation was performed, similarly to previous irradiations, for 60kVp and with 0.5 mm 

of Cu placed on the tube without a phantom in the beam and the cassette on the bed and in the 

tray. The detector dose was measured for each mAs value. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-9. A 200x200 pixel region of Interest 

(ROI) selected in the middle of the uniform Cu 

image to measure the Signal to Noise Ratio (SNR). 
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Furthermore, in order to investigate the effect of using the tray on the SNR of the image, 

exposures were performed with 0.5 mm of copper placed on the tube and the cassette placed 

inside the imaging tray. The logM was recorded for each technique in order to investigate the 

relationship of logM and detector dose. Images were acquired, for both techniques, in the tray 

and on the bed, and the SNR was measured and presented as a function of detector dose.  

 A ROI to measure the noise (200x200) pixels was obtained for each image in the 

central area to measure the SNR on the images. The selected ROI are shown on figure 7-9.   

 

7.1.15 Neonatal anthropomorphic phantom images-physical parameters 

Anthropomorphic phantoms which simulate the structure of human body allow a more 

realistic assessment of image quality and can be utilised instead of exposing real patients. 

Important structures for clinical diagnosis in the phantom were identified 
241

. During the read 

out images of the neonatal phantom were put through the ‘’System Diagnosis’ algorithm, 

which provides an image with raw data. All images included were in the raw form and no 

processing had been applied (MUSICA, edge enhancement, etc.) The images obtained with 

the neonatal phantom were downloaded from PACS and analysed.  

 

7.1.15.1.1 Signal to noise ratio measurements on phantom 

Regions of interest (ROIs) containing 15x15 pixels were drawn to compute the mean and std 

of PVs. On each image the mean  PV  and the std of 10 Regions of Interest (ROIs) were 

measured. Those regions included the lungs (in the middle of the lung at heart level-ROI 1, 

lower just above the lower rib-ROI 2 and high at the clavicle- ROI 3) , retrocardiac lung 

(behind the heart area-ROI 4), rib (bone-7th vertebrae-ROI 5) and retrocardiac rib (behind the 

heart area-ROI 6), rib on abdomen-ROI 7,  spine –ROI 8, and tissue (in the abdomen just 

below the last rib-ROI 9).  
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A ROI to measure the background (BGR) noise (50x50) pixels was obtained for each image 

at the abdomen area where it is more uniform-ROI 10. The selected ROIs are shown on 

figure 7-10. The logM value was noted for each exposure.  

The visibility of a signal within an image depends on the ratio presented by that signal and 

the level of background noise The SNR was measured for all 10 ROIs selected on the 

anatomical areas on the phantom 
162

 based on the eqaution  

 

 

where SA is the signal (average PV in the region of interest) and the associated PV std is 

taken as the noise, σA. 

The SNR measured for each ROI for both techniques, ‘on the bed’ and ‘on the tray’ was 

plotted in graphs for each kVp and for the corresponding mAs values used clinically.  

 

7.1.15.1.2  Contrast to noise ratio measurements on phantom 

Contrast is the most important factor in optimising chest radiography. The level of contrast in 

an image is strongly dependent on the selection of beam quality, i.e. tube voltage and the 

background noise. The noise is dependent on the x-ray quantum statistics and the efficiency 

of the detector, and mainly is related to the level of x-ray exposure to the detector 
NHSBSP Young 

2006
.  

 To calculate CNR, regions of interest (ROIs) were chosen in order to measure the 

contrast between the lung and retrocardiac lung, the lung and the bone on the rib in the luing 

A

AS
SNR




Figure 7-10. Image of the neonatal 

anthropomorphic phantmom with the selected 

Regions of Interest (ROIs) for the measurement of 

signal-to-noise-ratio (SNR) and contrast-to-noise 

ratio (CNR) measurements.  
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area, as well as between lung and tissue. The rationale behind this choice is that radiologists 

are, for the particular applications in the newborn children, are in need primarily for an 

optimal CNR in the soft tissues rather than bones. 

The CNR was calculated according to the following equation 
162

: 

 

 

 

SA,B is the signal (mean PV for the ROIs A and B, σA,B is the stds of PVs (noise) associated 

with the two ROIs.   

The CNR, for the selected set of ROIs was plotted in graphs as a function of mAs for each 

tube voltage and was compared for the “on the bed” and “in the tray” radiographic set ups.  

 

7.1.16 Optimisation 

As signal is proportional to the number of photons reaching the detector, CNR can be 

expressed as CNR= ΔΝ/ √N. The contrast relates to the difference in the mean number of 

photons transmitted through the tissue (ΔN) and the standard deviation describes the 

fluctuation in quantum noise and is equal to the square root of the number of photons 

detected (√N) 
163

.  Patient dose is proportional to N, so a figure of merit that is independent of 

the number of photons, and relates solely to differences in the radiation quality, can be 

defined as the quotient of CNR
2
, divided by the patient dose. The index CNR

2
/ ESD   was 

considered an appropriate index for optimisation 
163, 242

. That was the figure of merit (FOM). 

 FOM=CNR
2
/ ESD. 

The FOM was calculated for both set ups for all tube voltages and the ideal parameters were 

deduced.  
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7.2 Results 

7.2.1 Neonatal weight, exposure factors and techniques applied clinically 

 The exposure factors for each neonate, as well as the weight and the use of tray, were 

recorded by the radiographers. That list was filled in for the period, 7 January 2010 to 18 

August 2011.  

 A relatively wide variation in birthweights is observed. The weight range was 434-

4000g, however there is not a wide variation in the radiographic techniques used from the 

radiographers. The selected tube voltage values are 60kVp or 62 kVp, and rarely 64kVp. The 

mAs values are in the range of 1-2 mAs. The radiographic techniques are presented in table 

7-3. It is observed that 60kVp is the minimum tube voltage applied, which is in accordance to 

the CEC guidelines, and that would be mainly for neonates of smaller weight (< 2kg). 

However, that is not a strict protocol as 60kVp is applied to larger neonates, although 62kVp 

is the preferred tube voltage for neonates weighing more than 2.5kg. A 64 kVp value is rarely 

selected. In figure 7-11 the tube voltages used are presented as a function of neonatal weight. 

It is observed that both 60 kVp and 62kVp are used for all weights. However, there is a 

tendency to use 60kVps for smaller neonates (figure 7-11).  

  

 

 

 

 

 

 

 

 

 

 

 

The distance from the tube to the neonate is usually set to be the maximum possible. 

Therefore the tube is set at maximum height and the incubator is lowered to the minimum 

height. In all our measurements, this set up is used (tube to canopy of the incubator set to 

70cm).   

 

Figure 7-11. The tube voltage values applied in clinical practice as a function of weight.  

 



134 

 

0

0.5

1

1.5

2

2.5

3

59.5 60 60.5 61 61.5 62 62.5 63 63.5 64 64.5

tube voltage (kVp)

tu
b
e
 c

u
rr

e
n
t 

p
ro

d
u
c
t 

(m
A

s
)

from notebook

on the X-ray unit

From PACS 

Table 7-3.Radiographic techniques used by the radiographers in the Special Baby Care Unit 

 

Tube voltage (kVp) Tube load (mAs) 

60 1.00 

60 1.25 

60 1.60 

60 2.00 

62 1.00 

62 1.25 

62 1.60 

62 2.00 

64 1.00 

 The techniques noted from the radiographers on the notebook on the X-ray unit are 

very similar to those collected from PACS, as shown in figure 7-12. According to the 

radiographers’ notes the tray is used in 5% of the exposures (weights 900g to 3300g). Also, 

based on data from PACS the tray is used in 13 out of the 700 images checked in the selected 

period. That is less than 3% use of the tray.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.2.2 X-ray unit Output measurements: 

The output for typical kVp values used in neonatal radiography was derived through 

interpolation from the data presented in table 7-4.  

Figure 7-12. All the combinations of exposure parameters (kVp and mAs) selected in clinical practice, 

as recorded from the radiographers and as collected from PACS.  
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Table 7-4. The output values (μGy/mAs) at 100cm as measured for tube voltages in the range 50-80kVp.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The equation shown on the graph was used for the theoretical estimation of the output at each 

kVp values in the ESD calculation (figure 7-13).  

 

7.2.3 Attenuation of the canopy:  

The values of the output of the unit measured at point A (above the canopy at 46cm from the 

tube) and at point B on the bed (below the canopy at 71.5 cm from the tube) are shown in 

Table 7-5. Measurements were done both with the Unfors dosimeter and the ionisation 

chamber. A correction factor for distance has been applied for measurements at point A and 

B (inverse square law) to estimate the difference of the dose measurements at the same 

distance from the tube (at 70 cm-level of the bed).  

 

 

 

 

 

Tube voltage (kVp)  
Dose 

(μGy) 
Dose rate (mGy/s) Dose rate μGy/mAs at 100cm 

50  623.8 2.88 15.3 

60  1007 4.99 24.7 

70  1498 6.99 36.7 

80  2095 9.45 51.3 

Figure 7-13. Correlation of the output of the x-ray unit with tube voltage. 
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Table 7-5. The attenuation of the primary beam caused by the incubator canopy as measured above and below 

the canopy at various tube voltages.  

 The thickness of the canopy is 5cm. The attenuation of the beam due to the presence of the 

incubator canopy for the calculation of ESD was considered to be 21%.  

7.2.4 Attenuation of the bed: 

The attenuation of the bed (including the mattress and the canopy) was estimated in terms of 

measurement of the dose on the bed and in the incubator tray is presented in table 7-6.  

Table 7-6. The attenuation of the primary x-ray beam due to the incubator bed (including the slight increase in 

distance from the tube) when using the tray, measured for a range of tube voltages used clinically (at focus to 

bed distance of 110 cm).  

Attenuation of the bed for 58kVp 

mAs 
Dose (μGy)  

on the bed 

Dose (μGy)  

in the tray 
% Difference due to attenuation of the bed 

 

1.6 18.97 8.363 -55.9  

2.5 29.04 12.57 -56.7  

20 228.6 105.6 -53.8  

mean   -55.5  
Attenuation of the bed for 60 kVp  

mAs 
Dose (μGy)  

on the bed 

Dose (μGy) 

 in the tray 
% Difference due to attenuation of the bed 

 

1.6 20.66 9.192 -55.5  

2 25.44 11.19 -56.0  

20 241.8 112.2 -53.6  

mean 2.66 1.08 -55.0  

Attenuation of the bed for 62 kVp  

mAs 
Dose (μGy) 

 on the bed 

Dose (μGy) 

 in the tray 
% Difference due to attenuation of the bed 

 

1.6 22.84 10.26 -55.1  

2 27.96 12.8 -54.2  

20 271.9 126.7 -53.4  

mean   -54.2  
Attenuation of the bed for 64 kVp  

mAs 
Dose (μGy) 

 on the bed 

Dose (μGy) 

 in the tray 
% Difference due to attenuation of the bed 

 

0.8 13.21 6.092 -53.9  

1.6 25.14 11.65 -53.7  

20 302 142.8 -52.7  

mean   -53.4  

Attenuation of the bed for 66 kVp  

mAs 
Dose (μGy)  

on the bed 

Dose (μGy)  

in the tray 
% Difference due to attenuation of the bed 

 

0.8 14.04 6.857 -51.2  

1.25 20.98 10.03 -52.2  

20 326.2 156.8 -51.9  

mean   -51.8  

Dose measurements above and below the canopy- distance 70 cm 

kVp Dose (μGy)  

above canopy  

Dose (μGy) 

 below canopy 

% difference 

58 692 543 -21.5 

60 734 578 -21.2 

62 819 641 -21.7 

64 912 722 -20.9 

66 1009 812 -19.5 



137 

 

y = 0.0003x2.6981

R² = 0.9968

0

5

10

15

20

25

30

56 58 60 62 64 66

En
tr

an
ce

SU
rf

ac
e 

D
o

se
 (
μ

G
y)

/ 
m

A
s

tube voltage (kVp)

 

The above measurements do not include the attenuation of the canopy, as they were realised 

inside the incubator. The total attenuation of the canopy and the bed is considered to be 62% 

for the selected tube voltages.  

 

7.2.5 Entrance Surface Doses (ESD)  

7.2.5.1 Measurement with ionisation chamber 

The exposure parameters (kVp and mAs) and the corresponding values of ESD as measured 

with the ionization chamber (at focus-to –dosimeter 100cm distance) for each radiographic 

technique are presented in Table 7-7.  

 

Table 7-7. Exposure parameters and Entrance surface dose (ESD) values measured with the ionization chamber. 

54 kVp 56kVp 58 kVp 60 kVp 62 kVp 64 kVp 

mAs ESD 

(μGy)  

mAs ESD 

(μGy)  

mAs ESD 

(μGy)  

mAs ESD 

(μGy)  

mAs ESD 

(μGy)  

mAs ESD 

(μGy)  

1 14.9 1 16.6 1 18.5 0.8 16.3 0.64 14.2 0.64 15.6 

1.25 18.4 1.25 20.9 1.25 23.2 1 20.2 0.8 18.0 0.8 19.5 

1.6 23.4 1.6 26.6 1.6 29.8 1.25 25.1 1 22.3 1 24.3 

2 29.2 2 33.2 2 37.2 1.6 32.0 1.25 27.5 1.25 30.0 

2.5 36.3 2.5 41.2 2.5 46.3 2 39.7 1.6 35.2 1.6 38.4 

3.2 46.8 3.2 52.7 3.2 59.4 2.5 49.8 2 43.9 2 47.8 

4 58.5     3.2 63.6 2.5 54.7 2.5 59.8 

The results for the measured ESD are presented in figure 7-14. The ESD per mAs is 

increasing 

as a function of 

x
2
 with tube 

voltage.  

 

 

.  

 

 

 

 

 

 

Figure 7-14. The measured Entrance Surface dose values per mAs as a function of tube voltage 
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7.2.5.2 Theoretical estimation 

The exposure parameters (kVp and mAs) and the corresponding values of ESD as calculated 

theoretically from Equation (1), for each radiographic technique, as well as those measured 

with the ionisation chamber are presented in Table 7-8. These are calculated at a distance of 

1m from the tube.  

 

 Table 7-8. Exposure parameters and Entrance surface dose (ESD) values as estimated from the output and 

comparison with those measured with the ionization chamber for different techniques. 

 

Both methods yield similar results (maximum 2% difference between estimated and 

measured values). From the measured ESD values the minimum is 21.5 μGy and the 

maximum is 46.7 μGy. The selected techniques do not vary significantly. The distribution of 

ESD values as a function of tube voltage is presented in figure 7-15.  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Tube voltage (kVp) mAs settings ESD (μGy) calculated from output ESD (μGy) measured % Difference 

60 1 21.4 21.4 0.2 

60 1.25 26.7 26.6 -0.3 

60 1.6 34.2 33.9 -0.8 

60 2 42.8 42.1 0.4 

62 1 23.3 23.7 1.7 

62 1.25 29.1 29.2 0.4 

62 1.6 37.2 37.4 0.4 

62 2 46.5 46.7 0.4 

64 1 25.3 25.7 1.9 

DRL (NRPB 2000)  

 

DRL (NRPB 2000)  

Figure 7-15. Distribution of entrance surface doses (ESD) as a function of tube voltage for all 

radiographic techniques. The dotted line represents the dose reference level (DRL) value 

recommended by the National Radiological Protection Board 50 μGy (2000).  
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All the ESD values are below the recommended DRL suggested by NRPB (2000) 
83

. This 

reflects the fact that radiographers follow a protocol of using tube voltages above 60kVp, in 

line with the CEC recommendations (figure 7-15).  

 The ESD values as a function of birth weight is presented in figure 7-16.  There is not 

a clear relationship between dose and weight, however, there is a trend for higher doses to be 

related to larger patient, as expected.  

 

 

 

 

 

 

 

 

 

 

 

 

7.2.5.3 Measurement with TLDs 

The ESD was measured with TLDs only for specific radiographic techniques, as part of the organ 

dose measurements (table 7-9).  

 

The ESD values measured with TLDs agree within approximately within 20% with those 

estimated from the tube output and those measured with the ionisation chamber on the 

phantom. This difference could be caused by uncertainties the measured distances, in the 

calibration of TLDs and the reading of the dosimeter. 

 

 

 

 

 

Figure 7-16. The entrance surface dose (ESD) values for the radiographic techniques applied 

clinically as a function of neonatal birthweight.  

 

DRL (NRPB 2000)  

 

DRL (NRPB 2000)  



140 

 

15.0

20.0

25.0

30.0

35.0

40.0

45.0

50.0

15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0

Estimated values form output measurements (μGy)

M
e
a
s
u
re

d
 v

a
lu

e
s
 o

n
 t

h
e
 p

h
a
n
to

m
 

(μ
G

y
)

Table 7-9. Exposure parameters and Entrance surface dose values (ESD in μGy) as estimated from the output 

and comparison with those measured with the ionization chamber and thermoluminescent dosimeters (TLDs) for 

different techniques.  

 

 

7.2.5.3.1 Comparison of estimated and measured ESD:  

 

 

 

 

 

 

 

 

 

 

 

The dots represent the entrance surface dose values as estimated form the measured output 

(ESD estimated) as a function of those values measured with the ionisation chamber 

positioned on the neonatal phantom (ESD measured) (figure 7-17). The line is the y=x. There 

is good agreement between the estimated and the measured values (R
2
=1).  

 

7.2.6 Organ Dose measurement 

Our results demonstrated that the critical organs receiving the highest doses during neonatal 

chest AP radiography are the breast, liver lung and thyroid (when in the primary beam). The 

doses absorbed in each organ are presented in table 7-10 for each technique.  

 

kVp mAs 

Focus to 

skin 

distance 

 
Measured 

ESDTLD 

Estimated 

ESDoutput 

Measured 

ESDdosimet

er 

Difference% 

(ESDTLD-

ESDoutput) 

Difference % 

in (ESDTLD-    

ESDdosime

ter 

66 1.6 100  44.7 43.7 - -2.2 - 

62 1.6 90  56.0 46.0 46.1 -21.8 -21.3 

62 1.6 100 with lead 43.3 37.2 37.4 -16.4 -15.9 

62 1.6 100 no lead 40.3 37.2 37.4 -8.3 -7.8 

y=x    

R
2
=1 

 

 

y=x    

 R
2
=1 

 

Figure 7-17. Comparison of the measured and the estimated Entrance surface dose (ESD) values.   
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Table 7-10. Organ doses for critical organs near the primary beam (measured with thermoluminescent 

dosimeters -TLDs) for different techniques. 

Techniques parameters 

62kVp, 1.6 mAs 

at 100 cm focus to film 

62kVp, 1.6 mAs at 100cm 

focus to film with lead 

62kVp, 1.6mAs 

at 90 cm focus to film 

66kVp, 1,6mAs 

at 100cm focus to film 

Organ 
Organ dose 

(μGy) 
Organ 

Organ dose 

(μGy) 
Organ 

Organ dose 

(μGy) 
Organ 

Organ dose 

(μGy) 

breast 45.0 breast 46.4 breast 61.7 breast 53.2 

lungs 22.2 lungs 20.7 liver 28.6 heart 21.3 

liver 20.9 liver 18.5 lungs 28.0 lungs 20.9 

heart 19.0 heart 17.9 heart 25.3 pancreas 18.7 

pancreas 16.9 pancreas 16.0 pancreas 22.4 oesophag. 17.2 

oesophag. 16.5 oesophag. 15.1 oesophag. 18.3 liver 15.9 

thyroid ext 47.5 thyroid ext 44.8 thyroid ext 8.3 thyroid ext 6.5 

thyroid int 35.5 thyroid int 35.6 thyroid int 12.6 thyroid int 6.3 

spine 13.0 kidneys 5.7 gall bladd. 5.9 gall bladd. 4.5 

Colon 6.3 testes 4.3 Colon 5.2 Colon 4.3 

testes 5.9 intestine 4.1 intestine 5.1 intestine 4.2 

kidneys 5.4 gall bladd. 3.7 kidneys 4.0 testes 4.1 

gall bladd. 5.3 Colon 3.7 testes 3.6 kidneys 3.8 

intestine 5.3 spine 3.2 spine 3.5 spine 3.4 

ESD 46.6 ESD 50.1 ESD 65.8 ESD 51.7 

 

 Organ dose measurements are highly dependent on collimation. Although the field 

size in all irradiations was kept constant, slight movements of the phantom, due to reloading 

the phantom with new TLDs, would result in slight differences in the dose measured for 

organs partially irradiated or lying at the boundaries of the beam. 

The low dose value of the thyroid gland in the last two techniques is explained by the fact 

that the organ was not in the primary beam. When the thyroid was directly irradiated the dose 

was in the order of the ESD, as in the first two techniques (figure 7-18).  
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 The TLDs were positioned at the back of the neonate to measure exit dose. They were 

positioned just behind the spine however slight misalignments would result in different 

results in dose, as the neonatal spine is not that wide (only 1.8cm wide). Increased 

measurement in dose would be the effect of the lower attenuation of the lungs. Therefore, 

those data were not taken into consideration.  

Figure 7-18. Organ doses in μGy for critical organs plotted for different radiographic techniques. 
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7.2.7  Detector dose 

The dose to the detector has been measured for all techniques used in order to assess the 

effect on the image quality. For the same exposure (60 kVp and 1.6 mAs), the dose was 

measured at the nipple level, behind the lung, behind the spine and behind the chest towards 

the arms (slice 8). As anticipated, the dose to the detector behind the lung is much greater 

than that behind spine. That difference for is 200% for slice 8.  

 Since the organ relevant to the clinical question is usually the lungs, in the continuation of 

this study, detector dose will be considered to be the dose to the detector behind the lung area at 

slice 8 (nipple level) as this is the area of clinical interest.  

The detector dose behind the lung is presented in table 7-11 for all exposures with the 

dosimeter positioned on the bed behind the neonatal phantom. The same set up is used for 

measuring the dose to the detector with the dosimeter in the tray, as presented in table 7-12.  

Table 7-11. Detector dose behind the lung with the dosimeter placed on the bed.  

 

Table 7-12. Detector dose behind the lung with the dosimeter placed in the imaging tray.  

 

The dose to the detector per mAs as a function of tube voltage is presented in figure 7-19 for 

the standard, “on the bed” and in figure 7-20 for the “in the tray” technique.  

Detector Dose behind the lung in the neonatal phantom-dosimeter on bed 

56 kVp 58kVp 60 kVp 62 kVp 64 kVp 

mAs Det.Dose 

(μGy) 

mAs Det.Dose 

(μGy) 

mAs Det.Dose 

(μGy) 

mAs Det.Dose 

(μGy) 

mAs Det.Dose 

(μGy) 

1.0 1.7 0.8 1.5 0.8 1.7 0.6 1.6 0.6 1.8 

1.3 2.1 1.0 1.9 1.0 2.1 0.8 2.0 0.8 2.2 

1.6 2.6 1.3 2.4 1.3 2.6 1.0 2.4 1.0 2.7 

2.0 3.3 1.6 3.0 1.6 3.3 1.3 3.0 1.3 3.5 

2.5 4.1 2.0 3.8 2.0 4.2 1.6 3.9 1.6 4.4 

       2.0 4.9   

Detector Dose behind the lung in the neonatal phantom-dosimeter in tray 

56 kVp 58kVp 60 kVp 62 kVp 64 kVp 

mAs Det.Dose 

(μGy) 

mAs Det.Dose 

(μGy) 

mAs Det.Dose 

(μGy) 

mAs Det.Dose 

(μGy) 

mAs Det.Dose 

(μGy) 

1.0 1.2 0.8 1.1 0.6 1.0 0.6 1.1 0.6 1.2 

1.3 1.5 1.0 1.3 0.8 1.2 0.8 1.4 0.8 1.6 

1.6 1.8 1.3 1.6 1.0 1.5 1.0 1.7 1.0 1.9 

2.0 2.3 1.6 2.0 1.3 1.9 1.3 2.1 1.3 2.4 

  2.0 2.6 1.6 2.4 1.6 2.8 1.6 3.1 

3.2 3.3 2.5 3.0 2.0 3.0 2.0 3.5 2.0 3.9 

4.0 4.1 3.2 3.8 2.5 3.8 2.5 4.3 2.5 4.3 

   4.0 4.8 3.2 4.3     



144 

 

60 kVp) y = 2.0453x + 0.0643

R² = 0.9997

62 kVp) y = 2.4175x + 0.0404

R² = 0.9999

64 kVp) y = 2.7247x + 0.0191

R² = 0.9995

58 kVp) y = 1.8802x + 0.0285

R² = 0.9999

0

1

2

3

4

5

6

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

D
et

ec
to

r 
d

o
se

 o
n
 b

ed
 (

μ
G

y
)

mAs

60 kVp

62 kVp

64 kVp

58 kVp

58kVp) y = 1.1577x + 0.153

R² = 0.9982

60 kVp) y = 1.3467x + 0.1822

R² = 0.9895

62 kVp) y = 1.71x + 0.0145

R² = 0.9998

64 kVp) y = 1.7209x + 0.2299

R² = 0.9874

0

1

2

3

4

5

6

7

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4

D
et

ec
to

r 
d

o
se

 i
n
 t

ra
y
 (

μ
G

y
)

mAs

58 kVp

60 kVp

62 kVp

64 kVp

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.2.8 Assessment of Image quality: 

7.2.8.1 Magnification  

The distance of the tray to the bed is measured to be approximately 6cm. Using the method of 

the triangles, for an object of length a, the magnification between imaging with the cassette 

on the bed and in the tray (focus to cassette distance is 110cm, focus to tray is 116cm), would 

be a · (116/110) = a · 1.05. That is a 5% magnification however we will consider that 

negligible in the clinical practice for the current study.  

7.2.8.2 Exposure Index – logM values 

7.2.8.2.1 Exposure index logM with respect to detector dose  

For the uniform images realised with Cu on the tube, the log M values, those calculated from 

the equation as well as those displayed on the workstation, are plotted in the following graph 

Figure 7-19. The dose to the detector as a function of mAs for the “reference” method with the cassette placed on 

the bed and for a range of tube voltages (58-64 kVp). 

 

Figure 7-20. The dose to the detector as a function of mAs with the cassette placed “in the tray” for a 

range of tube voltages (58-64 kVp). 

The dose to the detector as a function of tube voltage for the technique with the cassette placed in the 

imaging tray. 
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as a function of the dose to the detector. The displayed values are within 5% of the calculated 

values (figure 7-21).   

 

 

 

 

 

 

 

 

Similarly, for the phantom images, the calculated and the displayed values are plotted in the 

following graphs, as a function of the measured dose behind the lung and the spine. It is 

observed in figure 7-22 that the displayed logM values on the workstation are closer to those 

calculated with respect to the dose behind the spine and not that behind the lung.  

 

 

 

 

 

 

 

 

Figure 7-21. The logM values, as displayed on the workstation in comparison with those 

estimated using the Agfa equation, as a function of detector dose for uniform images produced 

with 0.5mm of Cu on the tube.  

Figure 7-22. The logM values, as displayed on the workstation in comparison with those estimated using the 

Agfa equation, as a function of the dose to detector, for dose measurements behind the neonatal phantom, at 

the spine and the lung areas.  
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1.8-2.1: Suggested logM range by Agfa

7.2.8.2.2 Data from Clinical Images and Exposure Index 

 In our department the collected data from PACS show that the logM values are within 

the range 0.61-2.14 with a median value of 1.88. The aim is to achieve a constant logM on 

the image for patients of similar size. According to the radiographers, the manufacturer 

(Agfa) is suggesting to work in the range of 1.8-2.1 for all patients, including children. There 

were clinical images found with lower logM than suggested, for example, 1.06, 0.6 or 0.7. No 

images were found with much higher than suggested logM values. In the case of very low 

logM, the image might be seriously degraded with the probable need to repeat the exposure. 

However, those were very few in this study and the radiographers confirmed that the factors 

were appropriate and the image quality was acceptable. In those cases the exposure did not 

need to be repeated.  

.  

 Although there is some variation among individual patients, the exposure index 

appears to be relatively stable during the 6-month study (figure 7-23).  

 

 

 

 

 

 

 

 

 

 

 

 

 

7.2.8.2.3 Exposure index from neonatal anthropomorphic phantom images 

 Currently, for a 3.5 kg neonate, the factors used in clinical practice would be 62kVp 

and 1.6 mAs (or sometimes 60 kVp and 1.6 mAs). Exposing the neonatal phantom with the 

above factors would result in a logM of about 1.65 with the cassette placed on the bed 

directly behind the neonate and 1.4 with the cassette positioned inside the imaging tray. 

Figure 7-23. The exposure index logM for a representative sample of 100 patients as recorded from the 

acquisition station for clinical images. The suggested range for logM by Agfa is 1.8-2.1.   
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Table 7-13. Exposure index logM for images of the neonatal anthropomorphic phantom for 

various radiographic techniques with the cassette placed on the bed.  

logM values for the various radiographic techniques with the cassette on the bed 

behind the neonatal phantom 

58 kVp 60kVp 62 kVp 64 kVp 

mAs logM  mAs logM mAs logM mAs logM 

1 1.33 0.8 1.39 0.64 1.33 0.64 1.39 

1.25 1.39 1 1.46 0.8 1.43 0.8 1.52 

1.6 1.55 1.25 1.49 1 1.52 1 1.62 

2 1.62 1.6 1.59 1.25 1.59 1.25 1.69 

2.5 1.65 2 1.69 1.6 1.65 1.6 1.79 

3.2 1.79 2.5 1.75 2 1.75 2 1.85 

  3.2 1.88 2.5 1.88   

 

 Exposures on the phantom were acquired with both the cassette placed in the tray and 

on the bed, with the phantom positioned exactly in the same place on the mattress, or as close 

as possible. For each exposure the logM was recorded during the read out process (table 7-13 

and 7-14).  

 As presented in figures 7-24 and 7-25, the logM increases with the dose to the 

detector in an ln(x) fashion for both methods. A small increase in logM would produce a 

large increase in ESD. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-24. The exposure index logM as a function of mAs for different tube voltages (58-64 kVp)  

with the cassette placed on the bed. 
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Table7-14. Exposure index logM for images of the neonatal anthropomorphic phantom for various radiographic 

techniques with the cassette inside the imaging tray.  

 

 

 

 

 

 

 

 

 

 

 

 

7.2.8.2.4 Effect of collimation on the Exposure index 

For the same exposure, the effect of collimation on the logM was investigated. That was 

realised initially with the neonatal phantom in the beam and then with 0.5 mm of Cu on the 

tube. Exposure factors and distance remained unchanged for all exposures.  

 

 Table 7-15. The logM values for different degrees of collimation, for uniform images with Cu on the tube and 

images of the phantom for the same exposure technique.   

LogM values for the various radiographic techniques with the cassette in the tray behind the phantom 

58 kVp 60kVp 62 kVp 64 kVp 

mAs logM mAs logM mAs logM mAs logM 

1 1.20 0.8 1.23 0.64 1.16 0.64 1.26 

1.25 1.32 1 1.29 0.8 1.26 0.8 1.33 

1.6 1.39 1.25 1.36 1 1.33 1 1.46 

2 1.49 1.6 1.49 1.25 1.43 1.25 1.52 

2.5 1.56 2 1.56 1.6 1.56 1.6 1.62 

3.2 1.69 2.5 1.65 2 1.62 2 1.69 

4 1.79 3.2 1.79 2.5 1.75 2.5 1.82 

With neonatal phantom  With 0.5mm Cu on the tube  

Field logM Stdev Field logM Stdev 

Small 1.36 

0.35 

Small 1.75 

0.038 Medium 1.98 Medium 1.75 

Large 1.95 Large 1.82 

Figure 7-25. The exposure index logM as a function of mAs for different tube voltages (58-64 kVp) with the 

cassette inside the imaging tray.  
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It is observed that the collimation can have a great effect on the logM values, as they increase 

for larger fields. However, this effect was only observed with the use of Cu on the tube and 

not when irradiating the neonatal phantom (table 7-15). The effect is shown graphically in 

figure 7-26.   

 

 

 

 

 

 

 

7.2.8.3 Irradiation with Cu on the tube: effect of tray 

The linearised PVs for each mAs value at 60kVp and the corresponding std, along with the 

SNR ratio is presented in table 7-16.  

 

Table 7-16. The effect of the using the imaging tray on values of detector dose, pixel value (PV), standard 

deviation (std), logM and signal to noise ratio (SNR) for images acquired with Cu on the tube 60 kVp.   

Bed- 60kVp 

mAs 
Air kerma 

at detector (μGy) 

Exposure 

Index 

(logM) 

Linearised 

PV 
Linearised stddev SNR 

0.8 0.6 1.29 0.6 0.038 16.2 

1.6 1.2 1.56 1.2 0.051 24.4 

2.5 1.8 1.75 2.0 0.063 31.3 

3.2 2.4 1.85 2.4 0.068 34.8 

10.0 6.1 2.31 6.5 0.122 52.8 

16.0 10.7 2.54 10.4 0.172 60.2 

Tray- 60kVp 

mAs 
Air kerma at detector 

(μGy) 

Exposure 

Index 

(logM) 

Linearised 

PV 
Linearised sd SNR 

0.8 0.4 1.23 0.4 0.030 13.9 

1.6 0.8 1.49 0.8 0.041 19.7 

2.5 1.3 1.65 1.3 0.050 25.4 

3.2 1.6 1.75 1.6 0.058 28.1 

5.0 2.5 1.95 2.5 0.075 34.1 

10.0 5.0 2.24 5.1 0.111 46.1 

16.0 8.1 2.44 7.4 0.152 48.9 

Figure 7-26. The effect of the different fields sizes on the logM values. 
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There is a good correlation between the linearised PVs and the corresponding mAs values. 

This is presented in figure 7-27 for the detector positioned both on the bed and in the tray.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The Exposure index logM is plotted as a function of the mAs values (figure 7-28). Although 

the dose is decreased 20-30%, from switching methods, that represents a very small decrease 

in the logM (up to 5%).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As expected, an increase in SNR is observed with increasing mAs values. The decrease in 

SNR from switching from the bed to the tray technique for the same detector dose is between 

12-19% (figure 7-29).  

 

Figure 7-27. The linearised pixel values as a function of mAs values for images 

obtained with Cu on the tube and the cassette placed on the bed and in the tray, 

for a tube voltage of 60kVp.  

Figure 7-28. The exposure index, logM values, as a function of mAs values for images obtained 

with Cu on the tube and the cassette placed on the bed and in the tray, for a tube voltage of 

60kVp.  
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7.2.8.4 Irradiation of phantom: effect of use of tray on Signal to noise ratio  

 The effect of switching to the tray method, and the relative decrease in the SNR values 

was studied separately for each feature and for each tube voltage. For each tube voltage, the 

SNR is increasing with the increase in mAs for both methods, as expected. There is a clear 

reduction in the SNR values when switching from the “on the bed” to the “in the tray” 

technique”. This reduction is more prominent for lower tube voltages. Softer” Xray beams 

contain more lower-energy photons and a greater proportion is attenuated or completely 

absorbed by the patient, the bed and the other materials that lie between the tube and the 

cassette. Higher tube voltage beams include a greater percentage of photons with higher 

penetrating ability which can more easily reach the detector, therefore resulting in a smaller 

decrease in the SNR on the image.  

 The SNR for each feature in the selected ROIs was studied for a range of techniques 

for both methods. It is of interest to study those techniques that would result in a detector dose, 

on the bed and in the tray, similar to that resulting from the “reference” technique (62kVp, 1.6 

mAs, 3.9 μGy dose to the detector). Those techniques for each tube voltage (58-64kVp) the 

mAs values are in the range of 1.25-2.0 mAs. Table 7-17 presents the reduction in the SNR 

caused from switching to the “in the tray” radiographic method, for each kVp and for each 

feature, for similar detector doses, along with the mean reduction for all features for each kVp.  

Figure 7-29. The signal-to-noise ratio (SNR) values as a function of mAs values for images 

obtained with Cu on the tube and the cassette placed on the bed and in the imaging tray, for a 

tube voltage of 60kVp.  
The Signal-to-noise ratio (SNR) values as a function of mAs values for images realised with Cu 

on the tube and the cassette on the bed and in the tray for a tube voltage of 60kVp.  
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Table 7-17. The decrease of signal to noise ratio (SNR) values as a result of the using the imaging tray, for 

clinically used tube voltages and mAs values (1.25 -2.0 mAs ) that would result to similar dose to the detector as 

the “reference technique”.   

 

The average decrease in the SNR between the two methods for all features studied is 51% 

(range 43-54%) for the 58kVp technique, 50% (range 42-57%) for the 60kVp technique, 31% 

(range 27-38%) for the 62kVp technique and 24% (range 14-30%) for the 64kVp technique.  

 For each tube voltage, the SNR is plotted in the same graph for the two methods, 

namely with the cassette placed on the bed and inside the imaging tray for each feature. As 

expected, there is a trend for the SNR to increase with mAs. There is a greater reduction in 

the SNR for lower tube voltages, as can be seen in those graphs. For example, in figure 7-30 

the SNR reduction in the SNR for lung  is presented for the range of tube voltage (58-64 

kVp). There is a noticeable necessary increase in the mAs values required in order to produce 

an image of the same SNR for the same tube voltage applied. 

 

 

 

 

 

 

 

Tube  

voltage 
Feature 

% 

average 

reduction 

Std 

dev 

  
Lung 

Lung 

Low 

lung 

high 

Lung 

Heart 

Bone 

on lung 

Bone on 

heart 

Bone on 

tissue 

Spine 

rib 7 
Tissue BGR 

  

58 

% 

difference 

 in SNR  

-51.2 -48.0 -45.3 -42.9 -46.9 -54.2 -51.1 -49.8 -43.7 -49.6 -48.3 3.6 

 Std dev 1.7 2.1 2.3 2.1 6.5 7.6 1.4 2.3 4.1 4.5   

60 

% 

difference 

 in SNR  

-49.5 -46.8 -48.6 -45.4 -41.5 -56.2 -56.9 -53.8 -49.3 -50.5 -49.8 4.8 

 Std dev 4.2 3.8 1.4 3.1 5.0 3.2 2.8 6.0 8.4 2.8   

62 

% 

difference 

 in SNR  

-30.3 -38.1 -28.0 -28.6 -27.2 -36.4 -32.3 -33.9 -27.6 -27.7 -31.0 4.0 

 Std dev 17.3 8.4 8.1 20.6 13.1 16.5 19.8 16.5 18.1 15.9   

64 

% 

difference 

 in SNR  

-29.5 -24.6 -25.4 -17.2 -19.4 -14.5 -26.8 -30.1 -31.9 -17.9 -23.7 6.1 

 Std dev 5.9 3.2 3.3 4.3 4.8 1.3 13.3 1.6 5.7 4.8   



153 

 

0

10

20

30

40

50

0 0.8 1.6 2.4 3.2 4

S
N

R

mAs

Lung (middle) -58kVp

0

10

20

30

40

50

0 0.8 1.6 2.4 3.2 4

S
N

R

mAs

Lung (middle) -60kVp

0

10

20

30

40

50

0 0.8 1.6 2.4 3.2

S
N

R

mAs

Lung (middle) -62kVp

0

10

20

30

40

50

0 0.8 1.6 2.4

S
N

R

mAs

Lung (middle) -64kVp

 

 

Specifically, for the reference technique, (62 kVp and 1.6 mAs), the decrease in the SNR 

value when imaging with the cassette in the tray value is presented in table 7-18. 

 

Table 7-18. The reduction in the signal-to-noise ratio (SNR) values caused from the use of the imaging tray for 

the reference technique, 62kVp, 1.6 mAs, 3.9 μGy detector dose.   

 

 Similar graphs have been plotted separately for each feature, for each kVp including 

both methods (total 40 graphs). A representative sample of those graphs fro 60kVp and 64 

kVp is presented here (10/40) in figure 7-31. However the remaining figures can be found in 

appendix A along with the tables including the measured SNR values, for each tube voltage, 

for each feature and for both methods and all mAs values. 

 

Effect of tray in the SNR for the reference technique (62kVp, 1.6 mAs) 

Tube  

voltage 
Feature 

% average 

reduction 

Std 

dev 

  

Lung 
Lung 

high 

Lung 

Heart 

Bone 

on 

lung 

Bone 

on 

heart 

Bone 

on 

tissue 

Spine 

rib 7 
Tissue BGR   

62 

% 

difference 

in SNR 

-25.5 -34.4 -23.5 -15.8 -25.2 -26.9 -24.9 -28.1 -16.5 -23.9 5.7 

Figure 7-30. The signal-to-noise ratio (SNR) for a region of interest in the lung area for a range of tube voltages 

58-64 kVp for images produced with the cassette placed on the bed and in the imaging tray, as a function of 

mAs values (values marked with ■ represent the SNR values with the cassette positioned on the bed and the × 

values those with the cassette positioned in the imaging tray). 
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 Figure 7-31. The signal-to-noise ratio (SNR) for a regions of interest in areas with different 

anatomical features, (lung, tissue, spine etc) for a range of tube voltages 58-64 kVP for images 

produced with the cassette placed on the bed and in the imaging tray, as a function of mAs values. 

(values marked with ■ represent the SNR values with the cassette positioned on the bed and the × 

values those with the cassette positioned in the imaging tray). 
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7.2.8.5  Irradiation of phantom: effect of use of tray on Contrast to Noise ratio  

The effect of switching to the tray method, and the relative decrease in the CNR values was 

studied for each tube voltage for the three set of features selected, represented by ROIs in the 

lung, the lung behind the heart, the bone on lung and the soft tissue. 

 For all tube voltages the CNR was measured between lung and retrocardiac lung (CNR 

lung-retr.lung), between lung and bone on lung (CNR bone-lung), and between lung and tissue (CNR 

lung-tissue). The CNR lung-tissue was higher than the CNR for the other regions. As expected, for 

the same tube voltage applied, the CNR for all regions is increasing with the increase in mAs 

values for both methods (table A2-Appendix A). There is a clear reduction in the CNR values 

when switching from the “on the bed” to the “in the tray” technique” (table 7-19). This 

reduction is more prominent for softer” x-ray beams which contain more lower-energy 

photons, thus a greater proportion is attenuated by the patient, the bed and the materials 

intercepting the beam. Higher energy photons have greater probability to reach the detector. 

The reduction in the CNR lung-retr.lung, CNR bone-lung, CNR lung-tissue, caused by switching to the 

“in the tray” radiographic method for each kVp is presented in table 7-19. This is the average 

reduction in the CNR when applying those radiographic techniques that would result in 

similar dose to the detector as the “reference “dose (3.9 μGy). Those techniques are in the 

range of 58-64kVp and 1.25-2 mAs.  

 

Table 7-19. The reduction in the Contrast-to-noise ratio (CNR) values caused by switching to the “in the tray” 

radiographic method for regions of interest in the lung, retrocardiac lung, bone on lung and tissue in the neonatal 

phantom for different tube voltages and for 1.25 -2.0 mAs that are used clinically.  

 

The decrease in the CNR lung-retr.lung caused by the use of the tray is 45% for 58kVP, 41% for 

60kVp, 21% for 62kVp and 10% for 64kVp.  

Tube 

voltage 
Feature 

  

Lung- 

Retrocardiac 

lung  

Lung-bone on 

lung 
Lung-Tissue 

58 % difference in CNR -45.0 -26.1 -48.7 

 Std dev 3.9 2.9 9.1 

60 % difference in CNR -40.8 -19.4 -43.0 

 Std dev 5.9 3.8 7.4 

62 % difference in CNR -21.3 -20.5 -19.1 

 Std dev 15.5 3.5 19.1 

64 % difference in CNR -10.6 -17.8 -21.4 

 Std dev 5.7 5.1 3.5 
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 A similar trend is observed for the difference in the CNR lung-tissue. That is a decrease of 

49%, 43%, 19% and 21% for 58kVp, 60kVP, 62kVp and 64kVP respectively.  

The effect of the tray is less apparent for the CNR bone-lung. There is only a decrease from 26% 

to 18% between 58kVp and 64kVp.  

 The CNR values between for the selected features, are plotted as a function of mAs for 

a range of tube voltages (58-64kVp). For each tube voltage, the CNR is plotted in the same 

graph for the two methods, namely with the cassette placed on the bed and inside the imaging 

tray, as a function of mAs for the three sets of ROIs. These are presented in figures 7-32, 7-33 

and 7-34. The full table with the calculated CNR values can be found in Appendix A.  

 

 

 

Figure 7-32. The reduction in the contrast-to-noise ratio (CNR) between regions of interest in the lung and in the 

retrocardiac lung in the neonatal phantom, caused by switching from “on the bed” to the “in the tray” radiographic 

method for different tube voltages (values marked with ■ represent the CNR values with the cassette positioned on 

the bed and the × values those with the cassette positioned in the imaging tray).  
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Specifically, for the reference technique, 62 kVp and 1.6 mAs, the decrease in the CNR value 

when imaging with the cassette in the tray value is presented in table 7-20. 

Figure 7-33. The reduction in the Contrast-to-noise ratio (CNR) between regions of interest in the lung and in the 

tissue in the neonatal phantom, caused by switching from “on the bed” to the “in the tray” radiographic method for 

different tube voltages.  

Figure 7-34. The reduction in the contrast-to-noise ratio (CNR) between regions of interest in the lung and in 

the bone on the lung in the neonatal phantom, caused by switching from “on the bed” to the “in the tray” 

radiographic method for different tube voltages.  
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Table 7-20. The reduction in the contrast-to-noise ratio (CNR) values caused from the use of the imaging tray 

for the reference technique, 62kVp, 1.6 mAs, 3.9 μGy detector dose 

  

 

 

 

 

 

As it can be seen from the figure 7-34 the CNR value between lung and bone on lung is very 

small and is not much affected by the use of the tray. However, in order to maintain the CNR 

in the image between lung and lung behind the heart and between lung and tissue, there is a 

noticeable necessary increase required in the mAs values for the same tube voltage applied.  

7.2.8.6 Uncertainties:  

 Due to the small dimensions and the design of the phantom, the ROI selected on each 

anatomical feature is only 15x15 pixels in size. A larger ROI would produce more accurate 

results, but then it would not be possible to fit it between the ribs on the lung or on the ribs 

(the ROI would be too large and would include more than one feature).  

 The variations in the measurements could be initially attributed to the fact the 

selection of the ROIs on each phantom image was not exactly on the same point on each 

image, as they had to be separately re-selected and adjusted manually on each individual 

image. This was due to the need to lift the phantom and place the cassette for each exposure 

when on the bed, and the need to reposition the cassette after each read out. 

A slight movement of the ROI, on the lung or rib for example, would result in a different 

value. It was estimated that the uncertainties of the ROIs measurements due to positioning 

were about 3.5%. This was derived by re-positioning the ROI and repeating the measurement 

10 times, and measuring the PV and the STD for on reference image. Uncertainties for the 

ROIs at lung at the clavicle and bone on the lung and behind the heart were the greatest, 

followed by those ROIs in tissue. There was a difficulty to spot exactly the same point on the 

phantom for small regions between other organs, and slight differences in attenuation along 

the rib and difference AP thickness of the phantom would cause errors in the measurements 

(left to right direction). Spine was the ROI with the smallest uncertainty.  

 Additionally, some fluctuations in the signal can be attributed to processing delay, 

between exposure and scanning, as there is a decrease in the signal in the latent image after a 

certain time (Appendix A). The latent image signal in storage phosphor screen decays very 

Effect of tray in the SNR for the reference technique, 62kVp, 1.6 mAs,  

3.9 μGy detector dose 

Tube 

voltage 
Feature 

 

  
Lung-lung behind the 

heart 

Lung-bone on 

lung 
Lung-Tissue 

62 
% difference 

in CNR 
-17.2 -23.5 -10.5 
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slowly over time, with the most rapid decay occurring within the first hour after exposure, so 

variations in scanning delay will result in different levels of signal remaining on the image 

plate, even for the same skin dose 
138

. The delay in the processing of the cassette, ranged 

depending on the workload of the department. After reading out cassettes exposed to the 

same level of radiation, a 20% decrease was noted on the linearised pixel values for the first 

10 minutes (see Appendix A, table A3). Since the CR reader was in another level of the 

hospital, the cassette was processed usually within 10-20 min after the irradiation. It was 

estimated that the uncertainties of the ROIs measurements due to delay in processing were 

about 4.5%.  

  Furthermore, the non-uniformity of the bed, the mattress and the top of the cassette 

would produce errors in our measurements when placing the cassette behind the phantom. It 

was attempted to have the phantom, the tube, and the cassette on exactly the same point for 

every exposure with markers on the bed and the tray. However, the cassette had to be 

removed and the phantom had to be lifted (for exposures on the bed) every time for each 

exposure, which would lead to a different degree of attenuation from the bed, the mattress 

and the cassette for the same point in the phantom. That uncertainty was assessed to be in the 

order of 4%.  

 Another factor that could contribute to the uncertainty of the measurements is the 

different amounts of collimation between exposures. That would result in an uncertainty of 

3%. The combined standard uncertainty was derived with summation in quadrature and was 

estimated to be approximately 8% in total.  

 For the SNR the standard error was propagated according to the IAEA report 
172

 and 

was estimated to be about 11% for all anatomical features selected. Similarly, the uncertainty 

for the CNR values was about 15 % for lung and lung behind the heart, lung and tissue, and 

lung and bone on lung.  
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7.3 Discussion 

 The purposes of this study (part 2) were to survey current practice and assess radiation 

doses encountered in CR radiography of neonates in the SCBU of the RVI hospital in the 

UK. The benefit of using the imaging tray of the incubator and the radiation risk involved is 

also addressed. Neonates with low gestational age and low birth weight are more likely to have 

respiratory or vascular problems, or other complications that range from minor to serious life-

long illnesses. The chest radiograph (CXR) is the primary and most important imaging 

technique in the evaluation of lung diseases of the premature neonates, as it represents one of 

the most important causes of morbidity in preterm neonates whose lungs are often 

physiologically and morphologically immature. Thus high quality radiographs are vitally 

important 
61

. The frequency of radiographic procedures depends on various conditions, 

including birth weight, however during treatment neonates may require a large number of 

radiographs.  

 Premature or sick neonates cannot regulate their own body temperature and may be 

vulnerable to hypothermia 
71

. To improve their chances of survival premature neonates are 

treated inside incubators designed to provide the optimal microenvironment meet baby’s 

needs (oxygenation, optimum temperature, humidity, isolation from infections, mechanical 

ventilation in case of respiratory failure, monitoring heart rate, blood pressure, body 

temperature etc) 
60

. Remarkable progress has been made in their production and modern 

incubators facilitate a dedicated X-ray imaging cassette tray/ sliding drawer or a slot integrated 

under the bed to position the cassette in order to minimise disturbance to the baby. These new 

types of incubators are used by the nursing stuff preferably to the previous ones to avoid 

overhandling of the neonate due to the following reasons 
66

.   

 Ovehandling can cause hypoxia or bradycardia 
63

. 

 Overhandling can cause changes in blood circulation, which can lead to cardio-respiratory 

complications or cerebral haemorrhage  

 Stressing the infant by lifting and moving it to place the cassette directly underneath, cause 

pain, causes crying and struggling which affects the efficiency of breathing 
63, 243

  

 Dislodging any catheters, tubes and probes attached in the baby might be crucial and therefore 

minimum movement will ensure that all the above stay in place. For example a slight movement 

of the endotracheal tube could cause trauma to the neonate’s larynx.  

 Infection control is better managed and closed incubators reduce the risk of cross infection for 

neonates.   



161 

 

 In our study the imaging tray is only used in less than 5% of all neonatal chest 

radiographic procedures (according to radiographers’ records on the workbook and on 

PACS). From the radiographers’ responses it was concluded that the “in the tray” technique 

was only applied for critically ill neonates of extremely low birth weight that were difficult 

and risky to handle due to the number of tubes and catheters inserted and leads and probes 

attached (echocardiography leads, skin temperature probes, ventilator tubing leading to his 

endotracheal tube, umbilical venous or arterial catheters, possibly with blood pressure 

monitoring, naso-gastric tubes, transcutanious monitoring of blood gas, a blood pressure cuff, 

chest drains, an apnea detector etc) 
82

. These can be misaligned or shifted during radiography. 

Similarly, around the UK, the incubator imaging trays are not utilised greatly by radiographers 

244-246
 and a sliding imaging tray is preferable to the slot 

244
.  

 Considering the frequent imaging of neonates, the use of tray should be encouraged 

from a medical point of view, however, crucial radiological protection issues as well as 

practical problems were raised by the radiographers. For example, when using the imaging 

tray a possible misalignment of the cassette and the baby would lead to repetition of the 

radiograph, therefore to doubling of the dose. Additionally, for achieving the same dose to the 

detector, the exposure parameters would have to be increased, as the radiation beam must not 

only pass through the patient but must also penetrate the incubator canopy, the patient mattress 

and the bed, thus leading to a higher dose to the neonate. That is not in accordance with the 

ALARA principle as the bed is not made of low attenuation materials but usually from a plain 

plastic material.  

 The attenuation of the beam due to the presence of the incubator canopy and the bed was 

measured to be 21% and 55% respectively (total attenuation was 62%) for the selected tube 

voltages. This is for the incubator Dräger, (Isolette C2000, model C2HS-1C, Asset ID: 157102, 

Series 03, TT16730, CE0123 Class 1) which was utilised for all exposures in this study. A 

marked difference in detector dose is observed by switching from the reference method, with the 

detector on “on the bed” to the “in the tray” method. In our study, when irradiating an 

anthropomorphic neonatal phantom (3.5 kg), the dose to the detector decreases about 28-30% for 

tube voltages used clinically (60-64 kVp). However, for a range of incubator manufacturers, 

Mutch et al in their article in 2007, report similar levels of attenuation for a tube voltage of 60 

kVp using a 5 cm thick polymethylmethacrylate (PMMA) block to simulate a patient. They 

demonstrated that the average reduction caused by the canopy was 17% (range 11-24%) and that 

caused by the bed is 49% (range of 40-65%) (total 62-79%) 
66

.   
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 Furthermore, the presence possible artifacts on  the image due to non-uniformity of the 

bed, the mattress and objects (holes on the canopy) on the incubator results in a poor image 

quality 
66

.   

  The whole chain of the procedure, including the imaging equipment, the radiographic 

technique employed and the quality of information should be optimized for patient care 
63, 66

. 

The aim is to balance radiation dose and image quality in order to provide an image which is 

adequate for the clinical imaging task with the minimum radiation dose to the patient 
70

.  

  The necessary increase in the exposure factors and the relative increase in radiation 

risk when using the imaging tray along with suggestions for improvements in radiological 

aspects regarding the construction of incubators are discussed in this chapter. Also, a 

comparison between the doses encountered in the two hospitals (in Greece and in the UK) is 

presented. 

 

7.3.1 Entrance surface dose comparison between screen-film and computed 

radiography 

In Part 1 of this work, realised in the SCBU of the University Hospital of Patras, in Greece, 

SF detectors have been utilised for imaging the neonatal chest. There was a great variation in 

ESD (16-77 μGy), in view of the various exposure techniques applied by the radiographers, 

depending on their experience and training. After the collection of data was completed, CR 

cassettes were introduced in the department. These were used interchangeably with film-

screen. A second survey of the techniques used was realised, similarly to the initial, and no 

significant change was observed in the practice. The same techniques would be applied after 

switching to CR. Therefore, the range of doses remained practically the same.  

A comparison of the doses encountered in the SCBU of the Royal Victoria Infirmary 

Hospital, where only CR is used, in the United Kingdom (UK), with those in Patras is presented 

in figure 7-35. The range of doses in the UK hospital was 22-47 μGy. An overlap is observed for 

high tube voltage techniques. That is, for tube voltages of 60kVp and higher, the variation in ESD 

is smaller and restricted to values lying below the DRL proposed by NRPB (50 μGy) 
83

.  This is 

encouraging and may suggest that use of low tube voltage techniques (<60 kVp) should be 

avoided wherever possible in the Greek department. That is in accordance to the findings of Part 1 

in this study 
217

. It is also proposed in the CEC guidelines that for imaging of the neonatal chest 

voltages above 60 kVp should be applied. Nevertheless, all ESD values from in both hospitals are 

lower that the CEC DRL which is 80 μGy 
81

. As mentioned in Chapter 6, (Materials and 



163 

 

0

10

20

30

40

50

60

70

80

40 45 50 55 60 65 70

E
n
tr

a
n
c
e

 S
u
rf

a
c
e

 D
o

s
e

 (
μ

G
y
)

Tube Voltage (kVp)

Greece

UK

DRL (NRPB 2002)

Methods in SF radiography), national DRLs in other countries are close to 50 μGy for 

neonatal chest radiography (40 μGy in Finland and 50 μGy in Austria) 
230, 235

. 

 A comparison with other studies is presented in Table 6-6, Chapter 1.3.2. Two recent 

studies have reported ESD values utilising TLDs. Olgar et al in Turkey in 2008, reported an 

average of 70 μGy 
233

 and Smans et al in 2008 reported median ESD 34 μGy (range 3-101) 

226
. In 2009, Puch-Kapst in Germany conducted a survey for neonates with very low birth 

weight <1500 g, and ESDs were found as low as 12-15 μGy 
62

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For neonates with birth-weight 1000 g, Don et al in 2004 reported ESD of 72 μGy (using 64 

kVp and 1.6 mAs) and for neonates with birth-weight 2000 g a dose of 150 μGy (using 70 

kVp and 2.5 mAs) in St. Louis Hospital in the US 
123

.
  

 

7.3.2 Impact of Use of imaging tray  

 Reduction of the patient dose according to the ALARA (as low as reasonably 

achievable) principle is not only a question of selecting the lowest exposure parameters, but 

requires the optimization of the whole imaging chain and the appropriate selection of other 

imaging parameters. An important issue to consider during radiography, is the comfort of the 

patient, especially for fragile patients in critical condition, such as premature neonates. 

Figure 7-35. Distribution of entrance surface doses (ESDs) as a function of tube voltage for all 

radiographic techniques applied in the Greek hospital in Patras and in the Royal Victoria Infirmary 

in Newcastle upon Tyne in the UK. The dotted line represents the dose reference level (DRL) 

recommended by the National Radiological Protection Board (NRPB). An overlap is observed for 

techniques with tube voltages above 60kVp.  
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Efforts should be made to minimise the stress caused by positioning the cassette and moving 

the neonate in order to have the least impact to the clinical situation of the neonate.  

 As this is in line with the ALARA principle, neonates cared for in closed incubators 

are expected to be imaged without affecting the stable environment of the incubator. 

Reducing neonatal handling is beneficial and efforts to ensure this should be undertaken. The 

use of the x-ray imaging tray under the bed is discussed here, with regards to detector dose, 

exposure index image quality and radiation dose to patient.  

7.3.2.1 Necessary increase in dose for a constant “reference” detector dose  

 The radiographic techniques currently used in clinical practice in the department 

produce images that are deemed acceptable, so those techniques are taken as the reference. 

The current clinical exposure setting for a 3.5 kg neonate was set as the reference exposure 

level to the CR plate (“reference” detector dose). By irradiating the neonatal phantom using 

the factors applied clinically, 62 kVp and 1.6 mAs, the detector dose was measured to be 3.9 

μGy. That level was set as the “reference detector dose”. This detector dose was used for 

comparing the “reference method” (cassette on the bed directly behind the neonate) and with 

the “tray method” (cassette positioned inside the imaging tray under the bed) with regards to 

radiation dose.  

 There is a marked difference in detector dose when changing from the reference 

method, with the detector on “on the bed” to the “in the tray” method. For various mAs, the 

dose decreases about 28-30% for 60-64 kVp. Figure 7-36 presents the detector dose per mAs 

as a function of kVp for the two methods.  

 

 

 

 

 

 

 

  
Figure 7-36. The dose to the detector per mAs as a function of tube voltage for the reference method, 

with the cassette place on the bed, and the cassette placed in the imaging tray.   
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The same detector dose as the “reference detector dose” can be achieved with the cassette on 

the bed and in the tray by varying the kVp and the mAs for a standard distance (110 cm focus 

to bed). The mAs values required for each kVp were calculated with interpolation from the 

detector dose data acquired (figures 7-19 and 7-20 in “Results”). Table 7-21 presents those 

techniques, for each kVp value, with the corresponding necessary increase in the mAs values 

for the two methods. The resulting ESD values for those techniques and the % difference 

relatively to the 37.2 μGy of the “reference” clinical technique is also presented.  

 

Table 7-21. The necessary increase in the mAs values for each tube voltage, as estimated in order to achieve the 

same dose to the detector, for both the reference and “in the tray” methods, and the concurrent increase in 

Entrance surface dose (ESD) values.  

Exposure factors for achieving the “reference detector dose” of 3.9 μGy for the “on the bed” and “in the tray” 

radiographic methods 

Detector placed on the bed Detector placed in the tray 

Tube 

voltage 

(kVp) 

Required 

mAs 

ESD 

calculated 

% increase in ESD 

relative to reference 

37.2μGy 

Tube 

voltage 

(kVp) 

Required 

mAs 

ESD 

calculated 

% increase in 

ESD relative to 

reference 

37.2μGy 

58 2.1 40.3 8.3 58 3.2 63.4 70.4 

60 1.9 40.0 7.5 60 2.8 59.0 58.6 

62 1.6 37.2 0.0 62 2.3 52.9 42.2 

64 1.4 35.9 -3.5 64 2.1 53.9 44.9 

  It is observed that when positioning the cassette in the tray, a necessary increase is 

required in the mAs values, resulting to an increase in dose ranging from about 40-70% 

depending on tube voltage. The relative necessary increase in the mAs values is less for 

higher kVp values. That is due to the more penetrative capability of the beam, which results 

in less low energy photons being absorbed in the phantom and more high energy photons 

reaching the detector, therefore contributing to higher detector dose.  

 For the same reference energy at 62kVp, the use of the tray would require 2.3 mAs 

instead of 1.6 (42% higher). However, on the mobile unit used in the department, only a fixed 

number of mAs values exist for the radiographer to choose from. Consequently, the next 

available choice would be 2.5 mAs. That would result in a 56% in mAs values, which would 

increase the ESD from 37.3 μGy to 58 μGy ESD.  

 It is preferable to use 64kVp for the method with the cassette in the tray, as it results 

to reduced dose compared to the other techniques, however, the concurrent effect on the 

image contrast has to be investigated.  
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7.3.2.2 Necessary increase in dose for a constant “reference” Exposure Index  

  The current clinical setting for a 3.5kg neonate was set as the reference exposure 

level to the CR plate. By irradiating the neonatal phantom the logM varied depending on 

exposure factors. For a constant potential, the logM increases with detector dose in a ln(x) 

fashion. To define “acceptable diagnostic image quality” is a challenge.  However, for the 

factors used clinically, 62 kVp and 1.6 mAs, the exposure factor was 1.65 (for 3.9 μGy dose 

to the detector). This was deemed clinically acceptable and was used for the comparison of 

the reference method (cassette on the bed) with cassette “in the tray” method with regards to 

radiation dose. The necessary increase in the mAs values in order to achieve the same logM 

for each tube voltage was investigated.  

 It can be seen from figures 7-24 and 7-25 (in “Results”) that the same logM as the 

reference logM (1.65) can be achieved with the cassette on the bed and in the tray by varying 

the kVp and the mAs for a standard distance (110 cm focus to bed).  

 From the figures the required mAs to achieve a logM value of 1.65 was calculated for 

both methods. Those mAs for each tube voltage, with the corresponding ESD and the % 

increase in ESD, for both methods are presented in Table 7-22.  

 

Table 7-22. The necessary mAs values for each tube voltage, as estimated in order to achieve the same logM 

values, for both the reference and “in the tray” methods, and the concurrent increase in Entrance surface dose 

(ESD) values.  

Reference  logM= 1.65, with 62 kVp, 1.6 mAs ESD= 37.2 

Cassette placed on the bed Cassette placed in the tray 
Comparison 

bed-tray 

Comparison with 

reference value 

ESD=37.2μGy 

Tube 

Voltage 

(kVp) 

mAs logM 
ESD 

(μGy) 

Tube 

Voltage 

(kVp) 

mAs logM 
ESD 

(μGy) 

% increase in 

ESD (μGy) 

% increase in ESD 

(μGy) 

58 2.3 1.65 45.1 58 3 1.65 58.8 30 58% 

60 1.8 1.65 38.5 60 2.4 1.65 53.5 38.9 44% 

62 1.6 1.65 37.2 62 2.1 1.65 48.9 31.0 31% 

64 1.2 1.65 30.3 64 1.7 1.65 42.9 41.7 15% 

 

 From the above results it is concluded that in order to achieve the same logM by 

positioning the cassette in the tray, as if it was positioned on the bed, an increase in ESD will 

be observed in the range of 30-45%, as a result of a required increase in mAs values.  

 For the reference technique, at 62kVp an increase of 31% in the mAs values when 

using the tray (from 1.6 to 2.1 mAs) is necessary. However, on the x-ray unit the mAs values 

are fixed. There is no selection for 2.1 mAs available, so therefore the next option is 2.5 mAs. 

That would result in an increase of 56% in ESD in comparison to the initial ESD (37.2 μGy).  
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 Similarly, for the 64kVp, the next alternative for 1.7 mAs, is 2.0 mAs, which would 

result in an increase of 36% in ESD in the tray compared to on the bed method. In case of 

selecting the 1.6 mAs, the logM would be slightly lower, 1.62 and the increase in dose would 

be 8%.  

 Table 7-23 presents the exposure techniques, that would result in an image with logM 

=1.65 and the corresponding difference from the reference ESD= 37.2 μGy. In this table, the 

available fixed values of mAs on the unit have been used instead of the calculated ones (the 

next available option rounding upwards). 

Table 7-23. The next available steps of the mAs values on the X-ray unit for each tube voltage, close to the 

estimated values, in order to achieve the same logM values, for both the reference and “in the tray” methods, 

and the concurrent increase in Entrance surface dose (ESD) values.  

It can be observed that for higher kVp values the required mAs value to achieve the same 

logM is lower. When switching to the “in the tray” technique, the high tube voltage 

techniques (64 kVp) results in the minimum increase in dose, 36% compared to lower kVp 

values. However, the contrast in the image could be compromised. The contrast of different 

tissues of the neonatal phantom on the image for different techniques will be discussed later 

in this chapter.  

 However, it can be seen that the exposure index cannot be used as an indicator for 

assessing patient dose. The exposure index does not take into account other factors, such as 

use of tray, distance, use of grid, filtration  etc. 
138

. For the same logM of 1.65, for tube 

voltages of 64 kVp on the bed and 60kVp in the tray, the dose differs by 76%. This may have 

a clinical impact when the clinician is using the logM value to assess dose. Therefore, tube 

potential for patient dose comparisons related to logM should be considered 
138

. Additionally, 

small changes in the logM can be translated in greater changes in dose. When the numerical 

value of logM changes by 0.301, the logarithm of 2, this indicates a doubling in the exposure 

to the receptor 
147

.  

Exposure techniques for achieving reference  logM= 1.65 (for fixed mAs on the x-ray unit) 

Cassette placed on the bed Cassette placed in the tray 
Comparing bed 

and tray method 

Comparison with reference 

value ESD=37.2μGy 

Tube 

Voltage 

(kVp) 

mAs 

% increase in ESD 

relative to the 

reference 

ESD=37.2μGy 

Tube 

Voltage 

(kVp) 

mAs 
% increase  in 

ESD 
% increase  in ESD 

58 2.5 31.7 58 3.2 28.0 68.5 

60 2 15.0 60 2.5 25.0 43.8 

62 1.6 0.0 62 2.5 56.5 56.5 

64 1.25 -15.1 64 2 59.8 35.8 
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 For example, by irradiation of the phantom with 64kVp and 1 mAs positioning the 

cassette on the bed, would result in a logM = 1.62. For the same set up with 60kVp and 2 

mAs the logM would be 1.69. That is only a 4% increase whereas the concurrent increase in 

ESD is from 25.3 μGy to 42.8 μGy, an increase of nearly 70%. This may have an impact on 

resultant patient dose if the clinician is using the logM value as their predominant method of 

feedback for radiation dose 

 Additionally, it has been reported that for Agfa CR, another limitation of basing the 

image quality on the logM is the mistake that occurs with the automatic Agfa software to 

calculate the logM, especially when the selection of the part of the histogram is not done 

properly. If the correct lobe of the histogram is not selected, the calculated logM will not be 

valid. Jacob et al in 2009 reported 2 images (figure 7-37) that were both acquired with the 

same technique at the same distance on the same patient on the same day on a same-size 

cassette 
239

. However, due to the larger filed requested by the physician after placement of 

PICC catheter, the logM was lower than the suggested acceptable range according by the 

manufacturer, however the image was clinically acceptable and was not repeated 
239

.
 

Similarly in our department, images with logM as low as 0.6-1.0 were deemed acceptable and 

were not repeated.  

 . 

 

 

  

 

In our study, the effect of collimation was observed in the Cu irradiations. For using three 

different field sizes, and the same radiographic technique (60kVp, 1.6 mAs) there was not 

any significant change observed when the neonatal phantom was irradiated (stdev= 0.02). 

When the same procedure was realized with the neonatal phantom in the beam, then a change 

in logM values was noted, from 1.36 to 1.95 for the small and the larger field respectively 

(stdev=0.35).  

Figure 7-37. Portable chest computed radiograph of a patient with Pierre Robin sequence and metallic 

mandibular distracter. A) Initial image with logM value within the manufacturer’s recommended range. B) 

Subsequent image on the same day for verification of PICC catheter placement. Inclusion of the right upper 

extremity was requested by the physician. Although logM values indicated underexposure the image was 

deemed acceptable and was not repeated. The technologist reported the same technique and same distance and 

only collimation differed. Image from Sanchez et al (2009)  
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 However, further education and awareness of these issues can be very useful in 

clinical practice for CR radiography. The index of logM displayed on the image can aid 

operators to monitor the dose levels employed during clinical use and provide feedback. For 

example, in a recent study by Sanchez et al, having scored clinical images (from children 

aged from <1 year to <16 years) with logM values from 1.2-2.85, it was concluded that a 

value of 1.6-1.7 with the Afga plates would be achievable for paediatric patients with 

adequate image quality. This would yield an approximate reduction of a factor of 2.5 in the 

dose to the patient and this includes a safety margin of 0.4 (range 1.2-2.0) 
239

.  

 The American Association of Physicists in Medicine Task Group (AAPM TG) 116 in 

2009 and the International Electrotechnical Commission (IEC) 62494-1 in 2008 have 

published reports  on the standardization of exposure values to overcome this problem 
134, 137

.  

 The recently developed exposure index provides a standardized exposure value that 

responds in a similar fashion for all digital radiography systems, irrespective of the 

manufacturer. The deviation index measures variation from an ideal target exposure index 

value and can be collected for large numbers of patients over time, for analysis. Unintended 

excessive exposure and subsequent unnecessary patient radiation can occur without the 

radiologist noticing any detectable change in the final digital image
128

. Therefore, this 

phenomenon termed “dose creep” can be avoided 
5, 13

.  

 A study has evaluated the use of exposure index in chest radiographs in a newborn 

nursery, with the objective of determining whether the exposure index and the deviation 

index can be used to monitor and control exposure drift over time as well as understanding 

difficulties involved with collection and analysis of data. They concluded that EI is a good 

tool for monitoring and tracking exposures and compliance with a pre-determined target 

exposure 
131

. However, in order to calculate deviation index, it is required to set a target EI 

and acceptable exposure parameters.  It is suggested in the literature that frequently the 

indices are set too high by the manufacturer and are not optimal for the clinical purpose, 

leading to increased patient dose 
147

. A study regarding EI encountered in the University 

Hospital of Patras and at the RVI hospital in the UK, as well as the deviation index for 

neonatal patients is part of the future work of this thesis.  
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7.3.2.3 Necessary increase in dose for a constant pixel value and a “reference” 

signal to noise ratio 

7.3.2.3.1 Images with Cu on the tube 

The PV on the image (signal) increases with the increase of the mAs values, as expected 

From the equations in the graphs in the results section (Results, page 43), it was deduced that 

in order to achieve the same PV with the cassette placed inside the imaging tray, as with the 

cassette placed on the bed, for 60kVp, the necessary increase in the mAs value is 48% (table 

7-24).  

Table 7-24. The decrease in the pixel values (PV) from switching from the reference method to the “in the tray” 

method, and the necessary increase in the mAs values in order to achieve the reference PV with the cassette 

placed in the tray for a tube voltage of 60kVp.  

kVp mAs 
logM 

(bed) 

Reference PV 

(on the bed) 

PV 

(in the tray) 

mAs required to 

achieve reference PV 

(in the tray) 

% increase 

in mAs 

60 1.6 1.56 1.24 0.82 2.37 48.1 

 Random noise is the fluctuations of the signal over an image, as result of a uniform 

exposure, and can be characterised by the std of the signal variations over the image of an 

uniform object. That is characterised by the std of the signal variations over the image of a 

uniform object. Noise arises from a number of sources  such as quantum and electronic noise  

that produces random variations of signal that can obscure useful information in a diagnostic 

image 
120

. While signal and image noise properties are important , that is not very meaningful 

as it is the signal in relation to the background noise that determines the quality of the image 

157, 247
 .  

 Although the noise (std) in the image also increases, the SNR increases with mAs 

values as expected.  

 The reduction in the measured SNR values on the images acquired with using the tray 

is 13-19% compared to using the bed method. That is not a significant reduction when 

switching from the bed to the tray method.  

 The mean PV in a region of interest (ROI) at the centre of the image, the std and the 

SNR were measured on the image acquired for 60kVp and 1.6 mAs with 0.5mmCu placed on 

the tube and the cassette placed on the bed. That PV and that SNR was set to be the 

“reference” PVs and SNR on the uniform image (“reference SNR”). The necessary increase 

in the mAs values was then calculated in order to achieve the “reference PV” and the 
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“reference SNR” in the image acquired with the same exposure factors and the cassette 

placed in the imaging tray.  

 The relative increase in the mAs values, for attaining the same SNR on the uniform 

image using the tray method is 43% (table 7-25). This result is close to the results deduced 

from the exposure index calculations.  

Table 7-25. The decrease in the signal-to-noise ratio (SNR) from switching from the reference method to the “in 

the tray” method, and the necessary increase in the mAs values in order to achieve the reference SNR with the 

cassette placed in the tray for a tube voltage of 60 kVp.  

 

kVp mAs 
logM 

(bed) 

Reference SNR 

(on the bed) 

SNR 

(in the tray) 

mAs required to achieve 

reference pixel value 

(in the tray) 

% increase 

in mAs 

60 1.6 1.56 24.4 19.7  2.29 43.3 

 

7.3.2.3.2 Images of the neonatal phantom 

 The visible result of the impact of the use of the imaging tray is presented in figure 7-

38. The two images have been aquired with the same exposure factors (62kVp, 1.6 mAs) as 

those would be used in clinical practice for a 3.5kg neonate. The width and level (or 

brightness and contrast) are set the same for the two images (width= 1310 level=655). There 

is a slight degradation observed however the question is whether that level of image quality is 

acceptable for the clinical task.  

 

Figure 7-38. Radiographic images of the neonatal phantom for the same exposure factors (62kVp, 1.6 mAs). The 

same windowing has been applied to both images. The image on the left is acquired with the cassette positioned on 

the bed, directly behind the neonate and the one on the right is with the cassette positioned inside the imaging tray. 
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 For each tube voltage, the SNR is increasing with the increase in mAs for both 

methods. There is a clear reduction in the SNR values when switching from the “on the bed” 

to the “in the tray” technique”. This reduction is more prominent for lower tube voltages. The 

average decrease in the SNR between the two methods for all features studied is 51% (range 

43-54%) for the 58kVp technique, 50% (range 42-57%) for the 60kVp technique, 31% (range 

27-38%) for the 62kVp technique and 24% (range 14-30%) for the 64kVp technique.  

 Softer” Xray beams contain more lower-energy photons and a greater proportion is 

attenuated or completely absorbed by the patient, the bed and the other materials that lie 

between the tube and the cassette. Higher tube voltage beams include harder photons with 

higher penetrating ability which can more easily reach the detector.  

From our results, a clear relationship between the SNR and the mAs cannot be deduced.  

 However, by carefully examining the tables and the graphs with the SNR values some 

important results can be deduced. There is a clear reduction in the SNR values when 

switching from the “on the bed” to the “in the tray” technique”. There is necessary increase in 

the required mAs values in order to maintain the SNR. 
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For the radiographic techniques applied clinically for a 3.5 neonate, 62 kVp the SNR graphs 

for a representative number of features are presented in figure 7-39. The rest can be found in 

Appendix A. For reference radiographic technique (62kVp and 1.6 mAs), from the above 

figure it is deduced that an increase in the mAs values is necessary. That increase is from 1.6 

mAs to 2.5 mAs as shown in the features presented above.  

That would result in an increase in ESD from 37.2 μGy to 58.2 μGy. That is an increase by 

56%. However, Both ESD values are within the recommendations of the CEC guidelines.   

 As mentioned earlier, there is an 11% uncertainty in the SNR measurements. Slight 

positional errors in the ROIs measurements for each feature on the image, as well as delays in 

read-out and slight movements of the relative position of the phantom the bed and the cassette 

contribute to this. This effect is more significant for regions very close to other organs of 

different attenuation where the image is not uniform. E.g. bone on lung and bone on lung 

behind the heart. It was attempted to position the ROIs at the same exact anatomical place on 

the image, however that was not possible in all exposures. 

 

7.3.2.4 Necessary increase in dose for a constant “reference” Contrast to noise 

ratio  

 Image quality is mainly dependent on the contrast and the noise. In digital systems the 

display contrast can be increased with windowing and the loss of subject contrast can to some 

extent be compensated for. However, the limitation in image quality is the loss of CNR 
162

. 

Figure 7-39. The signal-to-noise (SNR) values for lung between the ribs (middle) lung at the level of the clavicle 

and lung behind the heart, bone behind the heart, bone on tissue, tissue and spine at rib 7 are presented for the 

“on the bed” and “in the tray” methods for 62 kVp, as a function of mAs. Dots represent SNR values with the 

cassette on the bed and stars with the cassette in the tray. 
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Whereas the noise is determined by the detector dose, the contrast is basically related to the 

X-ray spectrum used.  

 Small size patients, like neonates, do not harden the X-ray spectrum as much as adults 

do, i.e., the loss of contrast due to patient beam hardening is lower. Furthermore, when using 

the tray, there is a greater distance from the exit of the patient to the detector. That could 

contribute slightly to an increase in contrast. However
, 
the scatter produced is determined by 

the size of the patient, and for newborns and children that are smaller, the contrast loss due to 

scatter radiation is less expressed anyway 
161

.  

 The CNR is an important index in digital imaging that can be used in the optimisation 

process, in order to find the lowest achievable dose for the clinical task 
248

. To calculate 

CNR, regions of interest (ROIs) were chosen in order to measure the contrast between the 

lung and the lung behind the heart, the lung and bone on the lung area, as well as between 

lung and tissue. The CNR between lung and tissue was higher than between lung and lung 

behind the heart for all techniques. For each tube voltage, the CNR is increasing with the 

increase in mAs for both methods. This increase is lower for the low tube voltage techniques 

and especially when using the tray.  There is a clear reduction in the CNR values when 

switching from the “on the bed” to the “in the tray” technique” (figures 7-32, 7-33, 7-34). In 

order to achieve the same CNR an increase in the mAs values is required (figure 7-40). The 

required increase in the mAs values will be dependent on tube voltage, as CNR reduction 

between the two set ups changes with the tube voltage used. This reduction is more prominent 

for softer” Xray beams which contain more lower-energy photons and a greater proportion is 

attenuated or completely absorbed by the patient, the bed and the other materials that lie in the 

direction of the beam between the tube and the cassette. Higher energy photons have greater 

probability to reach the detector. As the tube voltage increases the reduction in CNR less, ie. 

The impact of the tray is less important for higher tube voltage techniques. 
 

 The average reduction in the CNR, when applying those radiographic techniques that 

would result in similar dose to the detector as the “reference dose”, (3.9 μGy), was estimated 

for radiographic techniques in the range of (58-64kVp and 1.25-2 mAs).  

 The greatest decrease in the CNR values was CNR lung-retrocard.lung caused by the use of 

the tray (45% for 58kVP, 41% for 60kVp, 21% for 62kVp and 10% for 64kVp).  

 A similar trend is observed for the difference in the CNR lung-tissue. However, the effect 

of the tray is less apparent for the CNR bone-lung where a smaller decrease from 26% to 18% is 

observed between 58kVp and 64kVp.  
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 For the reference tehnique 62kVp,, the reduction is 17% for the CNR value between 

lung and lung behind the heart, 23% between lung and bone on lung, and 10% for the CNR for 

lung and tissue. For the reference technique, based on the figures presented in the Results 

section (figures 7-34, 7-35 and 7-36), it is deduced that the use of tray will require an increase 

in the mAs values from 1.6 to 2.5 mAs. That will lead to an increase in the ESD from 37.2 

μGy to 46.5-58.2 μGy which represents an increase of 56% in ESD.  

However, both ESD values are within the recommendations of the CEC guidelines.  Similarly, 

the necessary increase in the mAs values for the other tube voltages is shown in figure 7-40.  

 

 

 

 

 

 

 

 

 

 

 

The objective of radiographic technique optimization is to establish standardized imaging 

protocols by determining the optimal trade-off between image quality and dose, which is 

especially important for neonatal radiography given the increased lifetime risk of neonates 

who may undergo multiple radiographs and are more radiosensitive than adults. In our work 

the current clinical practice was deemed acceptable and was regarded as a reference for dose 

and image quality. A relative comparison between radiation dose and image quality was 

Figure 7-40. The necessary increase in the mAs values in order to achieve the same contrast-to-noise 

ratio (CNR) between regions of interest on lung-retrocardiaclung, lung-bone and lung-tissue on images 

obtained with the cassette placed in the tray, as that with the cassette placed on the bed, as a function of 

tube voltage.  
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realised for two methods, namely positioning the cassette on the bed behind the neonate and 

inside the imaging tray of the incubator.  

7.3.3 Optimisation and figure of merit  

 The CNR of the image is strongly correlated with exposure and dose, therefore an 

objective image quality metric should incorporate the CNR normalized by the dose to the 

relevant organ. The ESD will be used here for comparing the two set ups.  

 The potential dose savings were investigated utilizing the figure of merit (FOM) 

FOM=CNR
2
/ESD 

248
. The maximum FOM values were considered to be the optimal selection 

for the radiographic exposures. The techniques for each kVp were selected for a standard 

detector dose of approximately 3.9 μGy. That is the dose to the detector that has been used as 

a “reference detector dose” throughout this study. The CNR values and the corresponding 

ESD values used for the calculation of the FOM are presented in table 7-26.  

 

Table 7-26. The Contrast to noise ratio (CNR) values and the entrance surface dose (ESD) values utilized to for 

the calculation of the Figure of Merit (FOM) that correspond to radiographic techniques with a detector dose 

similar to that of the “reference technique” (3.9 μGy).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Exposure techniques for achieving reference detector dose 3.9 μGy 

Tube 

Voltage 

(kVp) 

Features CNR CNR^2 ESD 
FOM= 

CNR^2/ESD 

58 
Lung- 

Retrocar.lung 
8.9 79.8 59.4 1.3 

 Lung-bone 
6.4 40.9 59.4 0.7 

 Lung-tissue 
10.4 108.0 59.4 1.8 

60 
Lung- 

Retrocar.lung 
11.8 139.2 63.6 2.2 

 Lung-bone 
7.2 51.8 63.6 0.8 

 Lung-tissue 
16.3 265.7 63.6 4.2 

62 
Lung- 

Retrocar.lung 
14.2 202.2 54.7 3.7 

 Lung-bone 
7.3 53.3 54.7 1.0 

 Lung-tissue 
17.6 310.9 54.7 5.7 

64 
Lung- 

Retrocar.lung 
14.4 207.4 47.8 4.3 

 Lung-bone 
7.2 51.8 47.8 1.1 

 Lung-tissue 
17.3 299.8 47.8 6.3 
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For the “in the tray” method, the FOM increases with tube voltage, for ROIs representing lung 

and lung behind the heart, as shown in figure 7-41. Similarly, the FOM increases for ROIs for 

lung and tissue. For higher tube voltages the FOM for ROIs on lung and bone on lung 

increases but only slightly.  

 From the figures above it can be seen that the FOM is maximum at the 64 kVp. The 

ideal combination of exposure factors would be 64kVp and 2 mAs for imaging a 3.5 kg 

neonate with the cassette in the tray, instead of 62kVp and 1.6 mAs with the cassette on the 

bed. The “in tray” method corresponds to an ESD= 50.5 μGy. That is just exactly on the DRL  

proposed by the NRPB of neonatal radiography 
83

. The relevant increase is 36% in 

comparison with the reference “on the bed” method (ESD=37.2 μGy).  

Figure 7-41. The figure of merit (FOM= CNR^2/ESD) between regions of interest of lung and retrocardiaclung, 

lung and bone and lung and tissue, on images on images obtained with techniques that result in the “reference 

detector dose” of 3.9 μGy.  
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 The FOM tends to increase for higher kVps when using the imaging tray, therefore it 

would be of interest to expand the current study for higher tube voltages. Other studies 

suggest higher tube voltages 70-90kVp even for neonates with birth weight <3500g 
226, 249

.  

 

 The current study is only a simplistic approach of this subject and is not fully complete 

for application in clinical practice. However it is a good starting point for further analysis for 

incorporating the use of the imaging tray on routine clinical practice. Calculations of CNR of 

the type described here for different imaging scenarios can provide the opportunity to evaluate 

how changes in radiation quality involving the use of the imaging tray and tube potential are 

likely to affect radiological images. They may assist in investigation and assessment of 

optimisation strategies prior to their introduction into clinical practice. 

 It is under discussion whether this level of decrease in the CNR is significant for 

diagnosis in clinical images. Frequently, the heart is an organ of interest in neonates with 

cardiovascular disease. It should be investigated in cooperation with paediatric radiologists 

and paediatricians, whether clinically the heart region and the ribs should be suppressed if 

they interfere with the visualization of the lung. Additionally, the heart due to magnification, 

when placing the cassette in the tray, could cover a larger area of the lungs. It was not in the 

scope of this study to investigate and optimise in detail the CNR for various regions of the 

chest. More work in necessary for a wider range of tube voltages and possibly contrast test 

objects with similar attenuation properties for more accurate measurements. Additionally, 

other techniques, eg involving Cu filtration might provide further opportunities for 

optimisation.  

 

7.3.3.1 Factors affecting image quality and patient  dose 

7.3.3.2 Tube voltage 

 The optimum choice of tube potential, and therefore the proportion of high energy 

photons in X-ray beam, depends on the clinical task and the amount of information required 

70
. The tube voltage affects the quality of radiation which refers to the distribution of photon 

energies in the X-ray beam. The tube voltage will affect the contrast in an image, which 

greatly depends on the mechanism through which photons interact with tissue. Low energy 

photons, interact with tissue through the photoelectric effect and the probability varies with 

atomic number as Z
4
 and density 

159
. The interaction cross-section for the photoelectric effect 
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decreases rapidly with energy. In this case, the photon Photoelectric Interactions result in 

improved contrast in the image in comparison to the Compton scattering, however the photon 

is completely absorbed in tissue and contributes to the patient’s radiation dose 
159

. Compton 

scattering is a result of differences only in density, and any of the resulting scattered photons 

reaching the detector contribute to image noise. In practice, X-ray beams contain photons 

with a wide range of energies—a spectrum. The interaction cross-section for the photoelectric 

effect decreases rapidly with photon energy (as ~1/E
3
), whereas that for Compton scattering 

is comparatively independent of energy in the diagnostic energy range 
159

. With lower energy 

beams, (“softer” beams), the detector doses can be compensated for by increasing the 

intensity of the beam (namely the mAs value). However that would also result in an increase 

in patient dose. Additionally, longer exposure time might result in unacceptable image quality 

due to patient motion, especially for neonates, where breathing rate and heart movements are 

faster. The minimum exposure time is needed for neonates, however, frequently for mobiles 

units, for the shortest exposure time low kVp have to be used to avoid overexposure. This is 

where added tube filtration should be considered (e.g., 0.1 mm Cu). 

 The X-ray beam quality chosen for a particular radiological examination must achieve 

a balance between these factors as well as taking account of variations in the sensitivity of the 

imaging system with photon energy 
159

. Differences in the quality of the X-ray beam change 

the E in a different manner from the ESD.  

 The ESD will decrease for increasing KVps and a constant detector dose (e.g. 1 μGy). 

In that case, the Deff will also be reduced, but the proportional change will be 25-30% less. 

That decrease however depends on the area of the body being imaged and the critical organs 

lying within the primary beam, eg breast for a chest x-ray  
70

. Although entrance dose rate 

falls continuously as tube potential is increased, the proportionate decrease in E rate declines 

at higher tube potentials 
250

.  

 Increasing the tube voltage has to be limited up to a certain point which depends on 

the clinical task and the amount of information required.  

 Even though contrast is compromised, with digital image processing much of this loss 

can be compensated by window and level adjustments to enhance the display contrast. This is 

acceptable as long as the effective beam energy is not too high within the constraints of the 

image SNR 
4
. Significant reductions in patient dose have been achieved by raising tube 

potentials for particular radiographic projections, where the resulting images, although having 

a lower contrast, provided the diagnostic information required from the examination 
217, 250

. 
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For neonates a standard technique has been recommended in the CEC 1996 guidelines for 

paediatric radiography. In that report a tube voltage of not lower than 60 kVp is suggested 
81

.  

 Although tube voltages 60-70 kVp are common in radiography of neonates, a high 

tube voltage such as 90 kVp was suggested, for visualisation of the carina and the main 

bronchi in neonatal CR digital radiography 
249

. In that study, performed in Sweden (2005), 

Hansson et al aimed to optimise tube voltage for neonates <1000 g. A rabbit was used as 

phantom and was irradiated with varying tube voltage ranging from 40 kVp to 90 kVp. The 

reproduction of four structures on the images (central vessels, peripheral vessels, carina and 

thoracic vertebrae) was rated by 10 radiologists. The study showed that the high tube voltage, 

90 kV offered the best image quality in the reproduction of the carina, when the tube voltages 

were compared at a constant E. The opposite was true for the thoracic vertebrae. The 

reproduction of both central and peripheral vessels was relatively independent of tube 

voltage. However, reproduction of the carina with the main bronchi was deemed to have a 

higher diagnostic value compared with reproduction of the thoracic vertebrae, and it was 

decided that 90 kV was the optimal tube voltage. The follow-up study confirmed the results 

from the phantom study that the reproduction of the carina was better at 90 than at 70 kV. In 

conclusion, for neonatal chest imaging—given the same E- 90 kVp gives better reproduction 

of important structures 
249

. 

 Cohen et al report the use of 64 kVp and 0.8 mAs for the majority of infants. For very 

small babies <750g the technique is changed to 62 kVp and 0.8 mAs, and for those with 

weight >2500g the exposure is increased to 66 kVp and 0.8 mAs 
131

.  

 

7.3.3.3 Filtration 

The spectrum of an x-ray beam at low-photon energies is depends on beam filtration. 

Diagnostic X-ray beams are filtered with a few millimetres of a low atomic number absorber 

such as aluminium in order to reduce patient dose. Filtration removes photons of low energy, 

“soft” photons, which would not penetrate the patient and would therefore contribute to 

increasing patient dose without a concurrent contribution image quality. The use of copper 

filtration is recommended for paediatric radiography 
81

. The use of copper can give 

significant reduction in radiation dose, but the benefits must be weighed against the increased 

tube loading and possible degradation in image quality due to the need for longer exposure 

times and a possible reduction in image contrast. The use of additional Cu filtration in the 

optimisation of radiographs for paediatric patients has been studied previously 
248, 251, 252

. The 
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result of a recent Monte Carlo study from Smans et al in 2008 show that optimum balance 

between patient dose and image quality is found at 60 kVp using additional filtration. When 

working at a constant incident air kerma, additional filtration proved to increase SNR by 30 

%. On the other hand, working at a constant detector dose the lung dose will decrease 25 % 

on average using extra Cu filtration. However, another study based on clinical observations 

from Hansson et al showed a clinical preference for higher kVp values for premature 

neonates  (optimum at 90 kVp) with the use of Cu 
249

.  

7.3.3.4  Air gap technique 

When the cassette is not directly behind the patient but at a certain distance, a portion of the 

X-rays generated in the patient would be scattered away from the image receptor and not be 

detected. Because fewer scattered X-rays interact with the image receptor the image contrast 

is enhanced. In the case when the cassette is positioned in the imaging tray, the distance from 

the back of the neonate to the detector is 6cm. Therefore the detector dose is less not only due 

to the attenuation from the bed but also due to the distance from the neonate. The contrast of 

the image is expected theoretically to increase due to the gap, as there is less scatted radiation 

reaching the detector, which would increase the background noise. However, that was not 

investigated in this study, as neonates not produce a significant amount of scatter due to their 

small sizes.  

 

7.3.4 Organ Dose measurement 

7.3.4.1 Organ doses and radiosensitivity 

In our irradiations four different techniques were applied in order to investigate the effect of 

changing tube voltage on organ dose. Our results demonstrated (figure 7-18) that the organs 

receiving the highest doses during neonatal chest AP radiography are the breast, the, liver, the 

lung and the thyroid gland (when in the primary beam).  These are highly radiosensitive 

organs, which according to the ICRP 2003 (table 5-1) report have the highest tissue 

weighting factors WTbreast=0.12, WTlung=0.12, WTliver=0.04, WTthyroid=0.04. Heart, 

pancreas oesophagus receive lower doses and (apart from oesophagus (WToesophagus=0.04) 

the rest are not as radiosensitive (category-“remainder tissues”). Gall bladder, colon and 

intestine receive even lower doses, followed by kidneys, spine and testes. A comparison of 

organs doses for breast, lungs and liver with other studies is presented in table 7-27.  
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 Our results are close to those reported by Makri et al deduced with Monte Carlo 

simulations 
222

. For example, the dose to the lungs was 20.7 μGy in our study, and 21.1 μGy 

in Makri et al. Ono et al have reported similar values of 21.8 μGy
205

. The dose to the breast 

was 46.4 μGy in our study, 40.3 μGy in Makri et al and 39.9 μGy in Faulkner et al 
222, 229

. 

The ESD in all three studies was approximately 40-50 μGy. Smans et al have reported a 

higher values for breast (31.7 μGy) 
226

. Also, liver received doses of 18.5 in our study and a 

dose of 21.8 μGy ws reported by Smans et al and 23 μGy by Kiljunen et al
234

.  

 

Table 7-27. A comparison of organs doses for breast, lungs and liver reported in this work, with other studies.   

  

In general, doses are of the same order of magnitude although significant differences can be 

observed. These differences could be partially attributed to the different values of ESD found 

in each study as a result of differences in the exposure factors, equipment and methods used. 

Additionally, different degrees of collimation (e.g. partial irradiation of the liver for a chest x-

ray) could be another reason for variation in doses for organs lying on the boundaries of the 

beam. Finally, in our study mean values for each organ were measured however TLD were 

not used in all available holes in the phantom, as initially the main aim of the measurements 

was the relative comparison between different techniques (study of the effect of changing 

tube voltage and distance on organ dose). Nevertheless, a good approximation was feasible.  

 

 

 

 

 

Comparison with other studies 

    Reference     

 
This 

study 

Makri 

et al 2006 
222

 

Wilson 

Costello et al 

1996 
105

 

Faulkner 

et al 

1989
229

 

Robinson & 

Dellagram. 

1983
221

 

Ono 

et al 

2003
205

 

Smans 

et al 

2008
226

 

Kiljunen 

et al 

2008 
234

 

 ESD (μGy) 

 50 44 44-48 39 50 30-50 52  

Organ Organ dose (μGy) 

breast 46.4 40.3 52-57 39.9    48 

lungs 20.7 21.1 26.3/28.8 15.7  21 31.7 32 

liver 18.5 12     21.8 23 
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Figure 7-42 shows the difference in doses received by highly radiosensitive organs for 

various techniques. Careful positioning of the phantom is crucial as distances in the neonatal 

anatomy are very small. The effect of collimation is prominent for mainly liver and colon, 

because these organs are only partially irradiated. By carefully positioning lead on the top of 

the incubator there is a 12% decrease in the dose to the liver. Also the dose to the colon was 

reduced by 40%.  

 By reducing the distance 10 cm the dose to the breast, liver and lung was increased by 

37%, 36% and 26% respectively. That underlines the importance is maximising the distance, 

by positioning the tube as high as possible and the incubator as low as it can go for the 

exposures.  

 The change in tube voltage from 62kVp to 66kVp resulted in an increased dose to the 

breast (18%) and the heart (12%). The dose to the lungs did not significantly change.  

 The TLDs were also positioned at the back of the neonate to measure exit dose. They 

were positioned just behind the spine however slight misalignments would result in increased 

Figure 7-42. Organ doses for critical organs such as the breast, lungs and liver, for four different techniques 

applied in order to investigate the effect of changing tube voltage and distance on organ dose.  
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measured dose, as the neonatal spine is not that wide (only 1.8cm wide). The dose to the 

detector behind the lung is much greater than that behind spine. That difference for is 200% 

for slice 8. Increased measurement in dose would be the effect of the lower attenuation of the 

lungs. Similarly, TLD positioned in the tray to measure detector dose in the tray, could easily 

be misaligned in relation to the neonate, so those results were not taken into account.  

 

7.3.4.2 Collimation and effect on neonatal dose 

It has been reported in recent study in 2008, that unnecessary exposure of non-relevant 

organs of infants exists in current practice of neonatal radiography. Results of these studies 

indicate and increase up to 30-50% in E during examinations from unnecessary exposure 

during examinations and unshielded gonads 
228

.  

 Soboleski et al in 2006 analyzed chest radiographs and found that only 55% of each 

images actually consisted of the lung fields and that 45% consisted of unnecessarily imaged 

organs or tissues. Overall, about 40% of the length of the chest radiograph was of non-thoracic 

structures, resulting in radiation exposure to these sites 
253

 

Bader et al reported a similar concern for unintentional exposure during chest and abdominal 

examinations performed in the neonatal intensive care unit. They found that 85% of chest 

radiographs unintentionally included the abdomen and 45% included the neck 
254

.  

Appropriate collimation is the most important factor for improving image quality, 

however it constitutes the most common radiographic mistakes
220, 226

. Optimum coning will 

avoid unnecessary irradiation of sensitive organs and will reduce scattered radiation, thus 

improving contrast and resolution whilst also reducing dose. It has been also noted, that in 

some examinations, the imaged object covers the whole film, meaning that the real radiation 

area borders do not appear on the film. In other words, the actual field size borders of the X-

ray examinations are even larger than those which were recorded. If the field is enlarged by 1 

cm at the bottom and top of the field (neck and abdomen) for an initial field of 6cm, the dose 

is increased by 33% in very preterm neonates
255

. 

Recommendations for unnecessarily exposed/under-collimation have been proposed 

by the European Commission 
81

. Based on those guidelines, in the neonatal period, the 

tolerance for the maximum field size should be 1.0 cm at each edge greater than the 

minimum. Among male infants, testes should be shielded in all abdomen or babygram 

examinations performed. For female infants, ovarian shielding cannot be used in most 

abdomen and babygram examinations. Sometimes ovaries cover important pelvic structures 
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which often are the subject of clinical interest and therefore cannot be shielded. Furthermore, 

the site of the ovaries is very difficult to determine in a baby 
256

.   

Nevertheless, the ALARA concept must always be kept and whenever possible, the 

radiographer should use gonad shielding to prevent unnecessary exposure to this 

radiosensitive organ.  

 

This should be especially applied in preterm neonates, where follow up radiographs or 

radiographs to determine the correct positioning of tubes and lines are usually performed. 

Additionally, in preterm neonates’ organs, due to their smaller sizes, radiosensitive organs are 

closer to each other. In addition, scatter radiation outside the field of exposure has less 

distance to travel to sensitive organs in a small infant than in a large adult, resulting in a 

higher E (figure 7-43)
 127, 217, 123 

 

 The large spread observed in this and other studies in DAP values are linked to 

variations in beam size 
226

. In the RVI hospital shadow shielding is used to limit the radiation 

field. Pieces of lead rubber on the top of the incubator act as an extra collimator so body parts 

outside the region of interest are not in the x-ray field.  

The wide range of body sizes presents a challenge for the radiologic technologists when 

selecting a radiographic technique 
127

. Overall, the field of the radiographs appeared to be 

more precise as birth weight and gestational age increased 
224

. 

 This could be a problem when using the incubator imaging tray for imaging neonates. 

Radiographers have reported problems in correctly aligning the tube, the baby and the 

cassette in the tray. This has been characterized as one of the drawback for the use of the tray 

in clinical practice
66

. Incorrect positioning would result in repeat radiograph which would 

double the patient dose and is not in line with the ALARA principle. Therefore, a thinner 

transparent bed and thinner mattresses could possibly assist and promote the introduction of 

the “tray” technique in clinical practice. Another suggestion could be for the manufacturers to 

Figure 7-43. This radiograph of the chest and 

abdomen of a premature infant weighting 

approx. 1.600g illustrates the challenges in the 

collimation of the extremities when the entire 

chest and abdomen are requested for line 

placement. This portable chest radiograph of 

an obese adolescent who was intuited was 

acquired in the intensive care unit 
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consider to make the bed out of carbon fiber material in the shape of a grip (like a tennis 

racket) so the cassette can be seen. In the case of artifacts then the bed should be made of 

very thin carbon fiber material, as it could easily support premature neonates which are very 

light anyway. Plate position could also be checked with external markers and precisely 

determined. A moving tray along the patient axis could possibly also provide an aid to the 

radiographer.   

7.3.4.3 Organ dose coefficients  

Values of organ dose coefficients for lungs and breast were also derived from the acquired 

data for chest examination of a neonate. Organs located close to the edge of the field such as 

thyroid and liver present differences due to differences in the exposed organ fraction, 

therefore the coefficients were not calculated for those organs.  

Organ dose values normalised per ESD and entrance kerma free-in-air and a comparison with 

other studies are presented in tables 7-28 and 7-29. Our results are in a good agreement with 

those from other studies.  

 Monte Carlo (MC) calculations performed in Germany by Gesellschaft fur Strahlen 

und Umweltforschung (GSF) using a voxel phantom have reported organ dose normalized to 

entrance air kerma free-in-air coefficients for baby 
257

. These were in good agreement for 

most organs with those proposed from by NRPB in Report 279 
69

 with MC techniques in 

mathematical phantoms simulating similar exposure parameters (applied potential 65 kV, 

filtration 3.5 mm Al, focus-to-film distance 150 cm, field size in film plane 14.6 × 13.9 cm2) 

69
. 

Table 7-28. Organ dose values normalised to Entrance surface dose (ESD) in this work and comparison with 

other studies.  

 

Coefficients of organ dose normalised to ESD 

Organ This study 
Makri et al 2006 

222
 

Wilson Costello et al 

1996 
105

 

Faulkner et al 

1989 
229

 

lungs 0.41 0.48 0.54/0.65 0.4 

breast 0.92 0.92 - 1.02 

 

Table 7-29. Organ dose values normalised to entrance kerma free-in-air in this work and comparison with other 

studies.  

Coefficents of organ dose /air kerma 

Organ This study Makri et al 2006 
222

 GSF baby 
257

 NRPB 0 year old 
69

 

lungs 0.5 0.53 0.54 0.71 

breast 1.2 1.01   
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 Organs located close to the edge of the field such as thyroid present differences due to 

differences in the exposed organ fraction and it was not included. The difference in the breast 

coefficient for the comparison between NRPB and GSF could be attributed to the use of a 

voxel phantom in the GSF study and the shorter AP thickness of the model, which introduce 

differences in the location of the organs with respect to the beam and the depth of the organs 

in the phantom relative to the mathematical phantoms.  

7.3.5 Cancer risk 

7.3.5.1 Effective dose and cancer risk per radiograph 

Cancer risks from chest x-ray are already low, however, they should still be as low as 

reasonably achievable. The cancer risk was estimated per radiograph. E was estimated with 

use of conversion coefficients from the NRPB R279 report 
258

. The same calculation was 

performed for the “reference technique” (62kVP, 1.6 mAs at 100cm focus to skin) and for the 

“suggested technique” in the tray (64kVp, 2.0 mAs at 100cm focus to skin), as well as for all 

techniques that would result in a similar detector dose of about 3.9 μGy (table 7-30). These 

were taken from the report for 3mm Al filtration (for 60kVp, 70kVP and 80kVp were 0.224, 

0.238 and 0.251 mSv mGy-1 respectively).  

 Results of the estimation of E are presented graphically in figure 7-44. It was not 

always possible to achieve the reference detector dose, since the mAs values are already set 

in steps on the unit, so selecting the next available slightly lower or slightly higher mAs 

values would result in a higher or lower dose to the detector. The E values would be affected 

by that, so for some techniques the closest possible to the reference was selected. It can be 

deduced that the E is higher for all the techniques using the tray, compared to those of using 

the bed, however E values tend to decrease for increasing tube voltage. 

 

Table 7-30. Calculated effective dose values (E) for radiographic techniques that would result in a detector dose 

of 3.9 μGy or close, with and without the use of the imaging tray.  

 

  Detector dose  (μGy) Effective dose E  (μSv) 

                               mAs               Tube voltage 58kVp 

bed 2 3.80 8.8 

tray 3.2 3.82 14.1 

                               mAs               Tube voltage 60kVp  

bed 2 4.17 9.7 

tray 2.5 3.75 12.2 
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 . 

The corresponding radiation induced cancer risks were calculated for the “reference 

technique” and the “suggested technique” according to two methods.  

ICRP 1990 report 60 

 The first one is the one suggested in ICRP 1990 Report 60, were the risk factor for 

prenatal exposure was used 
173

 assuming that neonates and foetuses are equally 

susceptible to carcinogenic effects of radiation. This was felt to be an appropriate 

assumption since the majority of neonates treated are premature, however, this 

assumption includes an overestimation of the risk as, irradiation in utero involves 

whole body exposure of the foetus, whereas the neonatal radiography involves only 

partial exposure.  This cancer mortality risk ranges from 2.8 -13 x 10-2 per Sv, 

however the maximum was applied for this work (worst case-13 x 10-2). The 

Figure 7-44. The effective dose values (E) presented as a function of tube voltage for radiographic 

techniques that would result in a detector dose of approximately 3.9 μGy, with and without the use 

of the imaging tray.  
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calculated risks and the corresponding increase between the two techniques are 

presented in table 7-31.  

 

Table 7-31. Calculated cancer risks per radiograph for the “reference” on the bed and the “suggested” in the tray 

methods that would result in a detector dose of about 3.9 μGy based on the ICRP 60 report.  

Cancer risks based coefficients from the ICRP 60 report for prenatal exposures 

Risk per radiograph Relative increase in risk 

Reference technique with the cassette placed on the bed 

37% 

1.11 per 10
6 
neonates or 1 in 900.000 

Suggested technique with the cassette placed in the tray 

1.53 per 10
6
 neonates or 1 in 650.000 

 

Based on this method with the suggested technique for using the tray it is estimated that 1 in 

650.000 neonates undergoing 1 radiograph will develop a malignancy. However, this method 

gives an estimate for approximately the following 15 years after irradiation and not across the 

remaining lifespan, which could be up to more than 80 years nowadays.   

 

 In the second method coefficients from the BEIR VII report published in 2006 are 

used for the 0 year old age 
31

. According to the BEIR VII report in 2006 the E and the 

risk attributable to the chest x-ray examination are higher for females due to the direct 

irradiation of the breast and lungs which are more radiosensitive than in males 
31, 41

. 

Those coefficients are 2563 per 0.1Gy per 100.000 population for males, and 4777 per 

0.1 Gy per 100.000 for females. The incidence of malignancy for males and females 

for both the “reference” and the “suggested” method are presented in table7-32. 

 

The highest calculated lifetime risk is for a female neonate undergoing a chest examination 

with the cassette placed in the tray, 5.6 x 10
-6

. 
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 Table 7-32. Calculated cancer risks per radiograph for the “reference” on the bed and the “suggested” in the 

tray methods that would result in a detector dose of 3.9 μGy based on the BEIR VII report.  

Cancer incidence risks based coefficients from the BEIR VII report for 0 years old 

Risk per radiograph Relative increase in risk 

Reference technique with the cassette placed on the bed 

37% 

2.2 per 10
6 
neonates or 1 in 450.000 for males 

4.1 per 10
6 
neonates or 1 in 240.000 for females 

Suggested technique with the cassette placed in the tray 

3.0 per 10
6
 neonates or 1 in 330.000 for males 

5.6 per 10
6
 neonates or 1 in 180.000 for females 

 The above results are in good agreement with other studies where 1.1-5.2 per million 

was reported by Chapple et al and 2 per million by Jones et al 
204, 231

. Makri et al reported a 

lifetime risk of 1.5 per million 
222

. A risk in the order of 0.3-1 per million was reported by 

Armpilia et al. and 0.4-2 per million by Olgar et al 
208, 233

.  In 2009, Puch-Kapst et al reported 

a risk of 4.4 per million neonates for cancer mortality 
62

.  

 

7.3.5.2 Breast and lung cancer risk  

The cancer risk per radiograph for the critical radiosensitive organs receiving high doses, 

such as breast and lungs was calculated separately for the “reference technique”. These are 

presented in table 7-33 assuming an organ dose of 22.2 μGy for lung and 45 μGy for breast.   

 

Table 7-33. Cancer risk per radiograph for breast and lungs calculated for males and females 

for the “reference” technique based on data from BEIR VII report. 

Organ risks based coefficients from the BEIR VII report for 0 years old 

Lung Risk per radiograph for the reference technique 

Reference technique with the cassette placed on the bed 

0.7 per 10
6 
neonates or 1 in 1.450.000 for males 

1.6 per 10
6 
neonates or 1 in 615.000 for females 

Breast Risk per radiograph for the reference technique 

5.3 per 10
6
 neonates or 1 in 180.000 for females 
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 The HPA has published in 2011 radiation risks from Medical x-ray examinations as a 

function of patient age and sex. Those coefficients are lower than the ones used here so, 

however it was considered appropriate to use the previous ones for comparison reasons and 

as they would represent the worst case. 

 

 

7.3.6 Paediatric Dose levels in digital imaging and comparison to screen-film  

 The well established technology of SF is being gradually replaced by digital imaging.  

CR has merited ground as an imaging tool, for adults as much as for paediatric examinations, 

since it is replacing conventional screen film rapidly 
149

 and now it is very common to use as 

it is simple and similar to film. 

 Despite the numerous advantages of imaging with CR that have been described, 

fundamental differences exist, therefore the optimum technique may not be necessarily the 

same. To define “target diagnostic image quality” is a challenge. With digital systems such as 

CR the optimum technique can be obtained by maximising the SNR or CNR whilst 

maintaining the same E 
259

.   

 There has been an expectation among many users that adoption of CR will lead to 

reductions in patient dose 
141

. Initial experience with CR 1989, gave the subjective 

impression that the diagnostic information is equivalent to conventional radiography, even at 

reduced mAs values (by 25-33%)
260

. The diagnostic information from the heart and lungs 

was similar to that obtained with the conventional radiograph and the visualisation of bones, 

and particularly of soft tissue, appeared to be better on the digital images. In addition, the 

outline of endotracheal tubes and catheters can be enhanced with the digital imaging system. 

Similar results were acquired with the introduction of CR cassettes over a decade ago in 

paediatric imaging. In study in 1989, a 30% reduction was observed in paediatric imaging 

with the use of CR 
261

. Generally, it is advised that CR imaging can be applied for neonatal 

radiographs in the SCBU 
262

.  

 Don et al in 2007 reported that paediatric radiologists with post-processing and image 

adjustments the CR image display resulted in a higher rating by the radiologists compared 

with the reference SF radiographic appearance.  In that study of neonatal CR images, high 

brightness, high detail contrast, and a narrow to middle latitude image processing for viewing 

neonatal chest CR were preferable compared to a soft-copy control image on which tonal 
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characteristics and brightness are mapped to yield an optical density of approximately 1.65 in 

the lung region 
121

. 

  Previous European studies (1992-1995) have reported significantly wide range of 

values in dose values for neonate of weight 1000 g (11-386 µGy, 1:35) 
211, 227, 263

 amongst 

different x-ray departments, due to differences in exposure techniques, x-ray equipment and 

training and education of radiographers, as well as due to the lack of an optimized 

radiographic protocol. A high percentage (71%) of the participating hospitals were applying 

techniques using a tube voltage lower than 60 kVp 
264

. That resulted in the increase of dose. 

In 25 % of the participating hospitals, the film screen combination was of low speed (< 200) 

81
.  

 In a recent survey in 2008, 
265

 were 14 x-ray departments took part from around 

Europe, it was observed that there was a large range of doses encountered for neonates (41-

353 µGy). There was also a significant deviation in the exposure parameters applied (tube 

voltage range 55-70 kVp and mAs range 0.56- 2.5). Other departments apply a standard tube 

voltage e.g. in 2005 in Sweden 70kVp was applied for radiography of neonates weighting 

below 1 kg 
249

 .  

 

7.3.6.1 Dose reduction with Computed radiography  

 In a recent study in 2009 for paediatric x-rays the possibility to reduce dose by 2.5 

times is reported with CR 
239

. Also, another report by  Neofotistou et al in 2005 using a 

phantom, reported that the dose can be lower by 25% for neonatal chest and up to 60% for 

neonatal abdomen 
12

. Dose reduction from 25% to 50% is reported in older studies for 

neonates without significant degradation in image quality using CR 
252, 266, 267

.  

Additionally, a comparable image quality and good visualization of the pulmonary edema is 

reported in a CR study that utilized a rabbit for a phantom, with a concurrent dose reduction 

by 20% to bone marrow 
268

. 

 On the other hand, higher doses have been measured in CR radiography in children in 

order to achieve acceptable image quality or equivalent to screen film 
269, 270

. 

 Nickoloff et al report that with appropriate beam filtration and high kVps, CR image 

receptors can provide adequate image quality for paediatric airway imaging, however in 

general, radiation doses with CR systems are greater than typical doses with film-screen 

systems 
269

. Similar conclusions were drawn by Bick et following a study of the use of CR in 

neonatal intensive care radiography 
271

. 



193 

 

Other articles support this finding. Image quality for neonates was found not significantly 

better for CR 
272

, whereas in order to achieve equal image quality an increase 50-100% is 

necessary in comparison to the conventional technique 
273

.  

For the same dose, the visualization of the lung, of the mediastinum, of soft tissues and 

bones, pneumothorax as well as of the catheters, is equally acceptable in both techniques used 

274, 275
. 

 

7.3.6.2 Optimisation of techniques in paediatric Computed radiography  

  Prior to transition from SF to CR an optimisation study could potentially result in 

dose reduction. In a paediatric hospital in Portugal, in 2011, an optimisation study in 

paediatric chest and pelvis x-ray with CR was realised. The doses for chest x-ray with CR 

dropped significantly. There was a 64% reduction for chest x-rays (from 0.22 to 0.08  

mGy)
276

.  

 Recent data in paediatric radiology emphasize the urgent need for setting equipment 

and optimized techniques in conventional and CR paediatric imaging, and especially neonatal 

imaging 
123, 220, 265, 277, 278

.   

 CR has led to a significant reduction in the range of repeat exposures compared with 

SF radiography 
10

. The overall reject rate was 27.6% in the conventional and 2.3% in the 

digital department. While in the conventional department the main reason for rejection was 

'exposure' and 'others' (i.e. problems related to film handling), the main reason in the digital 

environment was 'positioning' This results from the wide dynamic range of CR and the 

benefits of the image enhancement. CR images can be adjusted to individual preferences of 

the radiologist with post-manipulation that make diagnosis of the produced images without 

having to repeat the radiograph 
125, 279

. 

 The increasing use of CR is not yet fully optimized internationally, and still remains a 

critical issue. In 2007, it has been reported that after the introduction of CR techniques for 

adult radiography, in increase in dose has been observed initially, from 40% to 103%, which 

after improvements and corrections in the practice for a period of one year, it ended up being 

at the 38% of the European Diagnostic Reference Levels. That is a 20-50% reduction from 

the initial values 
13

. 

 In one study on the ESD, in which 4 European hospitals participated doses differed as 

much as 250% for chest PA, 30% for chest LAT 230% for lumbar spine PA and 200% for 

lumbar spine LAT. In that study all participating centres used AGFA Solo CR system. In the 
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same study, 2 years later the doses were reduced to half of the initial value when CR systems 

were optimised 
12

.  

 It is also reported that for achieving the same quality of the image, even between CR 

systems of different generation, dose can be up to 4 times higher 
149

. 

The question whether current practice agrees with the ALARA principle remains open 
148, 150

. 

Willis et al reported a phenomenon that he refers to as “CR dose creep”, thus attention is 

needed when switching to CR 
280

. 

 The continuing use of digital radiography, direct and indirect, has led to the 

organization of the recent European study, the Sentinel project,  where an effort is made 

between radiologists, medical physicists and radiographers, to cooperate in order to set 

clinical as well as quantitative image quality criteria, to create radiation protection guidelines 

and to set DRLs for the new digital imaging techniques 
150

. 
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8 CHAPTER 8. PART 3. COMPUTED 

TOMOGRAPHY IN NEONATES- A DOSIMETRIC 

APPROCH 

8.1 Materials and Methods  

  

During CT examinations multiple organs are irradiated in a complex energy deposition in 

the body, depending on the anatomical area in question. The estimation of risk requires 

knowledge of those organ doses and the doses should be evaluated for various child body 

sizes. Therefore, it was considered necessary to investigate and update a dosimetric 

methodology with the purpose of assisting in the optimisation of CT examinations in 

neonates.  

 The parameter, effective dose, has long been used as a single parameter that reflects 

the relative risk from exposure to ionizing radiation used for dose optimisation. However, the 

definition of effective dose has recently been revised by the International Commission on 

Radiological Protection (ICRP) in Publication 103 (ICRP 103 2007), replacing the earlier 

recommendations in Publication 60 (ICRP 60, 1991) 
41, 173

. This study investigates the effect 

of the new tissue weighting factors on the estimated effective dose and the dose conversion 

coefficients.  

 The method presented in this study is based on that used by Chapple et al. 
197

 in 2002 

for the derivation of effective dose conversion coefficients (EDLP) from the displayed dose-

length product (DLP) values at the end of each examination. However, the new set of tissue 

and organ weighting factor (WT) published in ICRP 2007 (WT, 103) is now applied for the 

calculations. The materials and the methodology used to realise the study are described 

below.  

 Data on paediatric doses are very difficult to analyse, because of the considerable 

great variation in height and weight of children encountered between those reference points 

or even for the same age. In order to compare centres, it is common within the European 

Union to collect data for five standard ages, i.e. for newborn, 1-year-old, 5-year-old, 10-year-

old and 15-year-old children. The method presented in this work, allows the calculation of 

effective dose for any patient size, from the readily available parameter DLP.  
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Table 8-1. Age and size data for paediatric 

patients 

 This work was primarily focused on neonatal CT however in order to obtain size 

dependant conversion coefficients  it was extended to paediatric CT scans, including the ages 

of 1, 5 and 10 years old. 

 

8.1.1 Anthropomorphic Phantom 

 

An anthropomorphic phantom, representing an average 

size newborn infant (3.5kg, 25 cm height) was used for 

the different scanning protocols and the calculation of the 

effective dose (described in detail in chapter “Materials 

and Methods” in Computed Radiography-Chapter 7). 

Each slice contains holes to enable placement of TLDs in 

the various organs. For the newly included tissues in the 

ICRP 103 report (e.g. heart, brain), the phantom was 

adapted with extra holes, drilled where necessary on the 

organ or close. In total, 155 TLDs were set at the 

positions of tissues or organs for which tissue weighting 

factors are provided in ICRP 103. The construction of the phantom slices is exhibited in 

Figure 8.1. The radiation equivalence of the phantom is stated to be close to that of the 

simulated tissues For energies from 20 - 100 keV, with linear attenuation coefficients 

agreeing to within 4% for all tissue types. TLDs were also positioned on the surface of the 

phantom to measure the skin dose. TLDs were also 

positioned externally on the breast (slice 8), on 

thyroid gland internally (slice6) and externally 

(surface of slice 5) on the gonads (slice 14), in 

plastic handling bags (3 TLDs for each bag). The 

study was extended to other ages (namely the 1, 

5 and 10-year old)  therefore  matching phantoms were used, corresponding to the Cristy 

mathematical phantoms (Cristy 1980) for which age and size data are give in table 8-1.  

 

 

 

Phantom  Height (cm) Weight (kg) 

Neonate 51.5 3.5 

1yr old 75.0 9.4 

5yr old 109.0 19.1 

10 yr old 138.6 32.1 

15yr old 164.0 54.5 

Figure 8-1. Neonatal anthropomorphic 

phantom which consists of a human 

skeleton and soft tissue equivalent 

material that simulates the internal 

organs. It is split into sections to allow 

the placement of dosimeters to assess 

radiation dose 
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8.1.2 Thermoluminescent dosimeters (TLDs) 

 The thermoluminescent dosimeters (TLDs) were positioned on each slice into the 

holes for the corresponding organs, including bone and ICRP remainder organs, which were 

described in the phantom manuals. These were used to determine organ doses which were 

used in the calculation of E. The skin dose was taken as the average of the values of TLDs 

placed over the surface of the phantom, back, front and sides. For organs that included 

multiple TLD measurements, the mean value was used except for bone marrow dose, where 

active bone marrow fractions were applied for the correct age (Cristy 1981). The total 

number of TLDs used was 155 for the neonatal phantom. The dose to the bone was deduced 

using published values for relative amounts of bone in different anatomical areas (Cristy 

1980).  

 For each protocol the phantom with the set of TLDs was scanned totally ten times to 

bring enough energy to the TLDs for sufficient and  reliable measurements. Accordingly, to 

obtain the dose of a single scan, the total dose measured with the TLDs was divided by ten 

after each set of measurements for each of the four protocols to calculate the organ or tissue 

dose per examination.  

 The TLD calibration, annealing and read out is similar to that presented in Materials 

and Methods for neonatal radiography with Computed Radiography (Chapter 7.1.10.1). 

  The uncertainty in effective dose was determined for each phantom and scan type by 

summing the component uncertainties in quadrature. In each case, this gave an uncertainty 

close to ±8.5% in the effective dose.  

An overall uncertainty of ± 9% for the conversion coefficients is estimated. 

 

 

8.1.3 CT Scanners  

 The neonatal phantom was irradiated on a Siemens Sensation Open scanner, axially 

for all anatomical sections. The phantom, loaded with the TLDs, was irradiated with ten 

consecutive scans for each of the specified anatomical areas.. For the 1-, 5- and 10-y-old 

phantoms, results were recalculated from helical scanning (pitch of 1) for all sections, on a 

Siemens Somatom Plus 4 scanner, apart from the head scan which was performed axially. To 

validate the results, the neonatal phantom was additionally irradiated on a clinical ‘chest 

neonatal protocol’ (base of the neck to end of the liver) at 120 kVp, on a Philips Brilliance 

64-slice scanner. DLP was assessed for each scan using the weighted CT dose-index 
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(CTDIw) values based on the 16 cm Perspex phantom for each scanner, as recommended for 

the paediatric protocol. At the end of the irradiation, all technique parameters and displayed 

quantities (DLP, CTDI) were recorded.  

 

8.1.4 Examination Protocols  

 

CT scans were carried out of four non-overlapping anatomical areas namely,  head, chest, 

abdomen and pelvis. For each phantom these were predefined contiguous sections, rather 

than clinically used areas of view. This was to enable a method to be derived for calculating 

effective dose for any scan volume by combining factors. The sections used are described in 

table 2.  

Table 8-2. Anatomical areas scanned for each section 

A standard protocol was used for all patient 

sizes and anatomical areas (120 kVp, 200 

mAs, 10 mm slice width, rotation time 1 

sec,axial scanning pitch =1). No tube 

current modulation was used and no topogram was obtained prior to the scan. The axial mode 

was used in order to be able to set and irradiate a specific length, and calculate the DLP from 

the measured CTDIW and also to be able to compare with the previous ICRP 60 coefficients.  

 

8.1.5 Calculation of effective dose 

 Three different sets of tissue weighting factors have been defined in publications by 

the ICRP, intending to reflect advances in knowledge about the radiation sensitivity of 

various organs and tissues. The estimates of effective dose for the exact same CT 

examination can differ substantially depending on which ICRP report used, because of these 

changes. The latest ICRP Publication 103 was used in this study for the organ and effective 

dose calculation. The ICRP 60 set of factors was used to compare the present dose levels and 

the deduced coefficients with those in the previous work and the literature.  

 Although the best approach for children for assessing risk in paediatric CT would be 

to apply the age-specific organ risk factors, the effective dose was calculated using 

established weighting factors which have been shown to be broadly applicable to children 
281

. 

 For an organ or tissue with multiple TLDs the average absorbed dose to the organ or 

tissue was calculated with an equal weighting for each TLD. The equivalent dose for each 

Scan area Scan length 

Head Top of head to base of neck 

Chest Base of neck to base of lung 

Abdomen Base of lung to iliac crests 

Pelvis Iliac crests to pubic symphysis 
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organ/tissue is calculated from the mean tissue absorbed dose multiplied by a radiation 

weighting factor, which is 1 for X-ray photons. The organs included in the effective dose 

calculation are divided into primary and remainder organs based on epidemiological 

information regarding radiation induced cancer risk. The dose to the remainder organs was 

evaluated as the arithmetic mean of the following 13 sex specific organs and tissues: 

adrenals, extrathoracic region, gall bladder, heart, kidneys, oral mucosa, pancreas, prostate, 

small intestine, spleen, thymus and uterus/ cervix, which were selected from ‘remainder’ 

assigned in ICRP 103 
41

. 

 Doses for the red bone marrow and bone surface were evaluated from the doses 

measured in various bone tissues and the weight fractions of the red bone marrow and bone 

for 1-y-old infants given in ICRP 70, based on equations described in the previous paper. As 

a conservative estimate, the dose to the bone surface was calculated from the same 

measurement locations as the bone marrow. Doses for skin were evaluated from the average 

doses measured on the front, back, right and left side of the phantom at the centre of the scan 

region and the ratio of the irradiated area to the gross surface of the infant phantom. 

 

8.1.6 Dose-length product (DLP) conversion method 

 It has been established that a linear relationship between 

the CT dose indicator, dose-length product (DLP), and effective 

dose exists when assessing a specific anatomic region 
93

  

 As mentioned previously, DLP can be defined as the 

product of the volume CTDIvol and the irradiated scan length 

191, 282, 283
. 

 DLP = CTDIvol × irradiated length,  

defined according to International Electro-technical Commission standards 
177

.  

To obtain CTDIvol the CTDIw is divided by the pitch (in this case =1). 

CTDIvol = CTDIw /pitch 

 The CTDIw was measured with a 10 cm pencil ionisation chamber inserted inside a 

cylindrical homogeneous PMMA (polymethyl methacrylate) phantom that is used to 

attenuate the primary beam and to generate scattered X-rays, simulating conditions when a 

patient is in the field 
175

. The 16 cm perspex head phantom was used as this was more 

representative of the paediatric body than the standard adult body phantom (32cm phantom). 

CTDIvol takes into account any gaps or overlaps between the X-ray beams from consecutive 
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Weight (g) 

Height (cm) 

de 

Figure 
8-2. A 
“closed 
incubat
or”  

rotations of the X-ray source in axial and helical scan modes. Analogous to the DAP and 

ESD, the dose-length product DLP, is a better representative of the overall energy delivered 

by a given scan protocol, as the DLP reflects the total energy absorbed (and thus the potential 

biological effect) attributable to the complete scan acquisition.  

 DLP values were then calculated for each of the scans performed and values of 

effective dose per DLP calculated. The uncertainty in DLP arises mainly from the calibration 

of the chamber used to measure CTDIw, and was assessed to be 3%. 

 The “k factor,” or conversion coefficient relating DLP to effective dose (EDLP), was 

determined by dividing effective dose by DLP.  

    K=EDLP= E / DLP 

The derived conversion factors were plotted against size-dependent variables. These variables 

were height for head scans and equivalent cylindrical diameter for body scans. This method 

of effective dose calculation is most often employed in the clinical setting. 

 The parameter of equivalent cylindrical diameter was introduced by Lindskoug  to 

facilitate the comparison and checking of radiation dose estimates 
284

. It is derived from the 

following equation including a person's height and weight. The person is assumed to be a 

cylinder with the density of water (1 g cm Z).   

This technique was first proposed by Lindskoug  and has been further developed by Chapple 

et al 
197

(14).  

 

 Equivalent diameter de= 2∙ √(W/πH) 

 

 

The equation described above takes some account of both body shape and composition. The 

total energy imparted during an examination was shown to correlate well with equivalent 

cylindrical diameter of the patient
197, 284

 and the equivalent diameter of Reference Man was 

used to standardize the data using a simple coordinate transform. Lindskoug also showed that 

the energy imparted to children during trunk examinations increased logarithmically with 

equivalent diameter, in a similar manner to that for adults. He used this to derive appropriate 

exposure parameters for paediatric examinations, according to the height and weight of the 

patients.  

 Most manufacturers of CT scanners now compute and display DLP taking into 

account the entire irradiated length. The mean CTDIvol and DLP are reported retrospectively 
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from display data on the CT scanner. This value was recorded for each scan from the scanner 

console. The DLPs displayed on the vendors’ console are estimates based on the CTDIvol 

measured using either a 16-cm or 32-cm CT dosimetry phantom.  

 It is the opinion of several authors that the 16-cm CT dosimetry phantom best 

represents children with a smaller volume of attenuation 
49, 195, 285

. Therefore, previously 

published paediatric DRLs are derived from 16-cm CT dosimetry phantom measurements 
195

. 

Shrimpton et al. reported this as an acceptable and sufficiently accurate method of reporting 

dose indices for a dose audit, providing “initial checks are carried out locally to validate the 

readings 
195

.”  

 

8.1.7 Validation of method on a clinical neonatal protocol 

 To validate our results the neonatal phantom was additionally irradiated on a clinical 

“chest neonatal protocol” (base of neck-to end of liver, total length was 13 cm) at 120kVp, on 

a Philips Brilliance 64-slice scanner.  

 The TLD measurements for the neonatal phantom irradiated on a clinical “chest 

protocol”, incorporating chest and upper abdomen, were used to calculate E. The derived 

conversion coefficients for the chest and abdomen sections were combined to calculate E. 

DLP was assessed for each scan using CTDIvol values based on the 16cm Perspex phantom 

as displayed on the scanner, as recommended for paediatric protocol. The predicted effective 

dose value was calculated and compared to the measured by TLDs. 

 

8.1.8 Organ dose conversion coefficients 

During CT scanning of the chest, the breast is irradiated directly receiving high doses. This is 

important since the breast is not the organ in question. Lungs also receive high doses. 

Additionally, for scans of the abdomen, stomach and liver receive high doses. Those organs 

are amongst the most radiosensitive according the new ICRP report. Therefore, it was 

considered useful to deduce organ dose conversion coefficients per CTDIvol for each 

examination. That would provide radiographers and radiologists a quick and easy way to 

estimate organ dose for breast and lung from the displayed CTDIvol value at the end of each 

examination. Knowledge of the organ dose is crucial especially for neonates that could 

possibly receive multiple radiological examinations of the chest during early days of life.  
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8.1.9 Application of dosimetry  

8.1.9.1 Phantom irradiation on clinical protocols 

 The neonatal phantom was irradiated in the Royal Victoria Hospital (Newcastle Upon 

Tyne, UK) applying the default protocols that are used currently in clinical practice for chest 

scans and chest-abdomen-pelvis on two different scanners (Toshiba Aquillion 64 and 

Siemens Volume Zoom 4 slice). The clinical Chest protocol was selected in all irradiations. 

Initially, the chest was scanned and later the same factors were used but the length was 

extended to scan the abdomen and pelvis. Also, the third scan involved the same protocol but 

abdomen and pelvis were included. The exposure parameters of the technique and the 

corresponding DLP and CTDIvol were recorded.  

 Our methodology was applied in order to compare the two protocols and the E 

between the two scanners.  

 

8.1.9.2 Survey of neonatal protocols and patient data in the north of England 

CT is amongst the imaging modalities with the highest dose and the exposure parameters in 

all CT scans especially in children should be tailored to the size of the child, the body region 

of interest and the clinical question in order to minimise radiation. Certain acceptable levels 

of image noise should be established for diagnostic purposes especially for children. For 

example, due to their small sizes, tube voltage can be reduced to 80-100kVp for most 

children. However, that is not the case across all departments, which may have not set that as 

the default option for baby scans. Our method was applied in order to estimate the E values 

for various different departments. Knowledge of the E values is crucial as it is directly related 

to cancer risk which is higher for children. It is crucial for operators and radiologists to be 

able to have an estimate of the dose or risk for each scan in order to avoid unnecessary 

overexposure.  

 A survey was initiated in most of the hospitals around the north east and west of 

England with the aim to collect data regarding the protocols applied to neonates. In total 15 

hospitals were included. The protocols included were those applied for the most common 

examinations, namely head, chest (and high resolution) abdomen and pelvis CT. 

Radiographers were asked to record the data for the default neonatal protocols and the 

corresponding parameters. These are presented in table 3. 
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Table 8-3. Data recorded for the most common protocols 

applied in neonatal CT examinations. 

kVp Effective mAs 

mA modulation used Slice width settings 

If yes, IQ index Pitch 

Reference mA Total mAs 

 

The above parameters were recorded for each department. Additionally, actual patient data 

were recorded where available. For patient dosimetry, additionally, weight and scan length 

were recorded.  
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8.2 Results 

8.2.1 Organ doses 

The doses for organs and tissues as described in the ICRP 2007 were measured. Organ doses 

in an infant head, chest, abdomen and pelvis CT are summarised in Tables 1. 

In CT scan of the head, the organs doses for thyroid, salivary glands and brain were 36mGy, 

31mGy and 29mGy respectively. These organs were within the scan range. In a chest CT, the 

highest doses is received by the thymus (25mGy), the breast (27mGy), oesophagus (24mGy) 

and lung (25mGy), followed by the thyroid (23mGy),) and the spleen (15mGy). 

Table 8-4. Organ doses for neonatal examinations of head, chest, abdomen and pelvis CT. 

 

When scanning the abdomen the intestines receive the highest dose and well as the pancreas 

and gall bladder and kidneys (range 27-30mGy). For examinations of the pelvis, the uterus 

Organ doses for different CT examinations 

Brain Chest Abdomen Pelvis 

Organ Dose (mGy) Organ Dose (mGy) Organ Dose (mGy) Organ Dose (mGy) 

brain 29.3 brain 0.6 brain 0.3 brain 0.1 

thyroid 35.6 thyroid 23.3 thyroid 0.8 thyroid 0.2 

thymus  14.2 thymus  25.4 thymus 1.1 thymus 0.2 

lungs 3.1 lungs 24.9 lungs 3.3 lungs 0.6 

liver 1.0 liver 13.4 liver 21.6 liver 1.4 

gall bl. 0.5 gall bl. 2.7 gall bl. 27.6 gall bl. 4.4 

spleen 1.1 spleen 15.4 spleen 16.4 spleen 1.4 

Oesophagus 3.6 Oesophagus 23.7 Oesophagus 3.6 Oesophagus 0.6 

stomach 0.9 stomach 9.3 stomach 26.1 stomach 1.6 

pancreas 0.8 pancreas 6.4 pancreas 28.5 pancreas 1.8 

kidneys 0.7 kidneys 4.2 kidneys 27.3 kidneys 2.8 

adrenals 0.9 adrenals 5.9 adrenals 26.6 adrenals 1.9 

intestines 0.4 intestines 2.1 intestines 30.0 intestines 9.3 

Colon 0.4 Colon 1.4 Colon 20.0 Colon 19.6 

ovaries 0.3 ovaries 1.2 ovaries 20.4 ovaries 19.9 

uterus 0.3 uterus 0.9 uterus 14.7 uterus 25.9 

urinary bl. 0.2 urinary bl. 0.7 urinary bl. 7.2 urinary bl. 26.3 

testes 0.2 testes 0.3 testes 1.7 testes 26.2 

breasts 4.6 breasts 27.3 breasts 1.1 breasts 0.3 

bone surface 11.3 bone surface 9.1 bone surface 5.7 bone surface 4.3 

bone marrow 10.2 bone marrow 5.4 bone marrow 6.4 bone marrow 5.2 

skin surface 11.9 skin surface 7.2 skin surface 4.9 skin surface 3.5 

muscle 11.3 muscle 9.1 muscle 5.7 muscle 4.3 

salivary gl 31.0 salivary gl 2.0 salivary gl 0.4 salivary gl 0.1 

extrathoracic 

region 3.4 

extrathoracic 

region 1.8 

extrathoracic 

region 0.0 

extrathoracic 

region 0.0 

Heart 0.3 Heart 26.3 Heart 0.3 Heart 0.1 

Lymph. nodes 1.1 Lymph. nodes 11.4 Lymph. nodes 0.6 Lymph. nodes 1.1 

Oral mucosa 3.7 Oral mucosa 2.0 Oral mucosa 0.0 Oral mucosa 0.0 

Prostate 0.0 Prostate 0.3 Prostate 0.1 Prostate 2.1 
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and the urinary bladder, the ovaries and testes are the organs receiving the higher doses 

(range 20-26mGy).  The organ doses are illustrated in the bar graph for scans of the four 

anatomical regions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8-3. Graph with the organ doses for scans of the four anatomical regions (head, 

chest, abdomen, pelvis).  
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8.2.2 Comparison of calculated effective dose based on ICRP 103, ICRP 60 and 

DLP  

The impact of the new set of WT103 was more prominent for scans of the chest and pelvis. 

Specifically, E in chest scans increased by 17–25 %, whereas for the pelvis, there was a 

decrease in E values in the range of 28–37 %. No significant changes were observed for head 

scans (3–7 % increase) with the exception of the neonate, where a 13 % increase in E was 

measured. For abdominal scans, the values remained fairly similar to those previously 

reported. Figure 8-4 gives an overview on the obtained results comparing effective dose 

estimates by ICRP 103 and ICRP 60.  
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The difference in the calculation of E values for the two sets of WT for each anatomical 

region is presented in table 8-5. 

 

Table 8-5. The % difference in the calculation of the effective dose (E) utilizing the new set of tissue weighting 

factors of the ICRP 103 in comparison with those of the ICRP 60.   

 

 

Effective dose E103-E60/ E60 (%) 

Phantom Head Chest Abdomen Pelvis 

neonate 13.4 17.6 -7.0 -28.3 

1 6.2 23.4 -2.1 -31.9 

5 3.4 25.0 3.9 -34.2 

10 7.2 23.6 2.2 -37.4 

Figure 8-4. A comparison of the effective dose estimates calculated utislising the ICRP 

103 and ICRP 60 tissue weighting factors.  
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8.2.3 Derivation of dose conversion coefficients EDLP 

The effect of the new ICRP103 on the EDLP coefficients is analogous to that on E (figure 8-4). 

The values of DLP and E for each age group and for each examination are presented in table 

8-6. These were utilised to estimate the dose conversion coefficients EDLP.  

 The derived conversion coefficients EDLP show a decrease with increasing patient 

size, similar to that shown in the previous study. The chest and abdomen contain more 

radiosensitive organs than the head, and so trunk coefficients were 2-4 times greater than 

those for the head at all ages (Figure 8-5).  

 

Table 8-6. The values of dose-length product (DLP) and effective dose (E) as obtained for the ICRP 103 and 60 

respectively for the four anatomical regions and for all age groups. 

 

The effect of calculating the E/DLP conversion coefficients with the new ICRP 103 

weighting factors is illustrated graphically on figure 8-6.  

 

 

 

 Head 103 Chest 103 Abdomen 103 Pelvis 103 

Phantom 
DLP 

(mGy cm) 
E (mSv) 103 

DLP 

(mGy cm) 
E (mSv) 103 

DLP 

(mGy cm) 
E (mSv) 103 

DLP 

(mGy cm) 
E (mSv) 103 

Neonate  

(Siemens Sensation open 364.8 6.3 243.2 12.0 182.4 11.4 212.8 7.7 

1 y old  

(Siemens Somotom Plus 4) 283.5 2.4 327.6 8.7 252.6 4.7 252.0 4.6 

5 y old  

(Siemens Somotom Plus 4) 365.7 1.5 428.4 7.4 403.2 5.5 327.6 3.9 

10 y old 

 (Siemens Somotom Plus 4) 479.8 1.8 554.4 7.5 447.3 4.9 378.0 4.0 

         

 Head 60 Chest 60 Abdomen 60 Pelvis 60 

Phantom 
DLP 

(mGy cm) 
E (mSv) 103 

DLP 

(mGy cm) 
E (mSv) 103 

DLP 

(mGy cm) 
E (mSv) 103 

DLP 

(mGy cm) 
E (mSv) 103 

Neonate  

(Siemens Sensation open 364.8 5.5 243.2 10.2 182.4 12.2 212.8 10.8 

1 y old  

(Siemens Somotom Plus 4) 283.5 2.3 327.6 7.0 252.6 4.8 252.0 6.7 

5 y old  

(Siemens Somotom Plus 4) 365.7 1.5 428.4 5.9 403.2 5.3 327.6 6.0 

10 y old 

 (Siemens Somotom Plus 4) 479.8 1.7 554.4 6.1 447.3 4.8 378.0 6.4 
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Table 8-7. The values of the dose conversion coefficients (EDLP) as calculated with the tissue weighting factors 

of ICRP 103 and ICRP60 for the four anatomical scan regions and all age groups. 

 

8.2.4 Size dependence of dose conversion coefficients  

 The quantity E/DLP was calculated in each case, and plotted against height (for head 

scans) and equivalent diameter for the body scans. Equivalent diameter takes account of both 

the height and weight of a patient. Height alone was taken as the independent variable for 

head scans as the head size dose not vary as markedly as overall body size, and the chief 

factor affecting differences in effective dose is the distance between the scan are and the 

majority of radiosensitive organs (in the trunk).  

 The graphs all show an exponential decrease in the conversion factor with increasing 

patient size. This is particularly marked for the head and chests scans as the majority of 

Conversion coefficients E/DLP for all ages and anatomical areas for ICRP 103 and ICRP 60 

Phantom Head 103 Head 60 Chest 103 Chest 60 
Abdomen 

103 

Abdomen 

60 
Pelvis 103 Pelvis 60 

 E/ DLP E/ DLP E/ DLP E/ DLP E/ DLP E/ DLP E/ DLP E/ DLP 

Neonate 0.017 0.015 0.049 0.042 0.062 0.067 0.036 0.051 

1 y old 0.009 0.008 0.027 0.021 0.019 0.019 0.018 0.027 

5 y old 0.004 0.004 0.017 0.014 0.014 0.013 0.012 0.018 

10 y old 0.004 0.003 0.014 0.011 0.011 0.011 0.011 0.017 

 

Figure 8-5. The dose-length product to effective dose conversion coefficients (EDLP) and the effect 

of the new tissue weighting factor of ICRP 103 in comparison to those of ICRP60 for the four 

anatomical scan regions.  
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radiosensitive organs are in the abdominal and pelvic regions, and increasingly far from the 

beam as patient size increases. Equations of fit for the curves were derived in the form 

y =a * e 
–bx

           (2)  

where y is the conversion coefficient E/DLP and x the height or equivalent diameter. The fit 

parameters for equation (1) can be found on each graph, where R
2
 is the square of the 

correlation between the response values and the predicted response values.  

The variation of effective dose per DLP with patient size for the head, chest, abdomen 

and pelvis region is illustrated in figure 2.  
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8.2.5 Validation of method on a clinical neonatal ‘chest protocol’ 

 The neonatal phantom was further irradiated on a multi slice scanner, Philips 

Brilliance 64. The default protocol for baby was 120 kVp, pitch of 1, rotation time 1 s, 200 

mAs, collimation 10mm, and dose modulation was turned off.  

 The TLD measurements for the neonatal phantom irradiated on a clinical ‘chest 

protocol’, incorporating the chest and upper abdomen, gave an E of 18.9 mSv. The derived 

conversion coefficients for the head, chest and abdomen sections were combined to calculate 

E using the displayed DLP corrected to the 16 cm CTDIw value. The total scan length was 

13cm. In the calculation a weighted factor of 9/13 was multiplied with the chest coefficient 

and 4/13 with that for abdomen. The displayed CTDIvol (16.7mGy) was referring to the 

16cm phantom therefore a correction factor (from the last QA report) was applied in order 

acquire the value for the 16cm phantom. The conversion coefficients for each anatomical area 

were multiplied by the DLP which was 424 mGy cm.  

 The predicted E value was 22.6 mSv. The difference between the predicted and the 

mean of the values is 19 % which is considered acceptable in dosimetric studies.  

 

 

 

Figure 8-6. Variation of the effective dose per DLP with patient size for the head, chest, 

abdomen and pelvis region. 
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8.2.6 Organ dose conversion coefficients 

Organ dose conversion coefficients per CTDIvol were deduced for breast, lung, stomach and 

liver for examinations of the chest in neonates. These are presented in table 8-8.  

Table 8-8. Organ dose conversion coefficients per CTDIvol deduced for breast, lung, stomach and liver for 

examinations of the chest in neonates 

Chest scan, 120kVp, 200 mAs, collimation 10mm, pitch 1, 1 s rotation time (for 16 cm head phantom)  

Organ Organ dose (mGy) CTDIvol  (mGy) Organ dose conversion coefficient 

breast 27.3 30.4 0.90 

lungs 24.9 30.4 0.82 

Stomach 26.1 30.4 0.86 

liver 21.6 30.4 0.71 

 

8.2.7 Application of dosimetry  

8.2.7.1 Phantom irradiation on clinical protocols.  

 The neonatal phantom was irradiated with the “chest” Clinical Protocol in two 

scanners applying the default protocols that are used currently in clinical practice for a baby. 

 The first scanner used was the Toshiba Aquillion 64 scanner and the second one was 

the Siemens Volume Zoom. Initially, the chest was scanned on a clinical chest protocol and 

later the same factors were used but the length was extended to scan chest, abdomen and 

pelvis. Also, the third scan involved the same protocol but only abdomen and pelvis were 

included. The exposure parameters of the technique and the corresponding DLP and CTDIvol 

are presented in table 8-9.  

 The IMPACT CT patient dosimetry calculator (UK National Health Service CT 

Evaluation Centre, London, England) was used to estimate the E for the clinical scans. 

However, the calculated dose refers to an adult patient. In order to have an estimate of the 

dose to a neonate, the E had to be mulitpied by a factor of 1.4-2.2 for body scans and 2.3-2.6 

for head scans. The result is a range of E values for the neonate.  

 The dose was estimated with use of the deduced EDLP coefficients from this work. For 

each scan a weighted EDLP factor was applied. For example, for the Chest-Abdomen-Pelvis 

scan, the total length is 20.6 cm. EDLP chest* 8/20+ EDLP abdomen *6/20+EDLP pelvis* 6/20. 

Those deduced values are very close to the range of doses provided by the IMPACT 

calculator for the Siemens scanner (120kVp). Results are presented in table 8-9.  
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Table 8-9. The exposure parameters of the techniques and the corresponding DLP, CTDIvol and E for the 

default neonatal “chest” clinical protocols in two scanners and a comparison of the E values deduced from the 

coefficients of this work and those calculated with the IMPACT calculator. 

 

RVI Clinical protocols 

Toshiba Aquilion 64 

Protocol Chest Chest-Abdomen- Pelvis Abdomen- Pelvis 

length (mm) 92 206 90 

tube voltage (kVp) 80 80 80 

reference mAs 130 140 140 

rotation time 0.5 0.5 0.5 

effective mAs 78 83 83 

collimation 32x0.5 32x0.5 32x0.5 

CTDI vol (mGy) 6.6 7.1 7.1 

DLP (mGy cm) 16cm phantom 72.6 147.6 63.9 

EDLP (mSv) 3.6 7.2 3.1 

EIMPACT (mSv) 4.2-6.6 9.1-14.3 5.3-8.4 

(EDLP-EIMPACT) -15% -20% -40% 

Siemens Volume Zoom 

Protocol Chest Chest Abdomen Pelvis 

Length 92 20.6  

kVp 120 120  

rotation time 0.5 0.5  

effective mAs 40 40  

collimation 4x2.5 4x2.5  

pitch 1.25 1.25  

CTDI vol (mGy) 3.04 3.04  

DLP (mGy cm) 32cm phantom 35.0 69.0  

CTDI vol (mGy) 8.0 8.0  

DLP (mGy cm) 16cm phantom 92.1 181.5  

E DLP(mSv) 4.5 8.9  

EIMPACT (mSv) 2.7-4.2 5.3-8.4  

(EDLP-EIMPACT) 8% 6%  

(E Siemens –E Toshiba) % 25% 22.9  

  

The displayed values for DLP and CTDIvol on the console of the Siemens Volume Zoom 

scanner are derived based on calculations of the CT body phantom with the 32cm diameter. 

Those are not appropriate for calculating the dose for the neonate, where the 16cm phantom 

(head phantom) values should be used for body scans on children. Form the QA report it is 

calculated that the CTDIvol and DLP should be increased by a factor of 2.63.  The users 

should be informed of the calibration phantom (diameter 16 or 32 cm) applied in the console 

calibration, otherwise the dose can be underestimated by a factor of about 2. Therefore, the 

calculations were realized for CTDIvol = 8mGy and DLP=92.1 mGy cm for the chest and 

181.5mGy cm for the chest-abdomen pelvis scan. The calibration for the Toshiba scanner is 

based on the 16cm diameter CT head phantom so the displayed value is correct.  
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 The main difference between the two protocols is the tube voltage. The Toshiba 

scanner has been set up to 80kVp for a baby chest protocol, whereas 120kVp is used for the 

Siemens scanner. The 120kVp protocol would result in an increase in E 27% for a scan of the 

chest and 23% for a scan of chest abdomen pelvis.  

  

8.2.7.2 Survey of neonatal protocols and patient data in the north of England  

8.2.7.2.1 Neonatal protocols 

 Data on default protocols used on neonatal CT examinations were collected as part of 

this study. In total 15 hospitals from around the region of the north east and west of England 

were included. The majority of the hospitals replied that there is not specific neonatal 

protocols set up in their departments and that abdomen and pelvis are rarely performed, if at 

all. About only half of the hospitals (8/15) completed the forms and provided us with some 

data. All hospitals were general hospitals apart from 2 that were dedicated paediatric hospital 

(3 scanners included). The data collected from this survey are presented in table 8-10. The 

scanners were Siemens Sensation 4, Philips MS8000, GE Lightspeed 16, GE Lightspeed 64, 

Toshiba Aquillion 64, Siemens Somaton Sensation 64, Siemens Zoom 4.  

 For scans of the head, 5 hospitals applied 120kVp and 1 hospital 100kVp. Tube 

current modulation was used in 2 of the hospitals. When scanning the chest, three hospitals 

used 120kVp, one used 90kVp and two used 80kVp. Tube current modulation was used in 4 

hospitals. Similarly, for the abdomen and pelvis region, in two departments low tube voltage 

was used, 80 and 90kVp. High resolution chest CT was performed in only 1 department with 

120kVp.  
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Table 8-10. Data collected from hospitals around the north east and west of England regarding the clinical 

protocols used for scanning neonates for the most common examinations, namely head, chest (and high 

resolution) abdomen and pelvis CT. 

 

 

Survey on neonatal protocols for hospitals around the region of north England 

Hospital A B C D E F G H 

Scanner type: 
Siemens 

Sensation 4 

Philips 

MS 8000 

GE 

Lightspeed 

64 

GEe 

Lightspeed 

16 

Toshiba 

Aquillion 64 

Siemens 

Somatom 

Sensation 64 

Siemens 

Zoom 4 

Toshiba  

Aquilion 

64 

HEAD 

kVp 120 120 120 120 100 120   

mA modulation used  y n   n y n   

if yes, IQ index    3.96        

reference mA    250 120       

effective mAs 70 100    92 90   

slice width settings 4x2.5, 2x2.5 16x1.5 8x2.5 2x5 0.5x32 5   

field of view 

narrow 

collimation 250 

smart 

mA/auto 

mAs 250 250 180 300   

displayed CTDI 14.1 13 21.3 25.8   29.9   

CHEST 

kVp 120 90   120 80   120 80 

mA modulation used  y y   n y    y 

if yes, IQ index             

reference mA   100   115      140 

effective mAs 15 100   0.5 rot time 6   40 83 

slice width settings 4x2.5 16x1.5   4x3.75 1.0x32   4x2.5 32x0.5 

focus (broad/fine)       f     

field of view       199     

displayed CTDI   4.3   7.8     3.0 7.1 

ABDOMEN 

kVp 120 90 120 120 80 120   

mA modulation used  y y n n y y   

if yes, IQ index             

reference mA   100 manunal 100 160       

effective mAs 30 100    6 85   

slice width settings 3x2.5 16x1.5 3.75 4x3.75 1.0x32 5   

focus (broad/fine)       f     

field of view   

set to 

patient 200 250 199 500 

  

displayed CTDI   4.3 5.0 10.8   6.5   

PELVIS 

kVp   90    80     

mA modulation used    y    y     

if yes, IQ index             

reference mA   100          

effective mAs   100    6     

slice width settings   16x1.5    1.0x32     

focus (broad/fine)       f     

field of view       199     

displayed CTDI   4.3           
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8.2.7.3 Patient dosimetry data 

As neonatal CT scanning is not very frequent, only a few DLP data were collected for actual 

patients being scanned. The exposure parameters and the corresponding DLP and CTDI 

values of the examination along with the weight of each patient are presented in table 8-11. 

No dose modulation was applied in any of those scans.  

 The dose was calculated using the EDLP conversion coefficients of this work. Those E 

values were also calculated with the IMPACT software program and were compared with the 

predicted values of this work. (figures 8-7 to 8-10). 

Table 8-11. Patient data including the exposure parameters and the corresponding DLP and CTDI values of the 

examination along with the weight of each patient 

 

The results for each scan are summarized in table 8-12. For pulmonary angiography (PA), 

usually a short length near the heart region would be scanned. However, it can be seen from 

the data that the scan length is 16.2cm and 10.8cm respectively for the two examinations. 

Therefore, in our calculations, a weighted EDLP coefficient was used. For the first scan that 

was: (EDLP, chest* 8/16.5+ EDLPabdomen *6/16.5+ EDLPpelvis* 2.5/16.5). For the second PA exam, 

the chest was assumed to be 8 cm and then 3cm of the abdomen was scanned. Therefore, the 

coefficient was (EDLPchest* 8/11+ EDLPabdomen *3/11).  

Table 8-12. The effective dose (E) values calculated with the conversion coefficients of this study and with the 

IMPACT software program. 

Exam E calculated in this study (mSv) E calculated from IMPACT software (mSv) 

head sequen. 5.2 4.6- 5.2 

chest routine 3.7 2.7- 4.2 

Pulm. angiography 3.5 2.8-4.4 

Pulm. angiography 6.1 4.1-6.4 

The predicted values form the EDLP coefficients are within the range of doses calculated by 

the IMPACT.  

 

Exam 
weight 

(kg) 
kVp mA 

Effect. 

mAs 

Rot 

time (s) 

Total 

mAs 

Total 

scan 

time 

Scan 

length 

(mm) 

Collim 

Pitch 

or 

increm 

DLP 

(mGy cm) 

CTDI 

(mGy) 

head sequen. 3.8 120 
110 

per rot 
110 0.75 1671 0.75/rot 135.2 4x2.5 10 309 22.05 

chest routine 3.6 120 75 30 0.5 1711 10.56 102 4x2.5 5 31 21.2 

Pulm. 

angiography 
3.8 120 50 20 0.5 492 7.2 162 4x1 12.5 28 1.52 

Pulm. 

angiography 
5 120 11 45 0.5 1405 11.66 108 4x1 5 48 4.07 
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Figure 8-7. A copy of the spreadsheets of the IMPACT calculations and the input data as well as the final E value (for adults) for a 

head sequential scan. The calculated dose refers to an adult patient. In order to have an estimate of the dose to a neonate, the E had 

to be mulitpied by a factor of 1.4-2.2 for body scans and 2.3-2.6 for head scans. The result is a range of E values for the neonate 
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Figure 8-8. A copy of the spreadsheets of the IMPACT calculations and the input data as well as the final E value (for adults) for 

a clinical chest scan. The calculated dose refers to an adult patient. In order to have an estimate of the dose to a neonate, the E had 

to be mulitpied by a factor of 1.4-2.2 for body scans and 2.3-2.6 for head scans. The result is a range of E values for the neonate 
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Figure 8-9. A copy of the spreadsheets of the IMPACT calculations and the input data as well as the final E value (for adults) for a 

clinical pulmonary angiography scan extending to pelvis (length 16.2cm). The calculated dose refers to an adult patient. In order to have 

an estimate of the dose to a neonate, the E had to be mulitpied by a factor of 1.4-2.2 for body scans and 2.3-2.6 for head scans. The 

result is a range of E values for the neonate 
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Figure 8-10. A copy of the spreadsheets of the IMPACT calculations and the input data as well as the final E value (for adults) for a 

clinical pulmonary angiography scan extending to abdomen (length 10.8cm). The calculated dose refers to an adult patient. In order to 

have an estimate of the dose to a neonate, the E had to be mulitpied by a factor of 1.4-2.2 for body scans and 2.3-2.6 for head scans. The 

result is a range of E values for the neonate 
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8.3 Discussion 

During CT examinations multiple organs are irradiated in a complex energy deposition in the 

body, depending on the anatomical area in question. The increased utilisation of CT which is 

extending to younger patients, is of major concern given the relatively high doses received by 

this imaging modality. Risks are higher for children and protocols for performing paediatric 

CT are now being critically reviewed. The estimation of risk requires knowledge of organ 

doses and the doses should be evaluated for various child body sizes. It is also important to 

understand dose levels for the individual organ for the optimisation of patient protection 

Detailed dose levels for infants are not frequently reported, however, the high doses involved 

underline the importance of such measurements in order to estimating risks. 

  In 2007, the ICRP published new recommendations regarding the tissue weighting 

factors WT. Two new organs are included the brain and salivary glands and the remainder 

organs have changed. The tissue weighting factor for breast increased from 0.05 to 0.12 and 

the factor for gonads has decreased from 0.20 to 0.08. Also liver, bladder, esophagus and 

thyroid have changed from 0.05 to 0.04. The effect of these changes in the calculation of E 

through the EDLP coefficients is investigated in this work.  

 Therefore, the purpose of this investigation was to determine estimates of effective 

dose calculated using DLP after adopting the revised tissue weighting factors of ICRP 103 for 

neonates. This work was primarily focused on neonatal CT however in order to obtain size 

dependant conversion coefficients  it was extended to paediatric CT scans, including the ages 

of 1, 5 and 10 years old. 

 

8.3.1 Organ doses  

 In CT scan of the head, the organs receiving the highest doses are the thyroid, the 

salivary glands and the brain. These organs were within the scan range and the range of doses 

is 29 -36 mGy (table 8-13). In the previous ICRP report the brain was included in the 

“remainder” organs. However, it was specified that when a single tissue receives a dose in 

excess of the highest dose in any of the 12 organs for which a WT has been specified, a 

weighting factor of 0.025 should be applied to this tissue and a weighting factor of 0.025 to 

the average dose in the rest of the remainder. That would be the brain in the case of head CT. 

In ICPR 103, 13 organs were allocated to the remainder category (gall bladder, heart, 

lymphatic nodes, oral mucosa and prostate were added). The previous rule for remainder 

organs is no longer applicable and the brain in head CT would be represented by the 
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WT=0.01. The salivary glands have been added to the organs with a WT=0.01. The tissue 

weighting factor WT for thyroid is now 0.04 (from 0.05 previously).  

 

Table 8-13.The organs receiving the highest organ doses for CT examinations of the head, chest, abdomen and 

pelvis. 

CT examination 

Head Chest Abdomen Pelvis 

organ 
Dose 

(mGy)  
organ 

Dose 

(mGy) 
organ 

Dose 

(mGy) 
organ 

Dose 

(mGy) 

thyroid 35.60 thymus 25.4 intestines 30.0 uterus 25.9 

salivary glands 31 thyroid 23.3 pancreas 28.5 urinary bladder 26.3 

brain 29.3 breast 27.3 gall bladder 27.6 ovaries 19.9 

  lungs 24.9 kidneys 27.3 colon 19.6 

  Oesof. 23.7 Stomach 26.1 testes 26.2 

  spleen 15.4 adrenals 26.6 instestines 9.3 

    liver 21.6 bone marrow 5.2 

 

 In a chest CT, the highest doses are received by the thymus (25mGy), the oesophagus 

(24mGy), the breast (27mGy) and lung (25mGy), followed by the thyroid (23mGy) and the 

spleen (15mGy). When scanning the abdomen the intestines receive the highest dose and well 

as the pancreas and gall bladder and kidneys (range 27-30mGy). For examinations of the 

pelvis, the uterus and the urinary bladder, the colon, the ovaries and testes are the organs 

receiving the higher doses (range 20-26mGy).  

 Fujii et al in 2011 have reported organ doses measured in an anthropomorphic infant 

phantom (10 kg, 75cm tall) 
286

. For the head scan, they have reported a dose of 31.9mGy for 

the brain (for a pitch of 1 like in our study) applying a similar protocol. That compares good 

with our value 29.3mGy for brain. The salivary glands were partly irradiated in that study and 

the dose was measured 12.3. In our study the head scan included the whole neck so the that 

dose was higher (29.3 mGy). The red bone marrow dose was measured 10.2 mGy in our 

study and 9.1 in Fujii et al. For a 6 year old child, the dose for the brain was similar to those 

for infants. Yamauchi-Kawaura et al. reported that the maximum of the mean dose in a head 

CT for 6-y-old children were 34 mGy for the brain 
287

.  

 For scans of the chest, Fujii et al report a dose to the lung 11.2mGy in comparison to 

our values of 31.7 mGy for lung. However, 80mA was applied (instead of 200mA in our 

study and a pitch of 0.844). Breast received 10.6mGy in that study whereas in ours that dose 

was 34.5 mGy. Similarly, oesophagus received 3 times higher dose in our study (compare to 

10.2 mGy in Fujii et al). This was an expected result due to the higher mAs used in our study 

(the CTDI is three times higher in our study). However, the protocols used for the irradiations 
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are not those used clinically in our department but were applied only for the derivation of the 

coefficients.  

 For CT of the abdomen the dose was 26 mGy for stomach, 22 mGy for liver, and 

ranged between 27-30 for other organs falling in the remainder category such as kidneys, 

intestines, pancreas and gall bladder. Doses reported by Fujii were 10.9 mGy for stomach, 

10.7 for liver for the combined abdomen –pelvis clinical protocol, however the dose to those 

organs depends on the limits of the selected scan length. The dose to the colon was 20mGy 

compared to 10.8mGy. All doses were much lower when the 80kVp clinical protocol was 

used in Fujii et al, which is applied for infants with weight <10kg.  

 When scanning the pelvis with our protocol the urinary bladder (fully irradiated) 

received 26.3mGy which is about 3 times that reported by Fujii et al which was 10mGy. 

Uncertainties in doses for organs on the periphery of the scan volume were estimated to be 

20%, as in previous work on which this study is based on 
197

 

 Saton et el assessed individual organ doses and effective doses for neonates using 

Monte Carlo code and computational phantoms, in 2006 
288

. They have done their 

calculations for 120kVp and 100 mAs which is half of our mAs values. The dose to the breast 

was about double their values, 27mGy in our study and 13.7 in theirs for chest CT, for the 

stylized phantom. Dose to the lung in our study was 25mGy versus 16mGy and for the spleen 

it was 16.4mGy in this work and 10.3 was reported from Staton et al. When scanning the 

abdomen, they reported 13.2mGy for the stomach and it was two times higher in our study, 

26.1mGy. For a scan of the pelvis, colon received 20mGy in our study and about 11.1mGy 

was reported by Staton et al. The urinary bladder dose was 26.3mGy versus 15.9.  

 

8.3.2 Organ dose conversion coefficients 

During chest CT the organs receiving high doses are amongst the most radiosensitive, for 

example breast and lungs. Breast is directly irradiated although it is not the organ in question. 

Organ dose conversion coefficients per CTDIvol for breast and lung for examinations of the 

chest in neonates were deduced from our data. Those were 0.90 mGy mGy
-1

for breast and 

0.82mGy mGy
-1

 for lungs.  

 Additionally, organ dose coefficients were deduced for stomach and liver from the 

abdomen scan, which were 0.86 mGy mGy
-1

and 0.71mGy mGy
-1 

respectively. Those 

coefficients were applied on the clinical protocol for validation. The estimated and the 

measured values agree within 20%. These are presented in table 8-14.  
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Table 8-14. The measured organ doses for breast, lung, stomach and liver and a comparison with the 

corresponding values estimated with application of the conversion coefficients deduced from this work. 

Organ Organ coefficient Organ dose Difference % 

  
Measured 

(on clinical protocol) 

Estimated 

(with coefficient) 
 

breast 0.90 24.1 28.9 19.9 

lungs 0.82 26.2 26.4 0.8 

stomach 0.86 28.5 27.7 -2.8 

liver 0.71 29.0 23 -20.6 

 

 Organ doses may be approximated by measuring the CT dose index at the central 

position of the head phantom and then multiplying by the coefficient for the relative organ. 

The estimated organ dose will be a reasonably good estimate for similar scanners (within 

20%) because the ratio of scattered to incident dose should be the same for similar units.  

 Organ-absorbed doses for children who are 5-6 years old have been estimated in a 

study by Fearon and Vucich in 1987 
289

. In that study, the organ dose coefficient for breast is 

reported to be 0.82. That is slightly lower than the one calculated in this study.  

 The above coefficients can prove easy and practical way of estimating organ dose 

from the displayed CTDIvol at the end of each examination and can be useful in departments 

for the optimisation of protocols. Knowledge of the organ dose is crucial especially for 

neonates that could possibly receive multiple radiological examinations (e.g. radiography) of 

the chest during early days of life for lung disease.  

 

8.3.3 Dose conversion coefficients (EDLP)  

 The DLP conversion method is regularly used clinically, because it is simple and 

readily accessible. Effective dose is a parameter that can estimate the relative biologic risk 
191, 

282, 290
 and is not a physical parameter that can be measured. The effective dose can be 

determined by a variety of methods; here in the study we used TLD and DLP methods for the 

calculation of coefficients in paediatric CT examination protocols of the head, chest, 

abdomen and pelvis. The newly derived coefficients of this work, based on the new set of 

tissue weighting factor ICRP 103, are compared to those published previously from Chapple 

et al in 2002 
197

.  

 As expected, conversion factors decreased with increasing age. For head 

examinations, E has remained fairly similar; however, patients of smaller size (neonates) 

were generally more affected by the changes in the new set of WT. Since the new revised WT 

for the breast is higher (from 0.05 to 0.12), this effect could be attributed to the closer 
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proximity of the breast to the primary beam in neonates than larger patients. The slight 

decrease in the WT for thyroid is less influential. For scanning of the chest, an increase in E 

of about up to 25 % is observed, primarily caused by the high doses received by the breast, 

and possibly slightly due to an increase in the WT of the remainder organs lying within the 

primary beam, such as the thymus and the spleen. For the abdomen, the doses have remained 

fairly similar. During scanning of the pelvis region, the organs receiving the higher doses 

include the gonads, the urinary bladder, colon and the uterus. Thus, the lower WT that 

corresponds to the gonads and the slight decrease in the WT of the urinary bladder have a 

strong effect on the E, resulting in a decrease in E in the range of _30–40 %. The effect of the 

new ICRP103 on the EDLP coefficients is analogous to that on E. Specifically, for chest scans, 

the derived EDLP values have increased by up to about 25 % across all sizes. The result for the 

scans of the pelvic region is a decrease by up to 37 %. This decrease is more pronounced in 

larger patients, possibly due to the fact that there is a larger distance from the start and end 

points of the scan to the breast and lungs than smaller in patients. For the head and abdomen 

scans, the EDLP values have remained fairly similar. Likewise, the slight increase noticed for 

neonates could be attributed to the closer proximity of the breast to the primary beam in 

neonates than larger patients. Fujii et al also report an increase of 19% in the E for chest 

scans performed on a 6 year old paediatric phantom 
291

 

 Huda et al in 2011 generated EDLP factors based on the IRCP 103 for adults 
292

. The 

results of that study agree with ours, in terms of the effect of the new set of WT on the 

coefficients. Specifically, Huda et al report an increase of 11% and 20% for E on head and 

chest scans respectively, and a decrease in pelvic scans by 25% 
292

.  

 The results suggest that even for scanners of different manufacturers and maximum 

slice widths, the coefficients can be used to predict E to within 20 % of the measured value. 

This is a good agreement; however, the current results are only indicative of the influence of 

the new ICRP103 weighting factors on the paediatric EDLP coefficients, and further 

investigation is necessary, including the effect of varying tube voltages.  

 Deak et al in 2010 have computed  similar factors EDLP, 103, using the CTDIw32 cm 

phantom for both adult and paediatric body regions derived from Monte Carlo calculations 

198
. A comparison of the EDLP ratio for the ICRP report 103 and 60 with the results obtained 

from this study is presented in table 4.  
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Table 8-15. Comparison of EDLP103/EDLP60 ratios obtained in this study and the data presented by Deak et al 
198

. 

 Differences for the head can be attributed to the fact that head scans in our study 

include the neck, therefore the thyroid is irradiated which contributes to the increase in the 

calculated E. That results in an increased EDLP coefficient in comparison to that reported by 

Deak et al. Other factors can be difference in scan lengths, mathematical phantom models and 

collimation. Small changes in the scanned region can produce large differences in the E for 

neonates, as distances are small and sensitive organs can are very close to the primary beam. 

.In order to compare with our values, the reported values estimated based on the 32cm 

phantom from Deak et al have been reduced by a factor of two. That is an approximation and 

could contribute to the differences in the results. As shown in table 5, the highest difference 

in the EDLP 103/ EDLP 60 is for the chest. A similar difference (1.07 to 1.20) in the ratio of 

E103/E60 is reported by Huda et al when comparing with Deak et al for chest scans for adult 

patients 
292

.  

 

8.3.4 Validation of the method-Clinical protocol 

The difference from the measured to the predicted values in the clinical protocol was 19%. 

That was deemed acceptable and gives a good approximation of the E. Differences may arise 

from the fact that the clinical protocol is performed on helical mode. Martin has reported the 

inherent relative uncertainties in estimating effective dose using organ doses to be about 40% 

for a reference patient 
293

.   

Conversion coefficients E/DLP for all ages and anatomical areas for ICRP 103 and ICRP 60 

 Head Chest Abdomen Pelvis 
Head 

EDLP 103/ EDLP 60 

Chest 

EDLP 103/ EDLP 60 

Abdomen 

EDLP 103/ EDLP 60 

Pelvis 

EDLP 103/ EDLP 60 

This study 

Neonate 0.017 0.049 0.062 0.036 1.14 1.18 0.93 0.71 

1 y old 0.009 0.027 0.019 0.018 1.06 1.23 0.98 0.68 

5 y old 0.004 0.017 0.014 0.012 1.03 1.25 1.04 0.66 

10 y old 0.004 0.014 0.011 0.011 1.10 1.24 1.02 0.63 

Deak et al 
198

 

Neonate 0.009 0.035 0.040 0.034 1.10 1.08 0.98 0.77 

1 y old 0.005 0.023 0.026 0.022 1.13 1.09 0.98 0.76 

5 y old 0.004 0.016 0.017 0.015 1.13 1.08 0.99 0.77 

10 y old 0.003 0.012 0.012 0.011 1.17 1.08 0.99 0.91 
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8.3.4.1 Application of dosimetry on clinical protocols  

 The neonatal phantom was irradiated on two different scanners on the default clinical 

neonatal protocol. It was observed that the main difference between the two protocols on the 

Toshiba and the Siemens scanner was the tube voltage. For the neonatal protocol in the 

Toshiba scanner, the default tube voltage was 80kVp, whereas on the Siemens it was 120, as 

used for adults. The 120kVp protocol would result in an increase in E of about 25% for a 

scan of the chest or a scan of chest abdomen pelvis (CAP). However, in that comparison it 

has to be taken into account the Toshiba scanner delivers higher doses in general (CTDIair 

and CTDIw are higher).  

 The scan parameters were used to calculate the E from the IMPACT software 

program. The results are in good agreement with those predicted from this work. The E 

values calculated with the EDLP coefficients derived from our data, match those calculated 

from the IMPACT calculator within 8%. That suggests that the methodology can be used in 

departments as an aid for optimisation or risk estimation. However, that is only for the 

Siemens scanner, i.e. the 120kVp protocol. For the Toshiba scanner, which defaults to the 

80kVp neonatal protocol, the coefficients underestimate the E values, by 15%, 20% and 40% 

for chest, CAP and abdomen-pelvis scans respectively. A copy of the spreadsheets of the 

IMPACT calculations and the input data as well as the final E value (for adults) can be found 

in Appendix B. That underlines the fact that coefficients should be tube voltage specific, e.g. 

80kVp and 100kVp for children. Further work is necessary to confirm that result. Huda et al 

have studied the variation in E/DLP values in relation to different tube voltages for adults, 

and reported an increase (about 25%) with increasing tube voltage (from 80 to 120kVp) 
191

.  

 Another important aspect that has to be considered when using this methodology is 

the displayed DLP on the console. For the same imaging parameters, when the CT output is 

quantified in the 16cm diameter head phantom, DLP data are approximately double those that 

would be obtained in the 32 cm diameter body phantom  
179, 198, 292

 Some scanners express 

paediatric DLPs in terms of  CTDw32 cm phantom. The correction factor to the CTDIw16 

cm phantom has to be determined and applied (from CTDI QA measurements); otherwise, 

results will be inaccurate by a scanner dependent factor of ~2. According to the standards 

IEC 60601-2-44  (edition 2) 
177

 a special phantom size is not specified in particular for 

paediatric patients, e.g. 16-cm phantom size for paediatric body scans. Therefore, users must 

be aware that there is not a consistent practice in setting the displayed values across all 

scanners for careful patient dosimetry and comparison with DRLs 
55

. 
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8.3.4.2 Patient data and validation of the study with IMPACT doses  

 The patient data collected were used to estimate the E dose with application of the 

method presented in this work. Furthermore, these were compared with the E values acquired 

from the IMPACT program for paediatric patients (http://www.impactscan.org/ ctdosimetry. 

htm). The IMPACT program is a CT dosimetry tool that has the ability to calculate effective 

doses according to the ICRP 103 as well as the ICRP 60 method, incorporating several 

scanner models, obtained from Monte Carlo organ dose data (from NRPB –SR 250).  

 Similar values are obtained from the two methods. The range of values predicted with 

our data is within the range suggested form the IMPACT calculators. That signifies that the 

use of the deduced size dependant EDLP conversion coefficients for paediatric patients is a 

quick and straightforward method for estimating E. Accurate dosimetry is crucial for children 

and neonates due to the greater susceptibility of radiation effects in younger ages. That can 

assist in the optimisation of protocols for children. Patient doses in paediatric CT vary 

considerably as a function of patient age and weight and are highly dependent on the 

optimisation procedures and the type of the CT scanner. However, in those clinical protocols 

examined in all hospitals, DLP values were in agreement with the DRLs, except for the one 

examination of the head.  

8.3.5 Survey of neonatal protocols and exposure parameters in paediatric CT 

 CT examinations on neonates are not frequent and data are limited. In total 15 

departments were included in the survey, out of which 2 are dedicated paediatric hospitals, 

and only half of them provided some data. Most hospitals replied that there is not a specific 

neonatal protocol set up and that no abdominal or pelvis scan are carried out on neonates. 

Generally, efforts to avoid CT scanning in neonates would be done. For neonates and 

children in need of a CT scan, they would be referred or transferred to one of the paediatric 

hospitals. However, data for neonatal scans are scarce due to the low frequency of the 

examinations.  

 Differences were observed in the tube voltages applied. For example, for scans of the 

head 100-120kVp was applied, whereas for the chest, abdomen and pelvis region 80kVP, 

90kVp and 120kVP were used.  

 The displayed CTDI values were 13-29mGy for head scans, 3-8 for scans of the chest, 

4-11mGy for abdomen and 4mGy for pelvis (only reported by 1 department). The results 

underline the lack of specific neonatal protocols. 

http://www.impactscan.org/ctdosimetry.htm
http://www.impactscan.org/ctdosimetry.htm
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 Dose variations in CT are mainly due to different scanner types/manufacture and 

different scanning protocols (kVp, mAs), as well as due to variations in the selected length of 

the region to be scanned, tube rotation speed, helical pitch, collimation, filtration, patient 

weight etc 
40

. Recent articles report that for comparable examinations for neonates in 

abdomen CT, up to a 36 fold range in dose was reported between centres, with up to a 24 fold 

for brain CT of 5-7 year old patients 
294, 295

.  Another study has revealed variations of 4-fold 

in E for brain CT, up to 5.4 for thorax CT and up to 6.6 for abdominal CT scans within the 

same age group 
296

. 

 Additionally, it is reported in the literature that many children are scanned with the 

same settings as those applied for adults 
53

. Although paediatric patients absorb as little as 5% 

of the energy imparted to adults, the corresponding E values are 1.6 times higher when 

applying the same technique factors 
196, 297

. That increase could reach a factor of 4 times 

higher for neonates for head CT compared to adults, as reported by Huda. At a constant mAs 

value, effective dose to 6 month old patients undergoing chest CT examinations was found to 

be about 50% higher than that for adults, and for abdominal examinations about 100% higher, 

although the energy imparted was one third for the chest of that for adults and half for the 

abdomen 
290

. For increasing patient weights (from 10 to 120kg) and constant kVp, the 

radiation transmitted through the patient for abdominal scanning is reduced by two orders of 

magnitude. This stresses the fact that despite the improvements in image quality, the use of 

the same technique factors regardless of patient weight is suboptimal 
298

. Similarly, for 

thoracic CT examinations, despite that the energy imparted increases with increasing patient 

size, the E for small patients (10kg) is about double of that for adults (70kg), when the same 

setting are selected 
299

,
 135

.  

 The variability in the selection exposure of factors especially for children, as well as 

the increase of CT scans in children and CT technological progress has motivated the 

International Committee on Radiological Protection (ICRP) to issue a publication on CT 

radiation dose management and appropriate technical parameters 
171

. Neonatal and paediatric 

protocols with reduced dose should be tailored to clinical indication and patient weight.  
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9 CHAPTER 9: CONCLUSIONS AND FUTURE WORK 

 During hospitalisation in the SCBU premature neonates may undergo a significant 

number of radiographic procedures to assist mainly in the diagnosis and management of lung 

diseases, which represent one of the most life threatening conditions in the newborn. 

Additionally, repeated radiographs are required to confirm correct positioning of tubes and 

catheters inserted during the course of their management.  

 Special attention should be paid in optimising exposures, as neonates have an 

increased risk of radiation induced malignancy compared to adults due to the high 

radiosensitivity of mitotic cells and their longer life expectancy.  

 Another consideration in the frequent imaging of neonates, while in the SCBU, is that 

handling of the neonate should be minimised. Current clinical practice mainly involves 

positioning the cassette on the bed directly behind the neonate. However, lifting or moving 

the infant to position the cassette, can lead to hypoxia, bradycardia, cerebral haemorrhage and 

could cause accidental dislodgment of tubes, lines and probes. Additionally, medical and 

nursing issues include increased risk of cross infection and changes in the stable 

microenvironment of the incubator, e.g. humidity and temperature. Modern incubators 

incorporate an imaging tray under the bed to facilitate placement of the radiographic cassette 

without the need to disturb the infant. Paediatricians and nurses urge the use of the tray for the 

benefit of the neonate. One the other hand, great concerns form the radiographers were expressed, 

regarding increased dose and poor image quality due to greater attenuation of the beam, as well as 

for repeat exposures due to artifacts or misalignment. 
 

 The current study was divided in three parts. The first objective of the study was to 

perform a survey of the doses encountered in two Special Care Baby Units, one at the 

University Hospital of Patras in Greece and the other one at the Royal Victoria Infirmary in 

Newcastle upon Tyne in the UK.  

 The first part of this study was performed in Greece and an optimized radiographic 

protocol for film-screen was suggested according to neonatal birth weight. In the second part, 

realized in the UK, the use of the incubator imaging tray is investigated for positioning the 

CR cassette, with regards to detector dose, exposure index, image quality and radiation dose 

to patient. Part three is studying the effect of the new tissue radiosensitivity factors, published 

in the new report from the International Commission on Radiological Protection 2007, on the 
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effective dose conversion coefficients in computed tomography examinations in paediatric 

patients.  

 

9.1 Conclusion in Neonatal Radiography 

9.1.1 Optimisation with screen film 

 In our sample the majority of the neonates were preterm and they were categorized in 

4 groups depending on birthweight. The data obtained during the period of this study 

revealed only a few cases that a neonate received many radiographs (maximum 26), while the 

mean number was 3,6 radiographs per neonate.  

 Entrance Surface Doses (ESDs) were estimated, Dose-Area Product (DAP) values 

were measured and the quality of radiographic image was evaluated for film-screen neonatal 

radiographs. The ESD values obtained in the present study are lower than, or comparable to, 

the values obtained in studies in other European countries.  The majority of the estimated 

ESD values showed good compliance with the recommended diagnostic reference levels 

proposed by the European Commission and those suggested by the National radiological 

protection board for neonatal radiography. ESD values tended to increase with neonatal 

birthweight, as anticipated. A relatively wide variation in ESD values is observed, not only 

among different weight groups but also within the same weight group (3.5 fold for neonates 

in the group 4), which reflects the lack of a standardized protocol. The data are in two groups 

because radiographers applied high or low tube voltage techniques according to their own 

judgment, training and experience, rather than following a particular protocol. However, the 

results show that the use of higher tube voltage techniques could lead to further reductions in 

the neonatal dose, as in general, mAs settings decrease with increasing tube voltage.  

 Image quality evaluation revealed the feasibility of achieving high total image quality 

scores, which means diagnostically acceptable images, using both low and high tube voltage 

techniques, with the latter resulting in reduced ESDs. These data demonstrate the fact that 

high kV techniques slightly compromise the visualization of anatomical details, but the image 

quality is still adequate to answer the diagnostic question, thus adhering to the driving 

philosophy of the ALARA principle.  

 An optimized standardized protocol is derived with suggested exposure factors 

adjusted for all neonates and for each weight group separately. From the radiation protection 



233 

 

point of view it can be seen that it is possible to further reduce the doses received by neonates 

and, as, the ESD may reach almost half the DRL value.  

The visibility of the tips of endotracheal tubes, umbilical catheters and long lines was graded 

with a high score independently of tube voltage, except in conditions of underlying 

pathology. 

 From the mean values it is observed, as expected, that DAP values increase with 

increasing weight because of the increased field size, mAs settings and tube voltage values. 

However, a wide variability in the DAP values was observed, with the maximum DAP value 

being over five times the minimum. This could be attributed not only to differences in the 

technique parameters but also to differences in the collimation used for each examination, 

even for neonates of similar weight. Especially, in the forth group there is a broad range with 

the maximum value being 3 times the minimum. Probably the most significant factor in 

radiological technique, regarding radiation protection for both infant and staff, is the careful 

collimation of the field to the area of interest. Therefore, the risk  of radiation to the newborn 

is minimized by making sure that only essential radiographs are taken, that careful 

collimation confines radiation to the relevant part of the infant, that radiation shields over the 

lower abdomen are used unless this area is to be included on the radiograph.  

 

9.1.2 Computed radiography and the use of the incubator imaging tray 

 The range of ESD values in the UK smaller that that found in the Greek hospital. All 

doses are below the Diagnostic Reference level proposed by the National radiological 

protection board and the European Commission. Comparing the two departments, a common 

overlap in the low range of doses is observed for high tube voltage techniques (>60kVp). 

That is in agreement with the optimised protocol proposed in Part 1 of this work. 

Additionally, the exposure index for most of the neonatal computed radiographs were in the 

range 1.8-2.1, as recommended from the manufacturer (Agfa). In neonatal radiography, 

highly radiosensitive organs are directly irradiated. Our results demonstrated that the organs 

receiving the highest doses during neonatal chest AP radiography are the breast, the liver, the 

lung and the thyroid (when in the primary beam), which are also amongst the most 

radiosensitive organs. Additionally, due to premature neonates’ small sizes, other organs are 

close to the primary beam. In the RVI department the use of lead rubber of various shapes 

placed on top of the incubator (shadow shielding) confines the radiation field according to the 

desired anatomical area to be imaged, thus reducing the total neonatal dose and improving the 
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contrast on the image by minimizing scatter. This practice is easy and should be introduced in 

the Greek hospital.  

 Organ dose coefficients were deduced for lung and breast with respect to entrance 

kerma free-in air and entrance surface dose. Those are comparable to coefficients deduced in 

national reports and other studies.  

 Due to the presence of other materials intercepting the radiation beam between the 

tube and the detector, e.g. canopy, mattress, bed, a significant attenuation in the beam was 

measured. The canopy results in 20% attenuation whereas the bed results in 55% attenuation. 

By irradiating the neonatal phantom with the exposure factors used in current clinical 

practice, the use of the imaging tray would lead to a lower dose to the detector than 

positioning the cassette behind the patient. In order to achieve the same dose to the detector 

the necessary increase in the mAs required is approximately 40% for the the same tube 

voltage used clinically (62 kVp). In order to achieve the same exposure index for the “in the 

tray” technique the mAs should be increased by about 30%, however the exposure index is 

not considered appropriate to be used as an indicator for assessing patient dose. Collimation 

and tube voltage should be taken into consideration.  

 The signal to noise ratio was measured on the neonatal phantom, fro 10 regions of 

interest (lung, retrocardiac lung, bone on lung, tissue etc) for a range of exposure techniques. 

The reduction in the measured signal to noise ratio (SNR) values when switching from “on 

the bed” to “in the tray” method is more prominent for low x-ray beams, ranging from 48% 

on average, for all features, for the low tube voltages to 23% for the higher tube voltages. 

Softer” x-ray beams contain more lower-energy photons and a greater proportion is attenuated 

or completely absorbed by the patient, the bed and the other materials that lie between the tube 

and the cassette. Higher tube voltage beams include harder photons with higher penetrating 

ability which can more easily reach the detector through the mattress and the bed etc. For the 

reference dose to the detector (3.9 μGy), an increase of 55% in mAs is required to maintain the 

SNR of the image with the cassette positioned in the imaging tray.  

 For neonatal chest x-rays, the contrast between lung, lung behind the heart and bone 

and tissue is important. The decrease in the contrast to noise ratio (CNR) between lung and 

lung behind the heart, lung and bone on lung, and lung and tissue caused by the use of the 

tray was 45%, 26% and 48% for low and 10%, 17% and 21 % for higher tube voltages. 

Similarly to the SNR, an increase of 55% in mAs is required to maintain the CNR of the 

image using the imaging tray for achieving the same detector dose as the reference technique.  
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 The figure of merit, CNR
2
/ESD was calculated and it was concluded that the higher 

tube voltages (64kVp) are preferable for imaging neonates with the cassette positioned in the 

incubator imaging x-ray tray for achieving a detector dose similar to that of the “reference 

“technique with the cassette on the bed. The ideal combination of exposure factors would be 

64kVp and 2 mAs for imaging a 3.5 kg neonate with the cassette in the tray, instead of 62kVp 

and 1.6 mAs with the cassette on the bed. The “in tray” method corresponds to an ESD= 50.5 

μGy. That is just exactly on the DRL  proposed by the NRPB of neonatal radiography 
83

. The 

relevant increase is 36% in comparison with the reference “on the bed” method (ESD=37.2 

μGy). 

 Considering the frequent imaging of neonates while in the SCBU, the imaging 

equipment and radiographic technique employed, and the quality of information provided 

should be optimized for patient care. The aim in balancing radiation dose and image quality is 

to provide an image which is adequate for the clinical imaging task with the minimum 

radiation dose to the patient 
70

. Minimising disturbance is beneficial to the treatment and 

outcome of the neonate and radiation doses should be as low as reasonably achievable 

without compromising patient care. The use of the incubator imaging tray should be 

encouraged only if the whole design, structure and set up of the technique is optimized. The 

whole chain of the radiological procedure should be optimised in accordance to the ALARA 

principle. That means that the lowest dose is not always preferable.  

 Wide dose variations in European surveys highlight the urgent need of developing 

examination protocols for neonatal radiography. Although the results of this study have to be 

further enriched, they could lead to the proposal of such a protocol for CR and film, which 

has to be validated on the basis of improved performance.  

  A necessary increase in the exposure factors when utilising the imaging using the tray 

for the radiographic set up, in comparison with placing the cassette behind the neonate on the 

bed, leads to an increased cancer risk. That is an increase of about 37% between the two set 

ups. The highest risk is calculated for a female undergoing a chest x-ray, which is 5.6 per 10
6
.
 

Neonates can have a total of up to 80 radiographs during their treatment. However, on 

average reports mention 8-10 radiographs per neonate. That would yield a risk of cancer 

incidence in 56 neonates per million neonates.  In other words, that is 1 in 18.000 neonates 

(equivalent to 14.4 days of background radiation). Since neonates are the most sensitive 

group of patients, efforts should be made to minimise the radiation risks exposure and other 

medical risks during radiography.  
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 The medical risk of hypothermia, hypoxia, brain haemorrhage or cross infection 

might be deemed as greater than the radiation risk therefore the whole imaging chain should 

be optimised 
64, 65.  Reducing neonatal handling may ultimately improve outcome and speed 

up therapy and recovery. Given that the standard method involves handling and lifting of the 

neonate with potential accidental movement and dislodging of tubes and catheters, the use of 

the tray should not be in question.  

 Patient’s comfort is important, however, in modern incubators, which facilitate x-ray 

imaging cassette trays or slots under the bed, the design, structure and composition of 

materials could be improved. A close cooperation is required between paediatricians, 

pediatric radiologists, medical physicists and radiographers regarding design and structural 

improvements of the incubators, e.g. more uniform and thinner transparent bed, made from 

low attenuation materials (or a grid of carbon fibre material), thinner canopy, moving trays 

with external markers for easy alignment with the beam and the baby.   

 

9.1.3 Overall discussion and suggestions for future work suggestions  

The results of this study are limited and have to be further enriched. One of the main next 

steps of the current work is to expand the CR techniques to a wider range of tube voltages, 

e.g. up to 90kVp and evaluate the image quality, the dose and the SNR and CNR trends. The 

assessment of image quality can be realised not only with anthropomorphic phantoms, but 

also with test objects simulating attenuation properties of heart, lung and bone in the neonatal 

chest. That could lead to an improved suggested protocol for imaging with CR.  

 Additionally, the effect and advantages of extra filtration, e.g. Cu, on dose and image 

quality has not been fully analysed. Also, dosimetric studies could be realized, utilizing 

Monte Carlo simulation, in order to more accurately determine the dependence of patient 

dose from the exposure parameters.  

 The advantages of flat panel imaging (direct digital imaging-DDR) are numerous and 

that technology should be used to the benefit of patients, especially young children and 

neonates. The portable flat-panel detector without cassette handling and processing, as well 

as the rapid availability of images, appear to be advantages in an intensive care unit. For 

bedside mobile radiography, digital wireless detectors could be used, e.g. positioned inside 

the incubator imaging tray. Also, with flat panel detectors the fading in the signal due to 

delay in the read-out is eliminated. In a study of portable neonatal radiography in 2003, it was 

concluded that the DR images produced using a portable flat panel detector at ¼ of the dose 
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had equivalent image quality to the CR system in use 
300

. However, further work on wireless 

portable flat panel is necessary, aiming possibly for lower detector doses, which would lead 

to further reductions in neonatal dose. Additionally, new paediatric algorithms can be 

generated, that can distinguish between noise and signal, by amplifying the signal and 

reducing the noise in the image. 

 All departments, whether specialist or otherwise, can benefit from self-audit and a re-

evaluation of their procedures every 2-3 years, where necessary. A clinical audit is to be 

realised in both of the hospitals, in Greece and in the UK, after optimisation has been 

completed with CR or possibly flat panel detectors.  

 It is felt that since neonatal radiography with the use of the imaging tray is very 

beneficial for the premature neonate, improvements on the procedures have to be 

investigated. Measurements of image quality, performed with the neonatal phantom, under 

conditions simulating the technique with the cassette in the tray, but using a carbon fiber bed 

would give more data for a cost benefit-analysis. In general, more data are necessary to 

optimize the technique and close collaboration with the incubator manufacturers and 

paediatric radiologists is the key to best possible results.  

 The results of this survey show that the risk from neonatal radiation is fairly low, and 

it is considered to be substantially outweighed by the clinical benefit of the radiograph in 

assessing the progress of a sick baby. The benefits of radiography are probably even more 

marked in the tiny premature neonates, with respiratory disease. However, the risk versus 

benefit of each radiograph must be weighed carefully, especially because radiation effects are 

cumulative and because during hospitalisation the neonate will possibly undergo multiple 

radiographic examinations.  Considering the high frequency radiographic procedures should 

be optimized. The frequency will depend on a number of factors including gestational age, 

birthweight and clinical symptoms.  

 Reducing neonatal handling for x-rays is beneficial and efforts to ensure this should 

be undertaken. At the moment, paediatricians and nursing stuff are urging to use the 

incubator imaging tray behind the bed. Based on the results of this study, the necessary 

increase in the exposure factors when utilising the imaging using the tray for the radiographic 

set up, in comparison with placing the cassette behind the neonate on the bed, leads to an 

increased cancer risk. That is an increase of about 37% between the two set ups. Since breast 

and lung and thyroid, are more radiosensitive in females, the highest risk is calculated for a 



238 

 

female undergoing a chest x-ray, which is 5.6 per 106. Risks for males are about one half of 

that value.  

 Neonates can have a total of up to 60 radiographs or more during their treatment. 

However, on average reports mention 8-10 radiographs per neonate. That would yield a risk 

of cancer incidence in 56 neonates per million neonates.  In other words, that is 1 in 18.000 

neonates. As mentioned in Chapter “Radiosensitivity and cancer risks” x-ray examinations 

are divided into 4 broad risk bands, as published by the NRPB in 2001 
106

 

 Negligible:  <1 in a million (<10-
6-

) 

 Minimal: 1 in a million-1 in 100.000 (10
-6

-10
-5

) 

 Very low: 1 in 100.000-1 in 10.000 (10
-5

-10
-4

) 

 Low: 1 in 10.000-1 in 1.000 (10
-4

-10
-3

).  

 The risk from 10 radiographs is in the “very low” band however, not negligible and 

the increase between the two techniques is noticeable. In comparison to background 

(assuming 3mSv per year) radiation that would be equivalent to 10.5 days for the reference 

method and 14.4 for the suggested technique with the use of the tray.  

 It was proposed by the Royal Society in 1983, that the  risk of 1 in 106 is acceptable 

as part of everyday life activities e.g. commercial air travel 
301

. An annual risk of 1 in 100, 

was considered unacceptable, e.g. that associated with coal mining in the 19th century.  

 Risks encountered in paediatric CT e.g. paediatric abdomen CT, as presented in 

Chapter “Radiosensitivity and cancer risks”, are in the highest risk banks which, according to 

the Department of Health in UK, are labelled: 

 Moderate 1 in 1.000-1 in 100 risk (10
-3

-10
-2

)  

A risk of 1 in 1000 was considered acceptable, provided 
302

:  

1. the individual receives a potential benefit that outweighs the potential risk; 

2. everything possible has been done to reduce or minimize the risk; 

3. the individual or parent is aware of the risk.  

 The risks should be discussed and brought to the patient’s attention for consent, when 

high dose procedures are involved like CT with all known potential risks of complications are 

>1 in 2000, according to the Royal College of Radiologists (RCR) in the UK 
302, 303

. The risks 

involved here for 10 radiographs are mush lower than that. 

 Since neonates are the most sensitive group of patients, efforts should be made to 

minimise the radiation risks exposure and other medical risks during radiography. The medical 

risk of hypothermia, hypoxia, brain haemorrhage or cross infection might be deemed as 
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greater than the radiation risk therefore the whole imaging chain should be optimised 
64, 65

.  

Reducing neonatal handling may ultimately improve outcome and speed up therapy and 

recovery. Given that the reference method involves handling and lifting of the neonate with 

potential accidental movement and dislodging of tubes and catheters, the use of the tray should 

not be in question.  

Patient’s comfort is important, however, in modern incubators, which facilitate x-ray imaging 

cassette trays or slots under the bed, the design, structure and composition of materials could be 

improved. The radiation dose must be increased, as the radiation beam must not only pass 

through the patient but must also penetrate the incubator canopy, the patient mattress and the bed. 

 The bed is made of plain plastic material which is of unknown uniformity. Artifacts on the 

image could be caused on the image by the bed and mattress. Use of thinner low attenuation 

materials in components lying between the patient and image receptors should be encouraged, 

e.g. for the carbon fibre bed and thinner mattress. Radiographers have reported problems in 

correctly aligning the tube, the baby and the cassette in the tray. This has been characterized 

as one of the drawback for the use of the tray in clinical practice 
66

. Incorrect positioning 

would result in repeat radiograph which would double the patient dose and is not in line with 

the ALARA principle. Therefore, a thinner transparent bed and thinner mattresses could 

possibly assist and promote the introduction of the “tray” technique in clinical practice. 

Another suggestion could be for the manufacturers to consider to make the bed out of carbon 

fibre material in the shape of a grip (like a tennis racket) so the cassette can be seen. In the 

case of artefacts then the bed should be made of very thin carbon fibre material, as it could 

easily support premature neonates which are very light anyway. Plate position could also be 

checked with external markers and precisely determined. A moving tray along the patient 

axis could possibly also provide an aid to the radiographer.   

 Only few studies up to now have discussed radiation related issues for and investigated 

ways in which the tray method can be optimised. Slade et al have suggested that imaging neonates 

with the cassette in the tray does not degrade image quality and that no change in the exposure 

factors have to be made. The noise in the image was acceptable for the clinical task  
63

.. 

 Mutch et al in their recent article (2007) address this problem considering both nursing and 

radiographic aspects 
66

. They have  studied the various types of incubators and their specifications, 

regarding beam attenuation and suitability for neonatal radiography 
66

. No significant differences 

were identified (apart from one type of incubator) and the attenuation of the beam was similar to 

that found in our project. In the same study, it is suggested that the use of the x-ray tray could 
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produce clinically acceptable image quality equal to the reference method 
63

. In our study, the 

effect of the tray on image quality was measured on anthropomorphic phantom images with 

physical quantities on like SNR and CNR. It is felt that the use of the tray should be incorporated 

in the clinical practice in the SCBU to protect the neonate from unnecessary disturbance. Digital 

radiographic systems can be operated at almost any level of receptor dose, however ideally the 

receptor dose needs to be tailored to the imaging task and the level of noise permitted. 

 Definition of the necessary amount of information for a specific clinical task is the 

first step. The dose reduction is secondary. However, the definition of “target image quality” 

is a challenge. Busch et al.(6 ,7) have proposed during the European research program 

DIMOND (8)a ‘three band’ classification for image quality—high, medium and low—

depending on the clinical problem to be solved 
149, 304, 305

. For example, in adults the follow-

up of a fracture does not require the same level of image quality as that required for its 

diagnosis. A 75 % reduction in dose has been demonstrated by Strotzeretal 
306

. 

 The wider dynamic range of the digital radiographic techniques allows variations of the 

respective exposure dose without influencing image contrast and visualisation of grey values. 

Accepting a reduced SNR, radiation dose can be reduced by adapting the resulting image quality 

to the clinical question 
120

.  

 This suggestion could be introduced in neonates, possibly, radiographs performed 

exclusively for confirmation of various catheters, tubes and lines a low dose radiograph would be 

adequate to answer the clinical task. The suggested increase in the mAs as presented in this work, 

should be used whenever an image with less noise is necessary, like for strict diagnostic reasons, 

therefore the suggested factors should be used. For example, specific pathologies, such as the 

hyaline membrane disease would require minimum noise in the image therefore higher dose. In 

all other circumstances, digital post processing and windowing offered form the CR capabilities, 

could increase the contrast for catheters and lines.   

 A discussion should be initiated between paediatric radiologists, paediatricians, medical 

physicists and radiographers and manufacturers regarding the use of the tray, the possible 

improvements in the design and structure of incubators, and selection of protocols depending on 

clinical task. All procedures should be tailored according to the ALARA principle and the net 

benefit should be greater than the risk at all times, taking account of economic and social factors 

132
. This means that the level of protection should be the best under the prevailing 

circumstances, maximising the marginal benefit over harm. 
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9.2 Conclusion in neonatal Computed Tomography 

9.2.1 Effective dose and dose conversion coefficients 

Despite the relatively low frequency of CT examinations in neonates compared to 

radiography, since CT is related to high organ doses, optimized protocols adjusted to clinical 

task and patient size should be implemented for neonates. Neonates represent the most 

radiosensitive group of patients. Additionally, in view of their longer life expectancy, and 

possible repeated radiological examinations, knowledge of organ and effective dose is vital 

for the estimation of cancer risks.  

The dosimetric methodology presented in this study, utilizing anthropomorphic 

neonatal phantom, was updated based on the new set of tissue weighting factors suggested by 

the ICRP. Effective dose conversion coefficients, normalised to dose-length product, were 

derived for neonates and children as a function of patient size for four anatomical areas (head, 

chest, abdomen, pelvis). The highest coefficient was found to be for the abdomen. The 

coefficients for chest, abdomen and pelvis were approximately 2-3,5 times higher than those 

for head, similarly to those published previously.  

The changes in the dose coefficients range from an increase of up to 25 % for chest 

CT scans to a decrease of 30–40 % for scans of the pelvis. No significant changes were 

observed for scans of the head and abdomen. Application of the coefficients to modern 

scanners set on clinical protocols, and comparison with the values produced through the 

IMPACT dose calculator, verified the results, so that this methodology can be applied in 

other paediatric CT examinations. The predicted effective doses were within 20% of the 

measured values. Also, the predicted values were within the range of doses given by using 

the IMPACT calculator. Additionally, organ doses for radiosensitive organs (breast, lung, 

stomach and liver) were normalized to the CT dose index. The organ doses can be estimated 

to within 20%.  

The coefficients presented in this study provide a practical and effective way for 

radiologists/radiographers to estimate effective dose in routine clinical practice. This can 

contribute in the optimisation of scan parameters and assist in the calculation of radiation 

cancer risks for infants and paediatric patients of any size.   
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9.2.2 Future work and optimisation of paediatric CT 

 One of the limitations of this study is that the 

effect of the new ICRP 103 factors is investigated only 

for the 120kVp protocols. Further work should include 

conversion coefficients for examinations in lower tube 

voltages in the range of 80-100kVp for children and 

methods for assessing image quality tube for CT. Deak 

et al in 2010 have published paediatric EDLP for lower voltages though Monte Carlo 

calculations A few other studies have studied the effect of the kVp on the EDLP for adults.. 

Additionally, the EDLP may vary for short scan lengths, e.g. scans including only the heart 

region or part of the lungs. Huda et al have studied the variation in E/DLP values in relation 

to different tube voltages and various positions of the x-ray beam along the z-axis for short 

scan lengths (2cm) on head and body scans for adults 
191

. They may vary up to a factor of 30 

when radiosensitive organs are within the primary beam e.g. breast, and they increase (about 

25%) with increasing tube voltage (from 80 to 120kVp).  

 Organ dose coefficients per CTDIvol have been deduced in this study. Similar 

coefficients, depending on age and tube voltage for other sensitive organs, such as liver, 

gonads, stomach etc, would prove useful in the estimation of cancer risks. Doses to organs 

lying at the boundaries of the scanned length are higher for children and extra care should be 

taken to protect them. That is associated with the need in MSCT to scan a slightly larger 

volume than is planned (overscanning) in order to get sufficient data interpolated to 

reconstruct the first and last slice. Overscanning is reconstruction-algorithm specific, and its 

length generally increases with increasing beam width and pitch factor 
291

. Scanning lengths 

should be strictly established for children, where sensitive organs lie closer to the boundaries 

of the scan, e.g. breast and gonads in a abdominopelvic CT, due to the child’s physically 

smaller size. It is reported for example, for a paediatric chest CT the dose to the salivary 

glands and the stomach (boundary organs) are 4.5 and 1.7 times higher (for a pitch factor of 

1.406 and slice width 32mm in comparison to 0.938 and 16mm).  

 Another limitation of this work is that the image quality has not been assessed for the 

different protocols, e.g. application of lower tube voltages. Measurements of physical 

parameters on the image, such as signal to noise ratio (SNR) and contrast to noise ratio 

(CNR), can assist in the optimisation of neonatal protocols. These can be performed with 

contrast test objects or anthropomorphic phantoms. A strategy can be proposed for selection 
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of the most efficient tube potential, depending on patient size and the clinical imaging 

requirements of each diagnostic task. Further work could aim to set a “target level” of image 

quality, using an index related to SNR or CNR, depending on the clinical question. That can 

be a difficult task, since differences may arise between radiologists regarding the 

acceptability of tolerable image noise in the images, as reported in a recent report of the 

International Atomic Energy Association (IAEA) 
307

 . A few recent studies have addressed 

this issue for paediatric patients. Substantial reductions in radiation dose can be realized by 

combining tube current modulation and low tube potential (80 or 100) for children without 

impairing diagnostic image quality. Specifically, for paediatric head CT examinations, the 

use of 80kVp, instead of 120 kVp  (that is frequently used), gave lower radiation dose at an 

equal image quality 
308

. It is also reported for paediatric patients weighting ≤15 Kg, during 

CT cardiac angiography, a beam energy of 80 kVp is preferable, and for those weighting 15-

75 kg a beam energy of 100 kVp 
309

. The mAs values and the radiation dose were markedly 

reduced 25- 60% 
309

. For paediatric patients with congenital heart disease, cardiac CT with a 

low tube voltage (80kVp) can be successfully used, which using appropriate mAs (10 

mAs/kg up to 6 kg) results in low radiation dose (<1 mSv) 
42

. 

 Detailed dose levels for infants are not frequently reported, however, the high doses 

involved underline the importance of such dosimetric measurements in order to estimate 

risks. E is a parameter related to risk. However, it is a derived parameter that cannot be 

measured directly but it is estimated through multiple steps and approximations.  

 The method and the results of this study can assist radiologists and CT users 

understand the radiation dose estimates and the risks associated with this modality. 

Awareness of the risks can reinforce the justification criteria. Careful consideration for 

referrals for CT is necessary, given the increasing frequency of paediatric CT examinations. 

However, there is a lack of appreciation of risks and dose levels amongst certain groups of 

medical staff and practitioners responsible for justifying exposures 
40

.  In recent surveys it 

was reported that the majority of the paediatric physicians and surgeons in a large paediatric 

teaching hospital were not familiar with the ALARA principle in diagnostic radiology and 

underestimate risks. Only a few of the respondents estimated correctly the lifetime excess 

cancer risk related to the dose from paediatric CT, with some believing that there is no excess 

risk  
115, 116

.  

 Doses arising from CT are amongst the highest in all diagnostic procedures and 

growing concern has been created in the IAEA and other international organizations 
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regarding patient protection issues, especially for children 
310

. Children have increased risks 

of radiation-related cancer, especially for thyroid, breasts and brain, non-melanoma skin 

cancer, and leukemia 
22, 31, 34

. Brenner et all reported a paediatric fatal cancer risk of 

approximately 1 in 900 and 1 in 1800 for abdomen or head CT respectively, for a single slice 

CT scan of a 1-year old child 
32

 . However this can be greater for paediatric coronary CT 

angiography, according to recent studies, depending on heart rate (1 in 300-715 for boys and 

1 in 120-230 for girls 
38, 39

.IAEA has initiated the “Smart card project” whch aims to record 

and track cumulative lifetime radiation dose. The “smart card” will document how much 

radiation an individual has reveived from all diagnostic procedures. As neonates, often 

undergo a large number of radiographic procedures in the Special Care Baby Unit, this will 

assist physicians to better evaluate risks and benefits of using or repeating imaging 

techniques. 

 Approximately 29000 future cases of radiation induced cancer have been predicted in 

the US from CT scans ordered from physicians in 2007 alone. About 15% of these potential 

cancers result from scans on patients younger than 18 years old 
33

. Therefore, careful use and 

continuous monitoring of the performance of existing and emerging CT equipment is of 

utmost importance with the aim of updating protocols to effectively take full advantage of the 

modalities. For example, the recent availability of the modern 320-detector –row MDCT 

scanner, allows axial volumetric scanning of the neonatal chest in one single rotation (0.35s), 

which results 5-24 times faster scanning and dose savings between 18-40%, in comparison to 

helical scanning 
311

. Investigating the best practice, especially for new installations, with on-

site dosimetric measurements, will contribute in ensuring that paediatric patient doses are 

restricted and controlled. Sufficient and continuous training of the operators and practitioners 

may increase the efficient adaptation of dose-saving strategies 
312-314

. 

 

 

 

 

 

 

 

 

 



245 

 

REFERENCES 
 

1. Brailsford JF. Roentgen's discovery of X-rays; their application to medicine and surgery. Br J Radiol 

1946;19(227): 453-61. 

2. Frankel RI. Centennial of Rontgen's discovery of x-rays. West J Med 1996;164(6): 497-501. 

3. NCRP. Ionizing Radiation Exposure of the Population of the United States. National Council on Radiation 

Protection & Measurements. 2009. 

4. Seibert JA. Tradeoffs between image quality and dose. Pediatr Radiol 2004;34 Suppl 3: S183-95; discussion 

S234-41. 

5. ICRP International Commission on Radiological Protection, Recommendations of the International 

Commission on Radiological Protection. Managing patient dose in digital radiology, Publication 93, 

Oxford: Pergamon Press, Oxford, England, 2004. 

6. Neitzel U. Status and prospects of digital detector technology for CR and DR. Radiat Prot Dosimetry 

2005;114(1-3): 32-8. 

7. Persliden J, Helmrot E, Hjort P, et al. Dose and image quality in the comparison of analogue and digital 

techniques in paediatric urology examinations. Eur Radiol 2004;14(4): 638-44. 

8. Monnin P, Gutierrez D, Bulling S, et al. Performance comparison of an active matrix flat panel imager, 

computed radiography system, and a screen-film system at four standard radiation qualities. Med Phys 

2005;32(2): 343-50. 

9. Vano E. ICRP recommendations on 'Managing patient dose in digital radiology'. Radiat Prot Dosimetry 

2005;114(1-3): 126-30. 

10. Peer S, Peer R, Giacomuzzi SM, et al. Comparative reject analysis in conventional film-screen and digital 

storage phosphor radiography. Radiat Prot Dosimetry 2001;94(1-2): 69-71. 

11. Don S, Albertina MJ, Ammann DL, et al. Soft-copy computed radiography in neonatal and pediatric 

intensive care units: cost-savings analysis. Radiology 1995;197(2): 501-5. 

12. Neofotistou V, Tsapaki V, Kottou S, et al. Does digital imaging decrease patient dose? A pilot study and 

review of the literature. Radiat Prot Dosimetry 2005;117(1-3): 204-10. 

13. Vano E, Fernandez JM, Ten JI, et al. Transition from screen-film to digital radiography: evolution of patient 

radiation doses at projection radiography. Radiology 2007;243(2): 461-6. 

14. Compagnone G, Baleni MC, Pagan L, et al. Comparison of radiation doses to patients undergoing standard 

radiographic examinations with conventional screen-film radiography, computed radiography and direct 

digital radiography. Br J Radiol 2006;79(947): 899-904. 

15. Schreiner-Karoussou A. Dose optimisation in computed radiography. Radiat Prot Dosimetry 2005;117(1-3): 

139-42. 

16. Aldrich JE, Duran E, Dunlop P, et al. Optimization of dose and image quality for computed radiography and 

digital radiography. J Digit Imaging 2006;19(2): 126-31. 

17. Reiner BI, Siegel EL, Flagle C, et al. Effect of filmless imaging on the utilization of radiologic services. 

Radiology 2000;215(1): 163-7. 

18. Brenner D, Elliston C, Hall E, et al. Estimated risks of radiation-induced fatal cancer from pediatric CT. 

AJR Am J Roentgenol 2001;176(2): 289-96. 

19. Prokop M. General principles of MDCT. Eur J Radiol 2003;45 Suppl 1: S4-10. 

20. Prokop M. Multislice CT: technical principles and future trends. Eur Radiol 2003;13 Suppl 5: M3-13. 

21. Kopp AF, Kuttner A, Trabold T, et al. Multislice CT in cardiac and coronary angiography. Br J Radiol 

2004;77 Spec No 1: S87-97. 

22. UNSCEAR United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and Effects of 

Ionizing Radiation Report  2008 Vol. I,, New York United Nations, 2010. 

23. Vano E. Global view on radiation protection in medicine. Radiat Prot Dosimetry 2011;147(1-2): 3-7. 

24. Smith-Bindman R, Lipson J, Marcus R, et al. Radiation dose associated with common computed 

tomography examinations and the associated lifetime attributable risk of cancer. Arch Intern Med 

2009;169(22): 2078-86. 

25. Shannoun F, Zeeb H, Back C, et al. Medical exposure of the population from diagnostic use of ionizing 

radiation in luxembourg between 1994 and 2002. Health Phys 2006;91(2): 154-62. 

26. Hansen JandJurik AG. Analysis of Current Practice of CT examinations. Acta Oncol 2009;48(2): 295-301. 

27. Mettler FA, Jr., Bhargavan M, Faulkner K, et al. Radiologic and nuclear medicine studies in the United 

States and worldwide: frequency, radiation dose, and comparison with other radiation sources--1950-

2007. Radiology 2009;253(2): 520-31. 

28. Hart D WB, Hillier MC,  Shrimpton PC. Frequency and collective dose for medical and dental X-ray 

examinations in the UK, 2008. HPA-CRCE-012,. Chilton, Didcot:, 2010. 



246 

 

29. UNSCEAR. Sources and Effects of Ionizing Radiation Report 2008. United Nations Scientific Committee 

on the Effects of Atomic Radiation. New York United Nations, 2010. 

30. Fazel R, Krumholz HM, Wang Y, et al. Exposure to low-dose ionizing radiation from medical imaging 

procedures. N Engl J Med 2009;361(9): 849-57. 

31. BEIR V. Health Risks from Exposure to Low Levels of Ionizing Radiation: BEIR VII – Phase 2. 

Washington DC: The National Academies Press, 2005. 

32. Brenner DJandHall EJ. Computed tomography--an increasing source of radiation exposure. N Engl J Med 

2007;357(22): 2277-84. 

33. Berrington de Gonzalez A, Mahesh M, Kim KP, et al. Projected cancer risks from computed tomographic 

scans performed in the United States in 2007. Arch Intern Med 2009;169(22): 2071-7. 

34. Kleinerman RA. Cancer risks following diagnostic and therapeutic radiation exposure in children. Pediatr 

Radiol 2006;36 Suppl 2: 121-5. 

35. Prasad. Handbook of radiobiology, 1995. 

36. Ron E. Cancer risks from medical radiation. Health Phys 2003;85(1): 47-59. 

37. UNSCEAR United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and Effects of 

Ionizing Radiation Report Vol. I, New York United Nations, 2000. . 

38. Huang B, Law MW, Mak HK, et al. Pediatric 64-MDCT coronary angiography with ECG-modulated tube 

current: radiation dose and cancer risk. AJR Am J Roentgenol 2009;193(2): 539-44. 

39. Feng ST, Law MW, Huang B, et al. Radiation dose and cancer risk from pediatric CT examinations on 64-

slice CT: A phantom study. Eur J Radiol 2010;76(2): e19-23 epub  

40. Dougeni E, Faulkner KandPanayiotakis G. A review of patient dose and optimisation methods in adult and 

paediatric CT scanning. Eur J Radiol 2011. 

41. ICRP International Commission on Radiological Protection, Recommendations of the International 

Commission on Radiological Protection. Managing patient dose in digital radiology, Publication 103 

(21), Oxford: Pergamon Press, Oxford, England, 2007. 

42. Paul JF, Rohnean AandSigal-Cinqualbre A. Multidetector CT for congenital heart patients: what a paediatric 

radiologist should know. Pediatr Radiol 2010;40(6): 869-75. 

43. Frush DPandDonnelly LF. Helical CT in children: technical considerations and body applications. 

Radiology 1998;209(1): 37-48. 

44. Frush DP, Donnelly LFandRosen NS. Computed tomography and radiation risks: what pediatric health care 

providers should know. Pediatrics 2003;112(4): 951-7. 

45. Garcia-Pena PandLucaya J. HRCT in children: technique and indications. Eur Radiol 2004;14 Suppl 4: L13-

30. 

46. Papaioannou G, Young CandOwens CM. Multidetector row CT for imaging the paediatric tracheobronchial 

tree. Pediatr Radiol 2007;37(6): 515-29; quiz 612-3. 

47. Muhogora WE, Ahmed NA, Alsuwaidi JS, et al. Paediatric CT examinations in 19 developing countries: 

frequency and radiation dose. Radiat Prot Dosimetry 2010;140(1): 49-58. 

48. Muhogora WE, Ahmed NA, Beganovic A, et al. Patient doses in CT examinations in 18 countries: initial 

results from International Atomic Energy Agency projects. Radiat Prot Dosimetry 2009;136(2): 118-26. 

49. Verdun FR, Gutierrez D, Vader JP, et al. CT radiation dose in children: a survey to establish age-based 

diagnostic reference levels in Switzerland. Eur Radiol 2008;18(9): 1980-6. 

50. Broder JandWarshauer DM. Increasing utilization of computed tomography in the adult emergency 

department, 2000-2005. Emerg Radiol 2006;13(1): 25-30. 

51. Mettler FA, Jr., Thomadsen BR, Bhargavan M, et al. Medical radiation exposure in the U.S. in 2006: 

preliminary results. Health Phys 2008;95(5): 502-7. 

52. Tenkanen-Rautakoski P. Number of radiological examinations and procedures in 2008 (in Finnish).  Report 

STUKB 121 In: (STUK). RaNSA, editor. ISBN: 978-952-478-540-2., 2008. 

53. Paterson A, Frush DPandDonnelly LF. Helical CT of the body: are settings adjusted for pediatric patients? 

AJR Am J Roentgenol 2001;176(2): 297-301. 

54. Donnelly LF, Emery KH, Brody AS, et al. Minimizing radiation dose for pediatric body applications of 

single-detector helical CT: strategies at a large Children's Hospital. AJR Am J Roentgenol 2001;176(2): 

303-6. 

55. Jarvinen H, Merimaa K, Seuri R, et al. Patient doses in paediatric CT: feasibility of setting diagnostic 

reference levels. Radiat Prot Dosimetry 2011;147(1-2): 142-6. 

56. Council Directive 97/43/Euratom. Council Directive on health protection of individuals against the dangers 

of ionising radiation in relation to medical exposure. Official Eur Communities 1997. . 

57. Commission. E. European guidelines on quality criteria for diagnostic radiographic images in paediatrics. 

Report EUR 16261. In: Communities OPotE, editor, 1996. 

58. Halliday HL MB, Reid M. . Handbook of neonatal intensive care. In: WB Saunders Company Limited, 

editor. 4th edn. London, UK, 1998. 



247 

 

59. Telliez F, Bach V, Krim G, et al. Consequences of a small decrease of air temperature from thermal 

equilibrium on thermoregulation in sleeping neonates. Med Biol Eng Comput 1997;35(5): 516-20. 

60. Antonucci R, Porcella AandFanos V. The infant incubator in the neonatal intensive care unit: unresolved 

issues and future developments. J Perinat Med 2009;37(6): 587-98. 

61. Lobo L. The neonatal chest. Eur J Radiol 2006;60(2): 152-8. 

62. Puch-Kapst K, Juran R, Stoever B, et al. Radiation exposure in 212 very low and extremely low birth weight 

infants. Pediatrics 2009;124(6): 1556-64. 

63. Slade D, Harrison S, Morris S, et al. Neonates do not need to be handled for radiographs. Pediatr Radiol 

2005;35(6): 608-11. 

64. Long JG, Philip AGandLucey JF. Excessive handling as a cause of hypoxemia. Pediatrics 1980;65(2): 203-

7. 

65. Murdoch DRandDarlow BA. Handling during neonatal intensive care. Arch Dis Child 1984;59(10): 957-61. 

66. Mutch SJandWentworth SD. Imaging the neonate in the incubator: an investigation of the technical, 

radiological and nursing issues. Br J Radiol 2007;80(959): 902-10. 

67. Busch H. Image quality and dose management for digital radiography In: EuropeanCommission eDAf, 

<http://www.dimond3.org/European>, editor, 2004. 

68. Goodman TRandMcHugh K. Advances in radiology. Arch Dis Child 1997;77(3): 265-71. 

69. Hart D, Jones, D. G. and Wall, B. F. Coefficients for estimating effective doses from paediatric x-ray 

examinations. NRPB-R279 1996  

70. Martin CJ, Sutton DGandSharp PF. Balancing patient dose and image quality. Appl Radiat Isot 1999;50(1): 

1-19. 

71. Christopher J. H. Kelnar DRH, Carol Simpson The Sick Newborn Baby ISBN 9780702016479In: Tindall B, 

editor. Edinbrough, 1995. 

72. Agrons GAC, S. E. Stocker, J. T. Markowitz, R. I. From the archives of the AFIP: Lung disease in 

premature neonates: radiologic-pathologic correlation. Radiographics 2005;25(4): 1047-73. 

73. Nadroo AM, Lin J, Green RS, et al. Death as a complication of peripherally inserted central catheters in 

neonates. J Pediatr 2001;138(4): 599-601. 

74. Beardsall K, White DK, Pinto EM, et al. Pericardial effusion and cardiac tamponade as complications of 

neonatal long lines: are they really a problem? Arch Dis Child Fetal Neonatal Ed 2003;88(4): F292-5. 

75. Goutail-Flaud MF, Sfez M, Berg A, et al. Central venous catheter-related complications in newborns and 

infants: a 587-case survey. J Pediatr Surg 1991;26(6): 645-50. 

76. Pesce C, Mercurella A, Musi L, et al. Fatal cardiac tamponade as a late complication of central venous 

catheterization: a case report. Eur J Pediatr Surg 1999;9(2): 113-5. 

77. Beattie PG, Kuschel CAandHarding JE. Pericardial effusion complicating a percutaneous central venous line 

in a neonate. Acta Paediatr 1993;82(1): 105-7. 

78. Khilnani P, Toce SandReddy R. Mechanical complications from very small percutaneous central venous 

Silastic catheters. Crit Care Med 1990;18(12): 1477-8. 

79. Leipala JA, Petaja JandFellman V. Perforation complications of percutaneous central venous catheters in 

very low birthweight infants. J Paediatr Child Health 2001;37(2): 168-71. 

80. Golan Y, Doron S, Sullivan B, et al. Transmission of vancomycin-resistant enterococcus in a neonatal 

intensive care unit. Pediatr Infect Dis J 2005;24(6): 566-7. 

81. EU Commission of European Communities CEC . Report EUR 16261. European guidelines on quality 

criteria for diagnostic radiographic images in paediatrics. Official Publications of the European 

Communities, Luxemburg, 1996. . 

82. Appleton MBandCarr RS. Radiation protection in a neonatal intensive care unit: a practical approach. 

Radiography 1984;50(592): 137-41. 

83. Hart D WB, Shrimpton PC, Bungay DR, Dance DR. NRPB. Reference doses and patient size in paediatric 

radiology. NRPB-R318. In: Borad NNRP, editor. Chitton, UK, 2000. 

84. Merlo L, Bighi S, Cervi PM, et al. Computed radiography in neonatal intensive care. Pediatr Radiol 

1991;21(2): 94-6. 

85. Brenner DJ. Extrapolating radiation-induced cancer risks from low doses to very low doses. Health Phys 

2009;97(5): 505-9. 

86. Charles MW. Studies of mortality of atomic bomb survivors. Report 13: Solid cancer and noncancer disease 

mortality: 1950-1997. J Radiol Prot 2003;23(4): 457-9. 

87. Preston DL, Shimizu Y, Pierce DA, et al. Studies of mortality of atomic bomb survivors. Report 13: Solid 

cancer and noncancer disease mortality: 1950-1997. Radiat Res 2003;160(4): 381-407. 

88. ICRP International Commission on Radiological Protection, Recommendations of the International 

Commission on Radiological Protection. Managing patient dose in multi-detector computed tomography 

(MDCT), Publication 103 (37), Oxford: Pergamon Press, Oxford, England, 2007. 

http://www.dimond3.org/European%3e


248 

 

89. Wall BF, Haylock, R, Jansen, J T M, Hillier, M C, Hart D, Shrimpton, P C, . Radiation risks from Medical 

X-ray examinations as a function of the age and sex of the patient. HPA-CRCE-028. ISBN 978-0-85951-

709-6. In: HPA, editor. Chilton, Oxfordshire, 2011. 

90. Little MP. Risks associated with ionizing radiation. Br Med Bull 2003;68: 259-75. 

91. Balter S, Hopewell JW, Miller DL, et al. Fluoroscopically guided interventional procedures: a review of 

radiation effects on patients' skin and hair. Radiology 2010;254(2): 326-41. 

92. Pierce DAandPreston DL. Radiation-related cancer risks at low doses among atomic bomb survivors. Radiat 

Res 2000;154(2): 178-86. 

93. Shrimpton PC, Hillier MC, Lewis MA, et al. National survey of doses from CT in the UK: 2003. Br J Radiol 

2006;79(948): 968-80. 

94. Tanimura M, Matsui I, Abe J, et al. Increased risk of hepatoblastoma among immature children with a lower 

birth weight. Cancer Res 1998;58(14): 3032-5. 

95. Feusner J, Buckley J, Robison L, et al. Prematurity and hepatoblastoma: more than just an association? J 

Pediatr 1998;133(4): 585-6. 

96. Land CE. Studies of cancer and radiation dose among atomic bomb survivors. The example of breast cancer. 

JAMA 1995;274(5): 402-7. 

97. Tokunaga M, Land CE, Tokuoka S, et al. Incidence of female breast cancer among atomic bomb survivors, 

1950-1985. Radiat Res 1994;138(2): 209-23. 

98. Balter M. Children become the first victims of fallout. Science 1996;272(5260): 357-60. 

99. Kazakov VS, Demidchik EPandAstakhova LN. Thyroid cancer after Chernobyl. Nature 1992;359(6390): 21. 

100. Miller RW BJIUA, Albert RE, Burns FJ, Shore RE, . Radiogenic cancer after prenatal or childhood 

exposure. In: Elsevier, editor. Radiation Carcinogenesis. New York, NY, 1986:379–386. 

101. Ron E, Modan B, Boice JD, Jr., et al. Tumors of the brain and nervous system after radiotherapy in 

childhood. N Engl J Med 1988;319(16): 1033-9. 

102. AAP American Academy of Pediatrics. Risk of Ionizing Radiation Exposure to Children: A Subject 

Review. Pediatrics 1998;101(4): 717. 

103. Yoshimaru H, Otake M, Schull WJ, et al. Further observations on abnormal brain development caused by 

prenatal A-bomb exposure to ionizing radiation. Int J Radiat Biol 1995;67(3): 359-71. 

104. UNSCEAR United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and Effects 

of Ionizing Radiation Report Vol. I, New York United Nations, 1990. . 

105. Wilson-Costello D, Rao PS, Morrison S, et al. Radiation exposure from diagnostic radiographs in 

extremely low birth weight infants. Pediatrics 1996;97(3): 369-74. 

106. NRPB  X-rays-how safe are they? An information leaflet for patients prepared by the National Radiological 

Protection Board, College of Radiographers, Royal College of Radiologists and Royal College of 

General Practitioners (www.hpa.org.uk)  CoR, RCR ad RCGP, 2001. 

107. ICRP International Commission on Radiological Protection, Recommendations of the International 

Commission on Radiological Protection, Managing patient dose in computed tomography, Publication 

87, Oxford: Pergamon Press, Oxford, England, 2001. 

108. Krilleke D, DeErkenez A, Schubert W, et al. Molecular mapping and functional characterization of the 

VEGF164 heparin-binding domain. J Biol Chem 2007;282(38): 28045-56. 

109. Studies BoRERDoEaL. Health Risks from Exposure to Low Levels of Ionizing Radiation: BEIR VII – 

Phase 2. Washington DC: The National Academies Press, 2005. 

110. Frush DP. Computed tomography: important considerations for pediatric patients. Expert Rev Med Devices 

2005;2(5): 567-75. 

111. Gerber TC, Kuzo RSandMorin RL. Techniques and parameters for estimating radiation exposure and dose 

in cardiac computed tomography. Int J Cardiovasc Imaging 2005;21(1): 165-76. 

112. Rogers LF. Dose reduction in CT: how low can we go? AJR Am J Roentgenol 2002;179(2): 299. 

113. UNSCEAR United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and Effects 

of Ionizing Radiation Report  2008 Vol. I,, New York United Nations, 2010. 

114. Health. Do. On the state of the Public Health 1995. In introduction to the Annual Report of the Chief 

Medical Officer of the Department of Health of the year 1995. . London HMSO, 1995. 

115. Thomas KE, Parnell-Parmley JE, Haidar S, et al. Assessment of radiation dose awareness among 

pediatricians. Pediatr Radiol 2006;36(8): 823-32. 

116. Lee CI, Haims AH, Monico EP, et al. Diagnostic CT scans: assessment of patient, physician, and 

radiologist awareness of radiation dose and possible risks. Radiology 2004;231(2): 393-8. 

117. Jacob K, Vivian GandSteel JR. X-ray dose training: are we exposed to enough? Clin Radiol 2004;59(10): 

928-34; discussion 26-7. 

118. Korner M, Weber CH, Wirth S, et al. Advances in digital radiography: physical principles and system 

overview. Radiographics 2007;27(3): 675-86. 

http://www.hpa.org.uk/


249 

 

119. Cowen AR, Davies AGandKengyelics SM. Advances in computed radiography systems and their physical 

imaging characteristics. Clin Radiol 2007;62(12): 1132-41. 

120. Lanca L SA. Digital radiography detectors e A technical overview: Part 2. Radiography 2009;15: 134-38. 

121. Don S, Whiting BR, Ellinwood JS, et al. Neonatal chest computed radiography: image processing and 

optimal image display. AJR Am J Roentgenol 2007;188(4): 1138-44. 

122. Warren-Forward H, Arthur L, Hobson L, et al. An assessment of exposure indices in computed radiography 

for the posterior-anterior chest and the lateral lumbar spine. Br J Radiol 2007;80(949): 26-31. 

123. Don S. Radiosensitivity of children: potential for overexposure in CR and DR and magnitude of doses in 

ordinary radiographic examinations. Pediatr Radiol 2004;34 Suppl 3: S167-72; discussion S234-41. 

124. Vano E, Fernandez JM, Ten JI, et al. Real-time measurement and audit of radiation dose to patients 

undergoing computed radiography. Radiology 2002;225(1): 283-8. 

125. Weatherburn GC, Bryan SandWest M. A comparison of image reject rates when using film, hard copy 

computed radiography and soft copy images on picture archiving and communication systems (PACS) 

workstations. Br J Radiol 1999;72(859): 653-60. 

126. Weatherburn GCandDavies JG. Comparison of film, hard copy computed radiography (CR) and soft copy 

picture archiving and communication (PACS) systems using a contrast detail test object. Br J Radiol 

1999;72(861): 856-63. 

127. Goske MJ, Charkot E, Herrmann T, et al. Image Gently: challenges for radiologic technologists when 

performing digital radiography in children. Pediatr Radiol 2011;41(5): 611-9. 

128. Uffmann MandSchaefer-Prokop C. Digital radiography: the balance between image quality and required 

radiation dose. Eur J Radiol 2009;72(2): 202-8. 

129. Parry RA, Glaze SAandArcher BR. The AAPM/RSNA physics tutorial for residents. Typical patient 

radiation doses in diagnostic radiology. Radiographics 1999;19(5): 1289-302. 

130. Butler ML, Rainford L, Last J, et al. Are exposure index values consistent in clinical practice? A multi-

manufacturer investigation. Radiat Prot Dosimetry 2010;139(1-3): 371-4. 

131. Cohen MD, Cooper ML, Piersall K, et al. Quality assurance: using the exposure index and the deviation 

index to monitor radiation exposure for portable chest radiographs in neonates. Pediatr Radiol 

2011;41(5): 592-601. 

132. Don S. Pediatric digital radiography summit overview: state of confusion. Pediatr Radiol 2011;41(5): 567-

72. 

133. Don S, Goske MJ, John S, et al. Image Gently pediatric digital radiography summit: executive summary. 

Pediatr Radiol 2011;41(5): 562-5. 

134. Shepard SJ, Wang J, Flynn M, et al. An exposure indicator for digital radiography: AAPM Task Group 116 

(executive summary). Med Phys 2009;36(7): 2898-914. 

135. Willis C. Computed Radiography: QA/QC.In: Seibert JA, Filipow LJ, Andriole KP, editors. Practical 

digital imaging and PACS. AAPM Monograph No. 25. In: Publishing; WMP, editor. Madison, 

1999:157-176.  . 

136. IPEM Intitute of Physics and Engineering in Medicine. Measurement of the Performance Characteristics of 

Diagnostic X-Ray Systems: Digital Imaging Systems.Report 32, Part VII, ISBN Number 1903613405. 

York, UK, 2010. 

137. IEC International Electrotechnical Commission. Medical electrical equipment—exposure index of digital 

X-ray imaging systems. Part 1: definitions and requirements for general radiography. International 

standard IEC 62494-. Geneva, Switzerland, 2008. 

138. Schaetzing R. Management of pediatric radiation dose using Agfa computed radiography. Pediatr Radiol 

2004;34 Suppl 3: S207-14; discussion S34-41. 

139. Kotter EandLanger M. Digital radiography with large-area flat-panel detectors. Eur Radiol 2002;12(10): 

2562-70. 

140. Bogucki TM TD. Characteristics of a storage phosphor system for medical imaging. In: Tech and Sci 

Monograph #6 EKC, editor. Rochester, NY, 1995. 

141. Willis CE. Strategies for dose reduction in ordinary radiographic examinations using CR and DR. Pediatr 

Radiol 2004;34 Suppl 3: S196-200; discussion S34-41. 

142. Kroft LJ, Veldkamp WJ, Mertens BJ, et al. Dose reduction in digital chest radiography and perceived 

image quality. Br J Radiol 2007;80(960): 984-8. 

143. Bacher K, Smeets P, Bonnarens K, et al. Dose reduction in patients undergoing chest imaging: digital 

amorphous silicon flat-panel detector radiography versus conventional film-screen radiography and 

phosphor-based computed radiography. AJR Am J Roentgenol 2003;181(4): 923-9. 

144. Al Khalifah K BA. Comparison between conventional radiography and digital radiography for various kVp 

and mAs settings using a pelvic phantom. Radiography 2004;10: 119-25. 



250 

 

145. Weatherburn GC, Bryan SandDavies JG. Comparison of doses for bedside examinations of the chest with 

conventional screen-film and computed radiography: results of a randomized controlled trial. Radiology 

2000;217(3): 707-12. 

146. Tingberg AandSjostrom D. Optimisation of image plate radiography with respect to tube voltage. Radiat 

Prot Dosimetry 2005;114(1-3): 286-93. 

147. Peters SEandBrennan PC. Digital radiography: are the manufacturers' settings too high? Optimisation of 

the Kodak digital radiography system with aid of the computed radiography dose index. Eur Radiol 

2002;12(9): 2381-7. 

148. Slovis TL. CT and computed radiography: the pictures are great, but is the radiation dose greater than 

required? AJR Am J Roentgenol 2002;179(1): 39-41. 

149. Busch HPandFaulkner K. Image quality and dose management in digital radiography: a new paradigm for 

optimisation. Radiat Prot Dosimetry 2005;117(1-3): 143-7. 

150. Faulkner K, Malone J, Vano E, et al. The SENTINEL project. Radiat Prot Dosimetry 2008;129(1-3): 3-5. 

151. Rong XJ, Shaw CC, Liu X, et al. Comparison of an amorphous silicon/cesium iodide flat-panel digital 

chest radiography system with screen/film and computed radiography systems--a contrast-detail phantom 

study. Med Phys 2001;28(11): 2328-35. 

152. Aufrichtig R. Comparison of low contrast detectability between a digital amorphous silicon and a screen-

film based imaging system for thoracic radiography. Med Phys 1999;26(7): 1349-58. 

153. Fink C, Hallscheidt PJ, Noeldge G, et al. Clinical comparative study with a large-area amorphous silicon 

flat-panel detector: image quality and visibility of anatomic structures on chest radiography. AJR Am J 

Roentgenol 2002;178(2): 481-6. 

154. Zahringer M, Hesselmann V, Schulte O, et al. Reducing the radiation dose during excretory urography: 

flat-panel silicon x-ray detector versus computed radiography. AJR Am J Roentgenol 2003;181(4): 931-

7. 

155. Strotzer M, Gmeinwieser JK, Volk M, et al. Detection of simulated chest lesions with normal and reduced 

radiation dose: comparison of conventional screen-film radiography and a flat-panel x-ray detector based 

on amorphous silicon. Invest Radiol 1998;33(2): 98-103. 

156. ICRU International Commission on Radiation Units and Measurements. Medical Imaging: the assessment 

of image quality Report 54. Bethesda, MD, 1996.  

157. Giger ML, Doi KandMetz CE. Investigation of basic imaging properties in digital radiography. 2. Noise 

Wiener spectrum. Med Phys 1984;11(6): 797-805. 

158. Dobbins JT, 3rd, Samei E, Ranger NT, et al. Intercomparison of methods for image quality 

characterization. II. Noise power spectrum. Med Phys 2006;33(5): 1466-75. 

159. Jessen K. Balancing image quality and dose in diagnostic radiology. Eur Radiol Syllabus 2004;14(9-18). 

160.  Dobbins JT (2000) Image quality metrics for digital systems. In Beutel J, Kundel HL, Van Metter RL 

(eds) Handbook of medical imaging. SPIE Press, Bellingham, pp 161–222. SPIE Press, Bellingham, 

2000:161-222.  

161. Bernhardt P, Lendl MandDeinzer F. New technologies to reduce pediatric radiation doses. Pediatr Radiol 

2006;36 Suppl 2: 212-5. 

162. NHSBSP Commissioning and routine testing of full field digital mammography systems. Equipment 

Report 0604 Version 3, UK, April 2009. 

163. Martin C. The importance of radiation quality for optimisation in radiology. Biomed Imaging Interv J 

2007;3(2): e38. 

164. Cunningham IA, Applied linearsystems theory. In Beutel J, Kundel HL, Van Metter RL (eds) Handbook of 

medical imaging. SPIE Press, Bellingham, 2000: 79–159  

165. Macgregor DMandMcKie L. CT or not CT--that is the question. Whether 'tis better to evaluate clinically 

and x ray than to undertake a CT head scan! Emerg Med J 2005;22(8): 541-3. 

166. Johnson K, Williams SC, Balogun M, et al. Reducing unnecessary skull radiographs in children: a 

multidisciplinary audit. Clin Radiol 2004;59(7): 616-20. 

167. Faulkner K. Protocols for dosimetry and patient reference levels. Radiat Prot Dosimetry 2005;117(1-3): 

195-8. 

168. ICRU International Commission on Radiation Units and Measurements. Patient Dosimetry for X Rays used 

in Medical Imaging. Report 74. Bethesda, MD, 2005. 

169. Vano E, Gonzalez, L. Patient dosimetry and reference doses: practical considerations Radiat Prot 

Dosimetry 2000;90(1-2): 85-8. 

170. Borisova R, Ingilizova CandVassileva J. Patient dosimetry in paediatric diagnostic radiology. Radiat Prot 

Dosimetry 2008;129(1-3): 155-9. 

171. ICRP International Commission on Radiological Protection, Recommendations of the International 

Commission on Radiological Protection. Managing patient dose in multi-detector computed tomography 

(MDCT), Publication 102, Oxford: Pergamon Press, Oxford, England, 2007. 



251 

 

172. IAEA International Atomic Energy Agency. Dosimetry in diagnostic radiology: an international code of 

practice. Technical Reports Series No. 457, Vienna, 2007. 

173. ICRP International Commission on Radiological Protection, Recommendations of the International 

Commission on Radiological Protection (1991), Publication 60, Oxford: Pergamon Press, 1990. 

174. Dougeni E, Chapple CL, Willis J, et al. Assessment of effective dose in paediatric CT examinations. Radiat 

Prot Dosimetry 2011;147(1-2): 147-50. 

175. IAEA International Atomic Energy Agency. Dosimetry in diagnostic radiology: an international code of 

practice. Technical Reports Series No. 457, Vienna, 2007. 

176. AAPM American Association of Physicists in Medicine, The Measurement, Reporting, and Management 

of Radiation Dose in CT. Task Group 23 of the Diagnostic Imaging Council CT Committee. AAPM 

Report 96, College Park MD, 2008. . 

177. IEC International Electrotechnical CommissionMedical electrical equipment – Standard IEC 60601-2-44, 

Part 2-44: Particular requirements for the safety of X-ray equipment for computed tomography (2nd edn), 

Geneva, Switzerland, 2001. . 

178. Bauhs JA, Vrieze TJ, Primak AN, et al. CT dosimetry: comparison of measurement techniques and 

devices. Radiographics 2008;28(1): 245-53. 

179. McNitt-Gray MF. AAPM/RSNA Physics Tutorial for Residents: Topics in CT. Radiation dose in CT. 

Radiographics 2002;22(6): 1541-53. 

180. Nicholson RandFetherston S. Primary radiation outside the imaged volume of a multislice helical CT scan. 

Br J Radiol 2002;75(894): 518-22. 

181. Shrimpton PC. Assessment of patient dose in CT. In: NRPB, editor. NRPB-PE/1/2004. Chilton, 2004. 

182. Jarry G, DeMarco JJ, Beifuss U, et al. A Monte Carlo-based method to estimate radiation dose from spiral 

CT: from phantom testing to patient-specific models. Phys Med Biol 2003;48(16): 2645-63. 

183. Jones DG SP. Survey of CT Practice in the UK. Part 3: Normalised Organ Doses Calculated Using Monte 

Carlo techniques. NRPB-R250. In: Board NNRP, editor, 1991. 

184. Zankl M, Panzer WandDrexler G. Tomographic anthropomorphic models Part II: Organ doses from 

computed tomographic examinations in paediatric radiology. In: 0721-1694 G-BI, editor, 1993. 

185. Zankl M, Panzer W, Petoussi-Henss H, et al. Organ doses for children from computed tomographic 

examinations Radiat Prot Dosimetry 1995;57: 393-6. 

186. Cristy M. Active bone marrow distribution as a function of age in humans. Phys Med Biol 1981;26(3): 

389-400. 

187. ICRP International Commission on Radiological Protection, Recommendations of the International 

Commission on Radiological Protection. Reference Man: Anatomical, Physiological and Metabolic 

Characteristics, Publication 23, Oxford: Pergamon Press, Oxford, England, 1975. 

188. Kramer R, M. Zankl, G. Williams et al. . The calculation of dose from external photon exposures using 

reference human phantoms and Monte Carlo methdods. Part I: the male (ADAM) and female (EVA) 

adult mathematical phantoms. ISSN 0721-1694. In: Bericht G, editor, 1982. 

189. Drexler G, W. Panzer, L. Widenmann et al. . The calculation of dose from external photon exposures using 

reference human phantoms and Monte Carlo methods. Part III: Organ doses in X-ray diagnosis. 11/90 (S-

1026). In: GSF-Bericht, editor, 1990. 

190. Hart D, D.G. Jones and B.F. Wall. . Estimation of effective dose in diagnostic radiology from entrance 

surface dose and dose-area product measurements NRPB-R262 In: NRPB, editor, 1994. 

191. Huda W, Ogden KMandKhorasani MR. Converting dose-length product to effective dose at CT. Radiology 

2008;248(3): 995-1003. 

192. Shrimpton P C HMC, Lewis M A, Dunn M Doses from computed tomography examinations in the UK – 

2003 review. In: Board NRP, editor. Report NRPB-W67. Chilton 2005. 

193. EU Commission of European Communities CEC. European Guidelines on Quality Criteria for Computed 

Tomography, Official Publications of the European Communities EUR 16262, Brussels, 1999. 

194. Huda W, Atherton JV, Ware DE, et al. An approach for the estimation of effective radiation dose at CT in 

pediatric patients. Radiology 1997;203(2): 417-22. 

195. Shrimpton PC. Wall BF. Reference doses for paediatric computed tomography. Radiat Prot Dosimetry 

2000;90(1-2): 249-52. 

196. Theocharopoulos N, Damilakis J, Perisinakis K, et al. Estimation of effective doses to adult and pediatric 

patients from multislice computed tomography: A method based on energy imparted. Med Phys 

2006;33(10): 3846-56. 

197. Chapple CL, Willis SandFrame J. Effective dose in paediatric computed tomography. Phys Med Biol 

2002;47(1): 107-15. 

198. Deak PD, Smal YandKalender WA. Multisection CT protocols: sex- and age-specific conversion factors 

used to determine effective dose from dose-length product. Radiology 2010;257(1): 158-66. 



252 

 

199. Wall BF. Radiation protection dosimetry for diagnostic radiology patients. Radiat Prot Dosimetry 

2004;109(4): 409-19. 

200. IR(ME)R The ionising radiation (medical Exposure) Regulations. Department of Health, 2000. 

201. IPEM Intitute of Physics and Engineering in Medicine. Guidance on the Establishment and Use of 

Diagnostic Reference Levels for Medical X-Ray Examinations . Intitute of Physics and Engineering in 

Medicine. Report 88. ISBN 1 903613 20 5. York, UK, 2004. . 

202. D Hart, M C Hillier and B F Wall. Report W14 Doses to Patients from Medical X-Ray Examinations in the 

UK: 2000 Review. NRPB National Radiological Protection Board, 2002. . 

203. Gray JE, Archer BR, Butler PF, et al. Reference values for diagnostic radiology: application and impact. 

Radiology 2005;235(2): 354-8. 

204. Chapple CL, Faulkner KandHunter EW. Energy imparted to neonates during X-ray examinations in a 

special care baby unit. Br J Radiol 1994;67(796): 366-70. 

205. Ono K, Akahane K, Aota T, et al. Neonatal doses from X ray examinations by birth weight in a neonatal 

intensive care unit. Radiat Prot Dosimetry 2003;103(2): 155-62. 

206. IPEM Intitute of Physics and Engineering in Medicine. Recommended Standards for the Routine 

Performance Testing of Diagnostic X-Ray Imaging Systems . Intitute of Physics and Engineering in 

Medicine. Report 91. ISBN 1 903613 24 8. York, UK, 2005.  

207. McParland BJ, Gorka W, Lee R, et al. Radiology in the neonatal intensive care unit: dose reduction and 

image quality. Br J Radiol 1996;69(826): 929-37. 

208. Armpilia CI, Fife IAandCroasdale PL. Radiation dose quantities and risk in neonates in a special care baby 

unit. Br J Radiol 2002;75(895): 590-5. 

209. Fletcher EW, Baum JDandDraper G. The risk of diagnostic radiation of the newborn. Br J Radiol 

1986;59(698): 165-70. 

210. Wraith CM, Martin CJ, Stockdale EJ, et al. An investigation into techniques for reducing doses from neo-

natal radiographic examinations. Br J Radiol 1995;68(814): 1074-82. 

211. Schneider K FH, Bakowski C, Stein E, Kohn M, Kellner M, et al. Results of a dosimetry study in the 

European Community on frequent X-ray examinations on infants. Radiat Prot Dosimetry 1992;43: 31-6. 

212. Mooney RandThomas PS. Dose reduction in a paediatric X-ray department following optimization of 

radiographic technique. Br J Radiol 1998;71(848): 852-60. 

213. ICRU International Commission on Radiation Units and Measurements. Radiation quantities and units. 

Report 33. Washington, DC, 1980. . 

214. Armpilia C.I. ,. Fife  I.A.J, Croasdale P.L. Radiation doses to neonates and issues of radiation protection in 

a special care baby unit. IAEA.CN.85.52. 

215. Duggan L, Warren-Forward H, Smith T, et al. Investigation of dose reduction in neonatal radiography 

using specially designed phantoms and LiF:Mg,Cu,P TLDs. Br J Radiol 2003;76(904): 232-7. 

216. Duggan L, Hood C, Warren-Forward H, et al. Variations in dose response with x-ray energy of 

LiF:Mg,Cu,P thermoluminescence dosimeters: implications for clinical dosimetry. Phys Med Biol 

2004;49(17): 3831-45. 

217. Dougeni ED, Delis HB, Karatza AA, et al. Dose and image quality optimization in neonatal radiography. 

Br J Radiol 2007;80(958): 807-15. 

218. Lange M, Jonat SandNikischin W. Detection and correction of endotracheal-tube position in premature 

neonates. Pediatr Pulmonol 2002;34(6): 455-61. 

219. Lowe A, Finch A, Boniface D, et al. Diagnostic image quality of mobile neonatal chest X-rays and the 

radiation exposure incurred. Br J Radiol 1999;72(853): 55-61. 

220. Cook JV, Kyriou JC, Pettet A, et al. Key factors in the optimization of paediatric X-ray practice. Br J 

Radiol 2001;74(887): 1032-40. 

221. Robinson AandDellagrammaticas HD. Radiation doses to neonates requiring intensive care. Br J Radiol 

1983;56(666): 397-400. 

222. Makri T, Yakoumakis E, Papadopoulou D, et al. Radiation risk assessment in neonatal radiographic 

examinations of the chest and abdomen: a clinical and Monte Carlo dosimetry study. Phys Med Biol 

2006;51(19): 5023-33. 

223. Sutton PM, Arthur RJ, Taylor C, et al. Ionising radiation from diagnostic x rays in very low birthweight 

babies. Arch Dis Child Fetal Neonatal Ed 1998;78(3): F227-9. 

224. Donadieu J, Zeghnoun A, Roudier C, et al. Cumulative effective doses delivered by radiographs to preterm 

infants in a neonatal intensive care unit. Pediatrics 2006;117(3): 882-8. 

225. Wall, B.F., Harrison, R.M., Spiers, F.W. Patient dosimetry techniques in diagnostic radiology,Report 

No.53. Institute of physical sciences in medicine, 1988. 

226. Smans K, Struelens L, Smet M, et al. Patient dose in neonatal units. Radiat Prot Dosimetry 2008;131(1): 

143-7. 



253 

 

227. Schneider K KM, Bakowski C et al. . Impact of radiographic imaging criteria on dose and image quality in 

infantsin an EC-wide survey. Radiat Prot Dosimetry 1993;49: 73-76. 

228. Datz H, Ben-Shlomo A, Bader D, et al. The additional dose to radiosensitive organs caused by using under-

collimated X-ray beams in neonatal intensive care radiography. Radiat Prot Dosimetry 2008;130(4): 518-

24. 

229. Faulkner K, Barry JLandSmalley P. Radiation dose to neonates on a Special Care Baby Unit. Br J Radiol 

1989;62(735): 230-3. 

230. Billinger J, Nowotny RandHomolka P. Diagnostic reference levels in pediatric radiology in Austria. Eur 

Radiol 2010;20(7): 1572-9. 

231. Jones NF, Palarm TWandNegus IS. Neonatal chest and abdominal radiation dosimetry: a comparison of 

two radiographic techniques. Br J Radiol 2001;74(886): 920-5. 

232. Brindhaban AandAl-Khalifah K. Radiation dose to premature infants in neonatal intensive care units in 

Kuwait. Radiat Prot Dosimetry 2004;111(3): 275-81. 

233. Olgar T, Onal E, Bor D, et al. Radiation exposure to premature infants in a neonatal intensive care unit in 

Turkey. Korean J Radiol 2008;9(5): 416-9. 

234. Kiljunen T, Tietavainen A, Parviainen T, et al. Organ doses and effective doses in pediatric radiography: 

patient-dose survey in Finland. Acta Radiol 2009;50(1): 114-24. 

235. Kiljunen T, Jarvinen HandSavolainen S. Diagnostic reference levels for thorax X-ray examinations of 

paediatric patients. Br J Radiol 2007;80(954): 452-9. 

236. Hart D HMC, Wall BF NRPB. Doses to patients form medical x-ray examinations in the UK-2000 Review. 

NRPB-W14. In: Borad NNRP, editor. Chitton, UK, 2002. 

237. Bundesamt für Strahlenschutz . Bekanntmachung der diagnostischen Referenzwerte für radiologische und 

nuklearmedizinische Untersuchungen. Bundesanzeiger 2010, 143:17503–4. 

238. IPSM Institute of Physical Sciences in Medicine, National Radiological Protection Board (NRPB) and 

College of Radiographers. National Protocol for Patient Dose Measurements in Diagnostic Radiology, 

Chilton, 1992. . 

239. Sanchez Jacob R V-GE, Vano E, Gomez Ruiz N, Fernandez Soto JM, Martinez Barrio D, Prieto C. 

Optimising the use of computed radiography in pediatric chest imaging. J Digit Imaging 2009;22(2): 

104-13. 

240. Whitby MandMartin CJ. A study of the distribution of dose across the hands of interventional radiologists 

and cardiologists. Br J Radiol 2005;78(927): 219-29. 

241. Martin CJ. 20 years of patient dose studies: where should we go from here? Br J Radiol 2005;78(930): 477-

9. 

242. Samei E, Dobbins JT, 3rd, Lo JY, et al. A framework for optimising the radiographic technique in digital 

X-ray imaging. Radiat Prot Dosimetry 2005;114(1-3): 220-9. 

243. Danford DA, Miske S, Headley J, et al. Effects of routine care procedures on transcutaneous oxygen in 

neonates: a quantitative approach. Arch Dis Child 1983;58(1): 20-3. 

244. MDA Medical Devices Agency. Comparative review of three nursing incubator. MDA Evaluation Report 

375 HMSO, Norwich, UK, 1999. 

245. MDA Medical Devices Agency. Ohmeda Giraffe Omnibed neonatal incubator/infant radiant warmer, MDA 

Evaluation Report 02090 HMSO, Norwich, UK, 2002. 

246. Medicines and Healthcare Products Regulatory Agency. Draeger Caleo neonatal incubator. MDA 

Evaluation Report 04020 HMSO, Norwich, UK, 2004. 

247. Dobbins JT. Image quality metrics for digital systems . In Beutel J, Kundel HL, Van Metter RL (eds), SPIE 

Press, Bellingham, 2000. . 

248. Moore CS, Beavis AWandSaunderson JR. Investigation of optimum X-ray beam tube voltage and filtration 

for chest radiography with a computed radiography system. Br J Radiol 2008;81(970): 771-7. 

249. Hansson J, Bath M, Hakansson M, et al. An optimisation strategy in a digital environment applied to 

neonatal chest imaging. Radiat Prot Dosimetry 2005;114(1-3): 278-85. 

250. Martin CJ, Darragh CL, McKenzie GA, et al. Implementation of a programme for reduction of 

radiographic doses and results achieved through increases in tube potential. Br J Radiol 1993;66(783): 

228-33. 

251. Smans K, Struelens L, Smet M, et al. Cu filtration for dose reduction in neonatal chest imaging. Radiat Prot 

Dosimetry 2010;139(1-3): 281-6. 

252. Seifert H, Jesberger HJ, Schneider G, et al. Dose reduction in thorax radiography in simulated neonates 

with additional filtration and digital luminescence radiography. Acta Radiol 1998;39(5): 514-9. 

253. Soboleski D, Theriault C, Acker A, et al. Unnecessary irradiation to non-thoracic structures during 

pediatric chest radiography. Pediatr Radiol 2006;36(1): 22-5. 

254. Bader D, Datz H, Bartal G, et al. Unintentional exposure of neonates to conventional radiography in the 

Neonatal Intensive Care Units. J Perinatol 2007;27(9): 579-85. 



254 

 

255. Schneider K. Radiation protection and quality assurance in pediatric radiology. In: Schuster W, Fa¨ rber D, 

eds. Radiography: In Infancy & Childhood. Springer, Berlin, Germany1996:19 –31Vol 1. . 

256. NCRP. Radiation Protection in Pediatric Radiology. National Council on Radiation Protection and 

Measurements NCRP Report No.68, 1981. 

257. Drexler G PW, Widenmann L, Williams G and Zankl M. The calculation of dose from external photon 

exposures using reference human phantoms and Monte Carlo methods: Part III. Organ doses in x-ray 

diagnosis. In: 11/90 GRG-B, editor, 1990  

258. Hart D, Jones, D. G., Wall, B. F., . Coefficients for Estimating Effective Doses from Paediatric 

Xrayexaminations. NRPB-R279. In: Borad NNRP, editor. Chitton, UK, 1996. 

259. Honey ID, Mackenzie AandEvans DS. Investigation of optimum energies for chest imaging using film-

screen and computed radiography. Br J Radiol 2005;78(929): 422-7. 

260. Cohen MD, Long B, Cory DA, et al. Digital imaging of the newborn chest. Clin Radiol 1989;40(4): 365-8. 

261. Nakano YandOdagiri K. Use of computed radiography in respiratory distress syndrome in the neonatal 

nursery. Pediatr Radiol 1989;19(3): 167-8. 

262. Broderick NJ, Long B, Dreesen RG, et al. Phosphor plate computed radiography: response to variation in 

mAs at fixed kVp in an animal model. Potential role in neonatal imaging. Clin Radiol 1993;47(1): 39-45. 

263. Schneider K. Evolution of quality assurance in paediatric radiology. Radiat Prot Dosimetry 1995;57: 119–

23. 

264. Perlmutter N, Arthur, R. J., Beluffi, G., Cook, V. et al. The quality criteria for diagnostic radiographic 

images in paediatrics. Radiat Prot Dosimetry 1998;80: 45–48. 

265. Smans K, Vano E, Sanchez R, et al. Results of a European survey on patient doses in paediatric radiology. 

Radiat Prot Dosimetry 2008;129(1-3): 204-10. 

266. Hufton AP, Doyle SMandCarty HM. Digital radiography in paediatrics: radiation dose considerations and 

magnitude of possible dose reduction. Br J Radiol 1998;71(842): 186-99. 

267. Roehrig H, Krupinski EAandHulett R. Reduction of patient exposure in pediatric radiology. Acad Radiol 

1997;4(8): 547-57. 

268. Don S, Hildebolt CF, Sharp TL, et al. Computed radiography versus screen-film radiography: detection of 

pulmonary edema in a rabbit model that simulates neonatal pulmonary infiltrates. Radiology 

1999;213(2): 455-60. 

269. Nickoloff EL, Berdon WE, Lu ZF, et al. Pediatric high KV/filtered airway radiographs: comparison of CR 

and film-screen systems. Pediatr Radiol 2002;32(7): 476-84. 

270. Suleiman OH. Radiation doses in pediatric radiology: influence of regulations and standards. Pediatr 

Radiol 2004;34 Suppl 3: S242-6. 

271. Bick U HR, Fiebich M,  Müller-Leisse C, Ross N, Wiesmann W, Lenzen H, Lengerke H.-J. v. and Peters 

P. E. Digital imaging of the chest in newborns: influence of radiation exposure on image quality Eur 

Radiol 1993;3(4): 350-4. 

272. Arthur RJandPease JN. Problems associated with digital luminescence radiography in the neonate and 

young infant. Problems with digital radiography. Pediatr Radiol 1992;22(1): 5-7. 

273. Huda W, Slone RM, Belden CJ, et al. Mottle on computed radiographs of the chest in pediatric patients. 

Radiology 1996;199(1): 249-52. 

274. Cohen MD, Katz BP, Kalasinski LA, et al. Digital imaging with a photostimulable phosphor in the chest of 

newborns. Radiology 1991;181(3): 829-32. 

275. Don S, Cohen MD, Kruger RA, et al. Volume detection threshold: quantitative comparison of computed 

radiography and screen-film radiography in detection of pneumothoraces in an animal model that 

simulates the neonate. Radiology 1995;194(3): 727-30. 

276. Paulo G, Santos J, Moreira A, et al. Transition from screen-film to computed radiography in a paediatric 

hospital: the missing link towards optimisation. Radiat Prot Dosimetry 2011;147(1-2): 164-7. 

277. Willis CEandSlovis TL. The ALARA concept in pediatric CR and DR: dose reduction in pediatric 

radiographic exams--a white paper conference. AJR Am J Roentgenol 2005;184(2): 373-4. 

278. Cook JV. Radiation protection and quality assurance in paediatric radiology. Imaging 2001;13: 229-38. 

279. Weatherburn GCandBryan S. The effect of a picture archiving and communication system (PACS) on 

patient radiation doses for examination of the lateral lumbar spine. Br J Radiol 1999;72(858): 534-45. 

280. Willis CE. Computed radiography: a higher dose? Pediatr Radiol 2002;32(10): 745-50; discussion 51-4. 

281. Almen AJ MS. On the calculation of effective dose to children and adolescents. J Radiol Prot 1996;16(2): 

81-9. 

282. Huda W. Computing effective doses from dose-length product in CT. Radiology 2008;248(1): 321; author 

reply 21-2. 

283. Nagel HD GM, Hidajat N et al (2002). Radiation exposure in computed tomography: fundamentals, 

influencing parameters, dose assessment, optimisation, scanner data, terminology. In: 4th edn. CTB 

Publications, editor. Hamburg 2002. 



255 

 

284. Lindskoug BA. The Reference Man in diagnostic radiology dosimetry. Br J Radiol 1992;65(773): 431-7. 

285. Frush DP, Soden B, Frush KS, et al. Improved pediatric multidetector body CT using a size-based color-

coded format. AJR Am J Roentgenol 2002;178(3): 721-6. 

286. Fujii K, Akahane K, Miyazaki O, et al. Evaluation of organ doses in CT examinations with an infant 

anthropomorphic phantom. Radiat Prot Dosimetry 2011;147(1-2): 151-5. 

287. Yamauchi-Kawaura C, Fujii K, Aoyama T, et al. Radiation dose evaluation in head and neck MDCT 

examinations with a 6-year-old child anthropomorphic phantom. Pediatr Radiol 2010;40(7): 1206-14. 

288. Staton RJ, Lee C, Williams MD, et al. Organ and effective doses in newborn patients during helical 

multislice computed tomography examination. Phys Med Biol 2006;51(20): 5151-66. 

289. Fearon TandVucich J. Normalized pediatric organ-absorbed doses from CT examinations. AJR Am J 

Roentgenol 1987;148(1): 171-4. 

290. Huda WandOgden KM. Computing effective doses to pediatric patients undergoing body CT examinations. 

Pediatr Radiol 2008;38(4): 415-23. 

291. Fujii K, Aoyama T, Yamauchi-Kawaura C, et al. Radiation dose evaluation in 64-slice CT examinations 

with adult and paediatric anthropomorphic phantoms. Br J Radiol 2009;82(984): 1010-8. 

292. Huda W, Magill DandHe W. CT effective dose per dose length product using ICRP 103 weighting factors. 

Med Phys 2011;38(3): 1261-5. 

293. Martin CJ. Effective dose: how should it be applied to medical exposures? Br J Radiol 2007;80(956): 639-

47. 

294. Moss MandMcLean D. Paediatric and adult computed tomography practice and patient dose in Australia. 

Australas Radiol 2006;50(1): 33-40. 

295. McLean D. Computed tomography doses in children. Lancet 2004;363(9416): 1178. 

296. Pages J, Buls NandOsteaux M. CT doses in children: a multicentre study. Br J Radiol 2003;76(911): 803-

11. 

297. Huda WandVance A. Patient radiation doses from adult and pediatric CT. AJR Am J Roentgenol 

2007;188(2): 540-6. 

298. Huda W, Scalzetti EMandLevin G. Technique factors and image quality as functions of patient weight at 

abdominal CT. Radiology 2000;217(2): 430-5. 

299. Huda W, Scalzetti EMandRoskopf M. Effective doses to patients undergoing thoracic computed 

tomography examinations. Med Phys 2000;27(5): 838-44. 

300. Samei E, Hill JG, Frey GD, et al. Evaluation of a flat panel digital radiographic system for low-dose 

portable imaging of neonates. Med Phys 2003;30(4): 601-7. 

301. London TRSo. Risk Assessment: a Study Group Report. . In: London TRSo, editor. London, UK, 1983. 

302. Hall EJandBrenner DJ. Cancer risks from diagnostic radiology. Br J Radiol 2008;81(965): 362-78. 

303. Royal College of Radiologists. Standards for patient consent particular to radiology. The Board of the 

Faculty of Clinical Radiology. London, UK, 2005. . 

304. Busch HP. [Management of dose and quality in digital radiography]. Rofo 2003;175(1): 17-9. 

305. Busch HP, Busch S, Decker C, et al. [Image quality and exposure dose in digital projection radiography]. 

Rofo 2003;175(1): 32-7. 

306. Strotzer M, Gmeinwieser J, Volk M, et al. Clinical application of a flat-panel X-ray detector based on 

amorphous silicon technology: image quality and potential for radiation dose reduction in skeletal 

radiography. AJR Am J Roentgenol 1998;171(1): 23-7. 

307. IAEA International Atomic Energy Agency, Dose reduction in CT while maintaining diagnostic 

confidence:A feasibility/demonstration study. IAEA-TECDOC-1621, 2009. 

308. Staniszewska MA, Obrzut MandRybka K. Phantom studies for possible dose reduction in CT head 

procedures. Radiat Prot Dosimetry 2005;114(1-3): 326-31. 

309. Herzog C, Mulvihill DM, Nguyen SA, et al. Pediatric cardiovascular CT angiography: radiation dose 

reduction using automatic anatomic tube current modulation. AJR Am J Roentgenol 2008;190(5): 1232-

40. 

310. Golding SJ. Multi-slice computed tomography (MSCT): the dose challenge of the new revolution. Radiat 

Prot Dosimetry 2005;114(1-3): 303-7. 

311. Kroft LJ, Roelofs JJandGeleijns J. Scan time and patient dose for thoracic imaging in neonates and small 

children using axial volumetric 320-detector row CT compared to helical 64-, 32-, and 16- detector row 

CT acquisitions. Pediatr Radiol;40(3): 294-300. 

312. Vock P. CT dose reduction in children. Eur Radiol 2005;15(11): 2330-40. 

313. Slovis TL. The ALARA concept in pediatric CT: myth or reality? Radiology 2002;223(1): 5-6. 

314. Rogers LF. Low-dose CT: how are we doing? AJR Am J Roentgenol 2003;180(2): 303. 

 

 

 



256 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



257 

 

APPENDIX A 

a) Signal to Noise Ratio (SNR)  

 

The SNR was measured for all 10 Regions of Interest (ROIs) representing selected 

anatomical features on the phantom and background (BGR) to measure noise. The SNR was 

measured for each feature (10 ROIs) for both techniques, ‘on the bed’ and ‘on the tray’ and 

was plotted against mAs for each kVp value for a number of techniques. The measured SNR 

values for each technique are presented here in table A1.  

Table A1: The measured SNR values for each feature for tube voltages in the range of 58-64kVp and mAs 

values between 0.64 and 3.2 mAs for both “on the bed” and “in the tray” methods.  

Tube 

Voltage 

(kVp) 

Tube 

load 

(mAs) 

SNR for various features 

  Bed 

 Lung 
Lung 

Low 

lung 

high 

Lung 

Heart 

Bone 

on lung 

Bone on 

heart 

Bone on 

tissue 

Spine 

rib 7 
Tissue BGR 

58 1 22.5 21.4 20.3 16.7 14.4 16.6 17.3 13.4 15.3 14.4 

 1.25 23.4 21.5 21.0 18.1 18.1 17.0 19.6 14.5 15.3 15.8 

 1.6 28.7 25.9 25.0 20.7 20.1 24.1 22.3 17.0 20.7 21.1 

 2 28.5 28.9 25.2 22.5 20.5 26.0 23.8 19.8 23.8 22.3 

 2.5 29.0 29.9 28.7 25.7 23.4 23.9 29.7 20.6 26.1 22.9 

 3.2 35.5 33.8 32.1 27.3 25.3 30.2 31.2 25.3 31.5 26.4 

60 0.8 22.9 23.8 21.0 21.0 17.8 16.6 18.9 15.3 17.5 16.6 

 1 27.6 25.5 22.0 19.9 18.5 20.8 19.7 16.1 17.8 18.2 

 1.25 28.1 28.0 24.1 23.6 22.0 22.8 24.5 18.6 22.1 20.8 

 1.6 32.4 28.6 26.0 22.8 20.5 26.6 24.9 18.2 22.5 21.2 

 2 32.9 30.7 29.6 26.4 23.0 31.6 30.0 24.4 24.3 23.0 

 2.5 33.5 32.1 29.3 27.9 24.3 30.5 32.2 26.7 29.6 25.2 

 3.2 38.0 34.3 34.8 30.8 34.1 33.5 37.4 27.6 35.3 27.5 

62 0.64 24.6 19.6 21.6 17.2 16.3 16.6 17.4 12.4 17.1 15.3 

 0.8 25.1 21.6 21.2 17.1 19.3 18.8 18.2 15.6 17.8 16.7 

 1 28.8 24.8 25.1 20.6 20.8 19.6 21.0 16.8 22.5 20.0 

 1.25 32.2 30.8 24.5 25.1 19.6 25.3 25.3 18.9 21.1 21.2 

 1.6 33.0 32.0 29.0 28.7 25.6 30.0 27.2 22.1 24.7 23.0 

 2 36.0 36.0 31.4 30.8 25.3 31.5 30.3 23.3 27.0 25.5 

 2.5 43.8 34.8 38.6 31.9 28.8 30.7 36.1 26.0 32.8 30.1 

64 0.64 27.0 20.5 20.0 20.4 20.2 21.2 18.5 14.4 14.8 15.5 

 0.8 28.6 25.7 25.0 21.1 23.0 22.0 24.1 18.5 18.0 18.9 

 1 33.1 28.6 26.8 23.8 23.8 25.1 25.5 22.9 24.1 22.8 

 1.25 36.2 30.6 31.8 27.7 27.0 27.3 31.0 23.0 23.9 23.9 

 1.6 42.1 34.7 32.5 31.8 30.5 28.3 31.3 26.4 25.2 26.0 

 2 47.9 34.4 37.2 36.8 30.2 32.3 40.0 29.7 34.3 27.5 
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The signal-to-noise ratio (SNR) for a regions of interest in areas with different anatomical 

features, (lung, tissue, spine etc) for a range of tube voltages (58-64 kVp) for images 

produced with the cassette placed on the bed and in the imaging tray, as a function of mAs 

values, are presented below. Some of the graphs have already been presented in the main text 

(chapter 7.2.8.4). The rest can be found below in figure A1.  

 

 

 

 

 

Tube 

Voltage 

(kVp) 

Tube 

load 

(mAs) 

Lung 
Lung 

Low 

lung 

high 

Lung 

Heart 

Bone 

on lung 

Bone on 

heart 

Bone on 

tissue 

Spine 

rib 7 

Tissu

e 
BGR 

 Tray 

58 1 11.6 12.0 11.6 10.5 9.0 10.0 11.4 9.6 9.4 9.2 

 1.25 11.8 11.7 12.0 10.1 9.0 9.2 9.7 7.6 9.3 8.5 

 1.6 13.6 13.4 13.1 12.3 9.9 9.6 10.5 8.2 11.0 9.5 

 2 13.8 14.5 13.7 12.6 12.4 11.1 11.9 9.8 13.1 11.7 

 2.5 16.0 13.9 15.0 13.2 12.4 11.3 13.9 10.4 12.6 11.3 

 3.2 18.9 17.5 18.2 18.0 13.2 15.5 16.0 12.2 15.2 13.8 

60 0.8 13.4 10.3 11.8 9.6 9.5 9.7 10.3 6.1 9.4 8.6 

 1 13.2 13.1 12.5 9.5 10.8 10.4 10.0 7.1 10.2 9.6 

 1.25 15.5 14.7 12.7 12.6 12.1 10.3 9.8 8.6 9.2 9.6 

 1.6 16.0 14.3 13.0 13.2 13.2 12.3 10.9 9.5 13.1 10.8 

 2 15.4 17.6 15.2 13.8 13.0 12.7 13.7 9.8 12.7 11.8 

 2.5 19.0 15.6 15.9 17.0 14.0 16.0 14.5 13.5 14.1 11.8 

 3.2 28.0 22.0 26.9 22.0 23.9 27.6 29.8 22.5 29.5 22.5 

62 0.64 11.3 10.5 10.2 9.3 9.4 9.7 8.2 7.1 7.9 6.9 

 0.8 13.5 11.2 11.8 10.1 9.5 9.6 9.6 6.4 9.2 8.7 

 1 13.2 13.3 13.8 11.0 10.2 9.4 10.7 7.7 9.7 10.0 

 1.25 16.2 16.1 15.3 11.9 11.5 11.3 11.4 9.0 10.9 11.4 

 1.6 24.6 21.0 22.1 24.2 19.2 21.9 20.4 15.9 20.6 18.7 

 2 30.3 24.4 24.2 25.4 21.4 23.1 25.2 18.4 22.2 20.8 

 2.5 32.0 28.5 29.8 28.0 26.0 26.5 29.0 22.0 25.9 24.8 

64 0.64 16.6 16.5 14.2 11.9 12.1 13.6 10.9 9.7 10.7 10.7 

 0.8 20.0 19.1 18.0 15.7 15.8 17.0 16.0 12.6 12.5 15.1 

 1 24.3 18.6 18.0 16.9 20.1 16.7 15.3 11.3 16.1 14.1 

 1.25 27.7 22.1 24.9 22.0 23.2 23.4 18.7 16.4 14.7 18.6 

 1.6 29.6 26.3 23.4 27.9 23.3 24.6 27.1 18.0 18.2 21.2 

 2 31.0 26.9 27.3 30.0 24.0 27.2 29.0 20.8 24.1 24.0 
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Figure A1: The signal-to-noise ratio (SNR) for a regions of interest in areas with different anatomical 

features, (lung, tissue, spine etc) for a range of tube voltages 58-64 kVP for images produced with the 

cassette placed on the bed and in the imaging tray, as a function of mAs values. (values marked with ■ 

represent the SNR values with the cassette positioned on the bed and the × values those with the 

cassette positioned in the imaging tray). 
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b) Contrast to Noise Ratio (CNR)  

 

The measured Contrast-to-Noise Ratio (CNR) values with the cassette placed on the bed 

and in the tray for regions of interest in the lung, retrocardiac lung, bone on lung and tissue 

in the neonatal phantom for different tube voltages are presented in table A2.  

 

Table A2: The measured CNR values for each set of features, for tube voltages in the range of 58-64kVp and 

mAs values between 0.64 and 3.2 mAs for both “on the bed” and “in the tray” methods.  

Tube 

Voltage 

(kVp) 

Tube 

load 

(mAs) 

CNR for various features 

Bed 

 
Lung- 

Retrocardiac lung 
Lung-bone on lung Lung-Tissue 

58 1.25 10.99 6.10 13.78 

 1.6 11.58 6.67 14.42 

 2 13.11 7.26 17.07 

 2.5 15.02 8.59 18.20 

 3.2 14.20 7.76 16.10 

60 1 11.73 6.31 13.17 

 1.25 12.23 6.26 16.25 

 1.6 13.86 7.72 17.08 

 2 14.02 6.89 18.35 

 2.5 14.94 7.24 17.62 

 3.2 14.59 7.93 19.10 

62 0.8 11.23 5.97 14.16 

 1 10.43 6.26 14.17 

 1.25 12.43 6.58 16.33 

 1.6 14.24 6.98 16.45 

 2 14.49 7.88 17.85 

 2.5 15.71 8.10 19.31 

64 0.64 12.40 8.00 14.30 

 0.8 12.06 7.20 14.76 

 1 12.30 6.89 15.51 

 1.25 14.05 8.91 18.51 

 1.6 15.64 7.60 19.92 

 2 17.36 8.92 21.47 

Tray 

 
Lung- 

Retrocardiac lung 
Lung-bone on lung Lung-Tissue 

58 1.25 6.16 4.31 7.60 

 1.6 6.74 5.12 8.34 

 2 6.65 5.39 6.98 

 2.5 7.70 5.99 9.62 

 3.2 8.93 6.40 10.39 

60 1 7.24 4.77 8.25 

 1.25 7.99 5.31 9.77 

 1.6 8.14 5.99 10.66 

 2 7.50 5.47 8.91 

 2.5 8.14 5.91 10.27 
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c) Effect of Read-out delay  

Fluctuations in the signal can be attributed to processing delay, between exposure and 

scanning, as there is a decrease in the signal in the latent image after a certain time. The latent 

image signal in storage phosphor screen decays very slowly over time. The effect of the delay 

in read-out of the cassette in presented in below in table A3.  

Table A3: The effect of the read-out delay on the measured pixel values (pv) in the centre of the image and the 

corresponding exposure index (LogM) values for a uniform irradiation of the cassette.  
Time 

(min) 
Log M Pixel value (pv) 

Pixel value linearised 

(pv linear.) 
% Reduction pv linear. 

0.08 1.75 
1032.71 

1.61 0.0 

1.16 1.75 
1019.42 

1.56 -3.0 

2 1.72 
990.65 

1.46 -9.2 

5 1.69 
968.25 

1.38 -13.9 

10 1.65 
941.68 

1.30 -19.3 

 

Figure A2: The measured pixel value in the centre of a uniform image, produced with the same 

radiographic technique, as a function of time between exposure and processing of the cassette. 

 3.2 11.80 7.20 16.30 

62 0.64 4.82 4.63 7.89 

 0.8 6.82 4.89 7.93 

 1 6.95 4.85 8.37 

 1.25 7.66 5.18 9.64 

 1.6 11.79 5.33 14.73 

 2 13.31 6.56 16.80 

 2.5 14.22 7.30 17.63 

64 0.64 6.53 5.10 8.78 

 0.8 8.80 5.84 12.10 

 1 9.45 5.29 13.20 

 1.25 12.90 6.96 14.92 

 1.6 14.61 6.69 14.86 

 2 14.40 7.20 17.32 
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APPENDIX B 

a) Neonatal phantom irradiations  

 

The data and the final effective dose (E) values, along with the scan length are presented in 

the following figures.  

Firstly, for the irradiation of the neonatal phantom, on a clinical chest protocol, both the 

calculations in the Siemens and the Toshiba scanners are presented.  

 

1) Siemens Scanner - Chest Protocol on neonatal phantom 
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2) Siemens Scanner - Protocol on neonatal phantom for Chest- Abdomen-Pelvis (CAP) 
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3) Toshiba Scanner- Protocol on neonatal phantom for Chest 
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5) Toshiba Scanner- Protocol on neonatal phantom for CAP 
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5) Toshiba Scanner- Protocol on neonatal phantom for Abdomen-Pelvis 
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ABBREVIATIONS 

ALARA As Low As Reasonably Achievable 

AP   Antero-Posterior 

BPD   Bronchopulmonary Dysplasia 

CAP Chest-Abdomen-Pelvis  

CEC Commission of the European Community 

CNR Contrast to Noise Ratio  

CR  Computed Radiography 

CT  Computed Tomography 

CTDI Computed Tomography Dose Index  

DAP Dose Area Product  

DLP Dose-length product  

DR Digital Radiology  

DRL Dose Reference level 

E Effective Dose 

EDLP   Dose conversion coefficient-effective dose per dose length product 

EI Exposure Indicator 

ESD Entrance Surface Dose  

FOM Figure of Merit  

ICRP International Radiological Protection Board 

IEC International Electrotechnical Commission   

MAS Meconium Aspiration Syndrome  

MSCT Multi Slice Computed tomography  

NRPB National Radiological Protection Board  

PACS Picture and Archive Communications System 

PV Pixel Value 

RDS Respiratory Distress Syndrome 
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ROI Region of Interest  

RVI Royal Victoria Infirmary  

SCBU Special Care Baby Unit  

SF Screen-Film 

SNR Signal to noise ratio  

TLDs Thermoluminescent dosimeters  

TTN Transient Tachypnea of the Newborn 

WT Tissue weighting factor 

 

 

 

 


