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1ère partie

RADIOGRAPHIE DU CRÂNE



INTRODUCTION



Imagerie pédiatrique
• Radiosensibilité (principe ALARA)

• Limiter le nombre d’examen (anxiogène pour l’enfant 
et les parents, irradiant en fonction de la technique)

• Effet sur la prise en charge du patient ?

• Collaboration du patient et des parents

• Sédation (6 mois - 6 ans)

• Attention aux incidentalomes



Radiographie standard
• Projection en deux 

dimensions d’une 
structure 
tridimensionnelle

• Radio-transparence 
(tonalité)

• Indications de 
radiographie crâne 
limitées



WT : facteur de pondération tissulaire 
HT : dose équivalent

Dose effective (E):



Insights Imaging (2012) 3:23–32 







Dose reçue d’irradiation naturelle par an:
3 mSv/an

https://www.info-radiologie.ch/dose_rayon_radiologie.php



Valentin J, International Commission on Radiological Protection, editors. The 2007 recommendations of the 
International Commission on Radiological Protection. Oxford: Elsevier; 2007. 332 p. (ICRP publication)



ANATOMIE



Rôles de la boîte crânienne
- protection du cerveau

- soutien de la face 

- insertion musculaire 

- mastication

22 pièces osseuses
- 14 os de la face (nasal (2), lacrymal (2), maxillaire 

(2), Zygomatic (2), palatine (2), inferior nasal 
conchae (2) vomer (1), mandibule (1) )

- 8 os de la boîte crânienne (frontal, pariétal (2), 
temporal (2), occipital, sphénoïde, ethmoïde)

Ryan S, McNicholas M, Eustace SJ. Anatomy for diagnostic imaging. 3rd ed. Edinburgh  ; New York: Saunders/Elsevier; 2011. 337 p.



Ryan S, McNicholas M, Eustace SJ. Anatomy for diagnostic imaging. 3rd ed. Edinburgh  ; New York: Saunders/Elsevier; 2011. 337 p.

14 os de la face (nasal (2), lacrymal (2), 

maxillaire (2), Zygomatic (2), palatine (2), inferior 

nasal conchae (2) vomer (1), mandibule (1)

8 os de la boîte crânienne (frontal, pariétal (2), 

temporal (2), occipital, sphénoïde, ethmoïde)



Alexander SL, Rafaels K, Gunnarsson CA, Weerasooriya T. Structural analysis of the frontal and parietal bones of the human skull. 
Journal of the Mechanical Behavior of Biomedical Materials. 2019 Feb;90:689–701

Table interne - Diploë - Table externe

couche dure

réseau irrégulier 
d’os trabéculé et 
espaces 
vasculaires

couche dure peut 

être perforé par 

des structures 

vasculaires



Fontanelles
Nouveau-né, 6 zones 
d’ossification incomplète

- fontanelle antérieure

- fontanelles mastoïdes (2) ou 
Ptérion (jonction entre l’os 
pariétal, la suture squameuse 
et la grande aile du sphénoïde)

- fontanelles sphénoïdes (2) ou 
Astérion (jonction entre l’os 
occipital, pariétal et mastoïde)

- fontanelle postérieure lambda

Ghizoni E, Denadai R, Raposo-Amaral CA, Joaquim AF, Tedeschi H, Raposo-Amaral CE. Diagnosis of infant synostotic and nonsynostotic 
cranial deformities: a review for pediatricians. Revista Paulista de Pediatria (English Edition). 2016 Dec;34(4):495–502.





Ryan S, McNicholas M, Eustace SJ. Anatomy for diagnostic imaging. 3rd ed. Edinburgh  ; New York: Saunders/Elsevier; 2011. 337 p.



Badve CA, K. MM, Iyer RS, Ishak GE, Khanna PC. Craniosynostosis: imaging review and primer on computed tomography. Pediatr Radiol. 2013 Jun;43(6):728–42
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Ghizoni E, Denadai R, Raposo-Amaral CA, Joaquim AF, Tedeschi H, Raposo-Amaral CE. Diagnosis of infant synostotic and nonsynostotic 
cranial deformities: a review for pediatricians. Revista Paulista de Pediatria (English Edition). 2016 Dec;34(4):495–502.



Badve CA, K. MM, Iyer RS, Ishak GE, Khanna PC. Craniosynostosis: imaging review and primer on computed tomography. Pediatr Radiol. 2013 Jun;43(6):728–42

Posterior plagiocephaly with unilateral lambdoid synostosis

Anteriorplagiocephaly with unicoronal synostosis Trigonocephaly

Scaphocephaly



Badve CA, K. MM, Iyer RS, Ishak GE, Khanna PC. Craniosynostosis: imaging review and primer on computed tomography. Pediatr Radiol. 2013 Jun;43(6):728–42

Crouzon syndrome with bicoronal synostosis

Isolated minor suture synostosis Bathrocephaly



Pfeiffer Syndrome



ANTERIEURE

MOYENNE

POSTERIEURE

Fosses crâniennes

1. 
Clinical Neuroradiology The ESNR Textbook [Internet]. 2019 [cited 2020 Nov 9]. Available from: https://doi.org/10.1007/978-3-319-68536-6
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Incidences

ProfilFace



Incidences

Incidence de Blondeau



INDICATIONS



Radiographie du crâne

• Cadre médico-légal (assurance école)

• Critères disponibles sur le net
- ACR (American College of Radiology) appropriateness 

criteria

- iGuide ESR

- SFR guide en ligne 

http://



Traumatisme















TDM axiale TDM axiale 



TDM reconstructions volumiques 



TDM axiale TDM axiale 



TDM axiale TDM axiale 



Traumatisme non accidentel



Corps étranger



Corps étranger (aiguille) ingéré





Drain ventriculo-péritonéal



Implants cochléaires



Position du matériel (implant cochléaire)







Hypertrophie des 
végétations adénoïdes



Hypertrophie des végétationsNormal



Panorex - Télécrâne



Histiocytose de Langerhans



CONCLUSION



RX crâne: conclusion
• Indications limitées pour une radiographie du 

crâne/massif facial chez l’enfant
- devices, DVP, implants cochléaires, panorex, traitement 

orthodontique

• Attention aux régions anatomiques radio-
sensibles (cristallin)

• Importance de réaliser l’examen si effet sur la 
prise en charge 



2ème partie

AGE OSSEUX



INTRODUCTION



Bone age
• Skeletal maturity in children

• Often used 
✦ For medical reasons:

✴ bone maturation dysfunction assessment 

✴ advanced or delayed puberty assessment

✴ treatment effects detection and follow-up 

✴ adult height prediction

✦ For legal purposes



BONE AGE

ATLAS APPROACH SINGLE BONE APPROACH



Skeletal maturation
• Second sex characteristics appear earlier than 

some decades before

• Skeletal growth most rapid in infants (< 1 year 
old) and toddlers
✦ Accurate bone age assessment challenging

✦ Linear maturation

• Average bone growth: 4% per year



Bone types

• Three types of bones: 
✦ longs (limbs)

✦ shorts (ankle, wrist)

✦ plate (skull, scapula, sternum)



Bone ossification
• Endochondral ossification (cartilage 

replaced by bone)
✦ long
✦ short
✦ irregular bones

• Intramembranous ossification (bone 
develops within sheets of connective tissue
✦ flat bones



Endochondral bone formation



Depiction of the order of appearance of 
the individual carpal bones

The usual sequence is: capitate (1), hamate (2), triquetral (3), lunate (4), trapezium (5), trapezoid (6), 
navicular or scaphoid (7) and pisiform (8). The distal epiphysis of the radius ossifies before the 
triquetrum and that of the ulna before the pisiform

Vicente Gilsanz, Osman Ratib. Hand Bone Age. Springer. Germany: Springer-Verlag Berlin Heidelberg New York; 2005 



Bone age 
for legal 

purposes

CA = 8 years, M



HISTORY



1898 John Poland Skiagraphic atlas showing developpement of bones of the wrist  

1937 T. Wingate Todd Atlas of the skeletal maturation of the hand

1939 Sontag Rate of appearance of ossification centers from birth to the age of five years

1946 Elgenmark
Normal development of the ossification centers during infancy and childhood: clinical, 

roentgenologic and statistical study 

1957 Levèbvre-Koifman Ossification centers

1959 Tanner-Whitehouse Hand and wrist method

1959 Greulich-Pyle Radiographic atlas of skeletal development of the hand and wrist

1962 Pyle-Hoerr Radiographic atlas of skeletal development of the foot and ankle: a standard of reference

1962 Sauvegrain Nahum Maturation study of the elbow

1969 Hoerr, Pyle, Francis A radiographic standard of reference for the growing knee

1972 Lamparski Skeletal assessment using cervical vertebrae
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75 larges plates 
(white):
- 40 M
- 35 F
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Hemiskeleton method

• 1940: Pyle and Sontag

• 1946: Elgenmark, hemiskeleton method        
→ radiographs of half the child’s body (more 
accurate in young children) 
✦ radiation exposure 
✦ review of multiple images
✦ less used from 5 and 12 years old
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11m, F



36 bones from 6 joints; wrist, elbow, shoulder, hip, knee, feet (until 2 years old)



• Encouraged approaches of choice in children:
✦ 1955 and 1969: Knee method of Pyle and Hoerr1

✦ 1962: Foot/ankle method of Hoerr, Pyle and Francis2

• Rough ages approximation (discretized bone age estimates and 
accuracies largely unknown)

1. Pyle SI, Hoerr NL (1969). Charles C. Thomas, Springfield 

2. Hoerr NL, Pyle SI, Francis CC (1962). Charles C. Thomas, Springfield 
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Tanner-Whitehouse
• 20 bones analysis:

✦ Radius, ulna and short bones (metacarpal and phalanges) 
compared to standards and scored

• Maturity score 0-1000 (each individual score 
added)

• Maturity score converted to bone age
✦ 1959: Tanner 

✦ reviewed in 1972 and 1975
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Greulich and Pyle
• Most used method since 1959

• Applying Todd’s methodology

• High quality of the second edition

• Each chronological age: 1 image selected

• Two series of standard plates 
✦ one for♀

✦ one for♂

Todd TW. Atlas of Skeletal Maturity. Vol Part I. Hand. Kimpton. London; 1937



Greulich and Pyle
• Left hand and wrist radiographs 

✦ 90% of the population right-sided

• « Better than average constitution » 

✦ White, upper middle-class boys and girls

✦ Enrolled in the Brush Foundation Growth Study from 
1931 to 1942



Bone age

• TW2 increases the reproducibility than 
compared to the GP method

• Intra-observer variation is higher in the GP 
method than the TW2*

• Time in GP (1,4’) >< TW2 (7,9’)

* Bull RK, et al. Arch Dis Child. 1999;81(2):172-173
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(Chaumoitre K, et al. J Radiol 87:1679–1682)
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San Román P, et al. Eur J Orthod. 2002;24(3):303-311.
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Methods of Analysis
Lamparski’s Method (HWS1)

The stages as described by Lamparski & Nanda [14] for fe-
males:
1st phase  –  all lower borders of the vertebral bodies are 

flat. All bodies clearly taper from posterior to 
anterior.

2nd phase –  a concavity has developed in the lower border 
of the 2nd vertebra. The anterior vertebral 
height has increased.

3rd phase –  a concavity has developed in the lower border 
of the 3rd vertebral body. The remaining lower 
borders still are flat.

4th phase –  the concavity of the third vertebral body has in-
creased and the 4th vertebral body has devel-
oped a definite concavity. Concavities at the 5th 
and 6th are beginning to form. All vertebral 
bodies now are rectangular in shape.

5th phase –  the spaces between the vertebral bodies are 
smaller. Concavities are now well defined on all 
six bodies. The vertebral bodies are now nearly 
square in shape.

6th phase –  all vertebral bodies have increased in vertical 
height and are now higher than they are wide. 
All concavities have deepened. 

The stage description used by Lamparski & Nanda [14] for 
male probands:
1st phase  –  all lower borders of the vertebral bodies are 

flat. All the bodies clearly taper from posterior 
to anterior.

2nd phase –  a concavity has begun to develop in the lower 
border of the 2nd vertebral body.

3rd phase –  the concavity of the 2nd vertebra has deepened. 
The anterior vertebral height has increased.

4th phase –  a concavity has developed in the lower border 
of the 3rd vertebral body. The anterior verte-
bral body height has further increased.

Reife bestimmt. Zur Vereinfachung der Auswertung wur-
den die von Lamparski definierten Altersgruppen (10–15 
Jahre) in der vorliegenden Arbeit in sechs Phasen kodiert 
[19]. So wurde beispielsweise dem Alter „10 Jahre“ die 
Phase 1 zugeteilt (Abbildungen 1 und 2).

Methoden der Auswertung
Methode nach Lamparski (HWS1) 

Phasenbeschreibung nach Lamparski & Nanda [14] für 
weibliche Probanden:
1. Phase –  Alle unteren Ränder der Wirbelkörper sind 

eben. Alle Körper sind deutlich von dorsal nach 
ventral verjüngt.

2. Phase –  Am unteren Rand des zweiten Wirbels hat sich 
eine Konkavität entwickelt. Die ventrale Wirbel-
höhe hat zugenommen.

3. Phase –  Am unteren Rand des dritten Wirbelkörpers hat 
sich eine Konkavität entwickelt. Die übrigen un-
teren Ränder sind noch eben.

4. Phase –  Am dritten Wirbelkörper hat die Konkavität zu-
genommen und am vierten Wirbelkörper hat sich 
eine deutliche Konkavität ausgebildet. Konkavi-
täten am fünften und sechsten Wirbelkörper be-
ginnen sich zu formen. Alle Wirbelkörper sind in 
ihrer Gestalt nun rechteckig.

5. Phase –  Die Räume zwischen den Wirbelkörpern sind 
kleiner. Konkavitäten sind nun eindeutig an allen 
sechs Körpern zu erkennen. Die Wirbelkörper 
sind jetzt in der Form annähernd quadratisch.

6. Phase –  Alle Wirbelkörper haben vertikal zugenommen 
und sind nun höher als breit. Alle Konkavitäten 
haben sich vertieft.

Phasenbeschreibung nach Lamparski & Nanda [14] für 
männliche Probanden:
1. Phase –  Alle unteren Ränder der Wirbelkörper sind 

eben. Alle Körper sind deutlich von dorsal nach 
ventral verjüngt.

Figure 1. Standards for female vertebral skeletal maturity according to 
Lamparski & Nanda [14].

Abbildung 1. Weibliche Standards für die vertebrale skelettale Reife nach 
Lamparski & Nanda [14].

Figure 2. Standards for male vertebral skeletal maturity according to the 
Lamparski & Nanda [14] method.

Abbildung 2. Männliche Standards für die vertebrale skelettale Reife 
nach Lamparski & Nanda [14].

San Román P, et al. Skeletal Eur J Orthod. 2002;24(3):303-311.



TODAY



2009 Thodbergh et al. Automated hand and wrist skeletal maturation program

2016 Tsai et al Infant bone age estimation based on fibular shaft length: model development and clinical 
validation



Automated method
• BoneXpert locates 15 bones in the hand (RUS)

• Determines the length of 10 short bones (5 metacarpal, PP1, PP3 and PP5), 
calculates an average length of these 10 bones

• Advantages:
✦ Processes both left and right hand

✴ SD moyenne entre la gauche et la droite : 0.25 ans

✦ Bone anomalies are accepted

✦ Measurement of the size of the bone with 0.7% precision 

✦ Processes 99% of images automatically without error (reliable for short children - Martin et al. 
Pediatric Radiol 2009)

• Average bone length of the right hand is only a little greater on average 
✦ 0.2% in boys
✦ 0.5% in girls

Martin DD, Neuhof J, Jenni OG, Ranke MB, Thodberg HH.. Horm Res Paediatr. 2010;74(1):50–5.



Automated method

• BoneXpert’s Greulich and Pyle bone age

✦ non linear function of bone morphology

• More precise during phases of rapid 
morphological changes

1. Bull RK, et al. Arch Dis Child. 1999;81(2):172-173 
2. Roche AF, et al. Am J Roentgenol Radium Ther Nucl Med. 1970;108(3):511-515



Automated method

• Validated 

✦ Caucasian and Japanese children

✦ In short stature children and precocious puberty

• Manual BA rating:

✦ 0.25 - 0.82 years (1-2)

1. Bull RK, et al. Arch Dis Child. 1999;81(2):172-173 
2. Roche AF, et al. Am J Roentgenol Radium Ther Nucl Med. 1970;108(3):511-515



Automated method

• Shape score, bone density scores, features 
describing texture of the fusion in the growth 
plate1

• Most accurate: 
✦ 2.5 - 17 years in ♂

✦ 2 - 15 years in ♀

1. Martin DD, et al. Horm Res Paediatr. 2010;73(5):398-404



Methodology
• Three layers:

✦ A: bone morphology assessment (reconstructs the bone 
borders)

✦ B: if intrinsic BA value for each bone
✴ rejection:

• BA values deviates more than 2.4 years from the average of the hand

• < 8 bones have been accepted

✦ C: transforms the intrinsic BA to either the TW BA or the 
GP BA (< post processing)



BoneXpert

• Rejection:
✦ Bad exposure

✦ Bad pose of the hand

✦ Abnormal bone shapes



Breen MA, et al. Pediatr Radiol. 2016;46(9):1269-1274.
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• 34% of respondents lack confidence when 
estimating bone age in infants

• Preferred technique of pediatric radiologists: 
Greulich and Pyle
✦ limitations described: little changes in the radiographic 

appearance of the ossification centers of the hand/wrist 
in the first months of life



Hemiskeleton techniques Greulich-Pyle

difficult to justify the acquisition/
interpretation and radiation dose 
associated with this technique

sub-optimal (< ossification centers of the 
hand and wrist change little during 

infancy) 



ALTERNATIVE



• Alternative:
✦ Sonographic appearance of the ossification centers of 

the carpus1

✦ Fibula length on a AP radiograph (using standardized 
reference tables)2

1. Tsai A, et al. Pediatr Radiol. 2016;46(3):342-356 
2. Daneff M, C et al. Pediatr Radiol. 2015;45(7):1007-1015



Structures Methodology Date

RX Greulich-Pyle Hand and wrist bones Atlas method Todd 1931-1942 
Edition 1959

Tanner-Whitehouse RUS, carpal and 20 bones Scoring method 1962 
Revision 1990

CASAS RUS, carpal and 20 bones Computer-assisted scoring method 1992
CASMAS Third phalanges (4 bones) Automated computerized calculation 1997

BoneXpert® RUS (13 bones) Automated computerized calculation 2009
US Sunlight BonAge® Radius and ulnar epiphysis Sound velocity measurement 2005

MR Open compact MR 
imager RUS Scoring method 2013

RUS, radius, ulna and short bones; MR, magnetic resonance. CASAS, computerized-assisted skeletal age score; 
CASMAS, computer-aided skeletal maturity system.

Bone age assessment methods



US automated method
• Studies are contradictory (Sunlight BonAge®):

✦ Mentzel et al. and Shimura et al. 

✴ high correlations between the bone age evaluated by BonAge® 
and the GP or TW2 methods

✦ Khan et al.

✴ over-read delayed bone age and under-read advanced bone age 
compared with both the GP and TW3 methods



1994 Tanner-Gibbons CASAS: A computerized image analysis system for estimating TW-2 bone age

1999 Sato et al. CASMAS: setting up an automated system for evaluation of bone age

2009 Thodberg et al. Automated hand and wrist skeletal maturation program

2013 Terrada et al. Open compact MR imager with a permanent magnet 

2016 Tsai et al. Infant bone age estimation based on fibular shaft length: model development and clinical 
validation

• Open compact MR

✦ Time consuming (2 min and 44 sec)

✦ Expensive

✦ Not easily available

✦ Body mouvements



2015 Daneff et al. US assessment of the ossification centers of the wrist

population from birth to 2 years old, with conventional US, a
non-invasive, non-ionizing method.

Materials and methods

We conducted a multicenter, cross-sectional prospective study
of healthy children from Buenos Aires, Argentina. Patients
ages 1 to 24 months with an appointment for a US study not
related to growth or developmental disorders were recruited
after parental consent.

Based on the radiographic emergence of the ossification
centers of the hand and wrist [3], patients ages 1, 2, 3, 4, 6, 9,
12, 15, 18 and 24 months were included in the study. Ultra-
sonographic evaluation of the left hand and wrist was per-
formed with a commercial US machine (Voluson 730 Pro; GE
Healthcare Technologies, Milwaukee, WI, USA) equipped
with a high-frequency linear transducer (7.5-20 MHz) by
either of two participating pediatric imaging specialists
(M.D. and C.C.).

According to expected normal bone development and os-
sification [3], the absence or presence of the ossification
centers of the hand and wrist was registered in all patients:
capitate and/or hamate bones; distal epiphysis of the radius;
distal epiphysis of the second metacarpal bone and proximal
epiphysis of the first phalange of the index finger, and prox-
imal epiphysis of the thumb metacarpal bone (Fig. 1). A
subgroup of patients had these ossification centers measured
at the same sitting. US was performed through the dorsal face
of the hand lying on the examination couch or on the parent’s
hand or lap. According to the expected growth direction,
carpal findings were measured with the transducer positioned
transversally, while metacarpal and phalangeal bones were
measured longitudinally (Fig. 1).

The institutional review board approved the study

Statistical analysis

Continuous variables were expressed as groupmedia and 95%
confidence interval (95% CI). Odds ratio with its respective

Fig. 1 Radiographic schematic representation (I) and ultrasonographic
appearance (II) of the left hand andwrist of an infant up to age 24months.
(I) Dotted lines represent the direction of the linear transducer at the
different evaluation points: (a) capitate and hamate; (b) distal epiphysis

of the radius; (c) metacarpophalangeal joint of the index finger and (d)
proximal epiphysis of the thumb metacarpal bone. (II) Ultrasonographic
view of the absence (left) and presence (right) of the mentioned
ossification nuclei (white arrows)
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computational software MATLAB (MathWorks, Natick,
MA). The resultant model expressed bone age as a function
of fibular shaft length. To assess for sex-based dimorphism
within this dataset, an additional covariate (gender), was in-
cluded into the linear regressionmodel.Model goodness-of-fit
was quantified using the mean squared error, R-squared, and
adjusted R-squared. The P-value and Wald statistic for each
regression coefficient were used to assess their statistical sig-
nificance. A prediction band was estimated from the model to
indicate the expected range of bone age values for new mea-
surements of bone length.

Model testing using the skeletal survey testing dataset

The same three pediatric radiologists served as readers. Sim-
ilarly blinded (except when gender was required for interpre-
tation), these readers independently estimated the bone age of
each infant in the skeletal survey testing dataset based on the
hand/wrist method of Greulich and Pyle [3], the knee method
of Pyle and Hoerr [17], and the proposed fibular shaft length
method. Still blinded (although no longer to the study design),
the readers also independently estimated the bone ages of
these infants using the hemiskeleton methods of Sontag
et al. [21] and of Elgenmark [22]. To assess intra-rater vari-
ability, 37 infants (30% of the skeletal survey testing dataset)

were randomly selected, and their bone lengths and ages were
re-estimated by the same readers and methods.

Bone age estimation: hemiskeleton method of Sontag et al.
[21] Radiographs of the right or left upper and lower extrem-
ities from the skeletal surveys (5–8 radiographs per infant)
were presented to each reader for assessment. The laterality
of the hemiskeleton was chosen based on which set of images
provided better visualization of the pertinent ossification cen-
ters (without loss in reliability [22]). The numbers of ossifica-
tion centers counted by the readers were converted to bone-
age estimates based on smoothed curves generated from
fitting polynomials of 4 degrees to the discretized paired data
(ossification number versus bone age) as previously published
[21]. Separate curves were generated for boys and girls.

Bone age estimation: hemiskeleton method of Elgenmark
[22] The approach to bone age estimation with the Elgenmark
method is similar to that of Sontag et al. [21] with one modest
exception: Elgenmark counts a slightly different set of 68
ossification centers and consequently the resulting fitted poly-
nomials varied slightly from one another.

Bone age estimation: hand/wrist method Posteroanterior
radiographs of each infant’s left hand/wrist were pre-
sented to each reader for bone-age estimation. If the left
hand/wrist radiograph was suboptimal (from poor posi-
tioning or obscuration by overlying support device), the
right hand/wrist radiograph was used (without loss in
reliability [36]). If a reader could not decide between
two bone-age standards, the reader was asked to (1)
choose the closest bone-age standard (as per the original
design of Greulich and Pyle [3]), and (2) calculate the
mid-point interpolation between the two standards [24].
This approach generated two sets of bone-age estimates
(non-interpolated and interpolated). The only demo-
graphic information provided to each reader was gender.
Bone ages estimated in months were converted to days
(1 month=30 days).

Bone age estimation: knee method Although a dedicated
anteroposterior (AP) knee radiograph was not part of the rou-
tine skeletal survey, the knee was often either within the im-
aging field-of-view of the femur or the tibia/fibula, permitting
assessment from a single AP image. In the remaining cases,
the AP femur and AP tibia/fibula radiographs were both pro-
vided to the readers because the two images together provided
enough spatial overlap to adequately evaluate the knee. The
right knee radiograph of each infant was presented to each
reader for assessment of skeletal maturity. If details of the right
knee were suboptimal (from poor positioning or obscuration
by an overlying support device), radiograph of the left knee was
used. While this method specified using both AP and lateral

Fig. 1 Example of greatest fibular shaft length measurement based on
high-resolution skeletal survey radiograph. The distance was measured
along the longitudinal axis through the center of the bone between the
proximal and distal physeal margins of the metaphysis
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Results

Fibular shaft length model estimator

Inter- and intra-observer agreement of the fibular shaft
length measurements of the skeletal survey modeling
dataset were excellent (intra-class correlation coefficient
>0.999 and P<0.001). Length measurements were thus
averaged across raters to obtain a single length measure-
ment for each infant, and these measurements were used
in model development.

The derived linear regression model is shown in Fig. 2, and
Table 1 summarizes the model parameters and the model good-
ness-of-fit. We used a linear regression model that included gen-
der as a covariate to investigate the effects of sex-based dimor-
phism. Gender effects were statistically non-significant (P=
0.17). A look-up table for estimating bone age from fibular shaft
length is provided in Table 2. The prediction band of the derived
model shown in the table provides a range of estimated bone
ages for new measurements of bone length.

Evaluation of fibular shaft length model

A case example of using the skeletal survey testing dataset for
bone-age estimation by the three readers via the conventional
methods (Sontag hemiskeleton, Elgenmark hemiskeleton,
hand/wrist, and knee) and the proposed method (fibular shaft
length) is shown in Fig. 3. Given the excellent agreement
between readers, for display purposes the estimated bone ages
of these infants— using the Sontag hemiskeleton, Elgenmark
hemiskeleton, hand/wrist, knee, and fibular shaft length
methods—were averaged across the three readers and plotted
as a function of chronological age (Figs. 4, 5, 6, 7, and 8). The
plots of hand/wrist and knee methods with and without inter-
polation appear very similar; hence only the results obtained
without interpolation are shown.

Method reproducibility

Intra- and inter-reader agreement for the skeletal survey test-
ing dataset bone-age estimation was excellent for all methods.
Intra-class correlation coefficients were >0.80 across readers
and methods (Table 3).

Method comparison

The root-mean-square error and mean absolute error of fibular
shaft length-based estimates were in the range 35.6–35.9 days
and 28.1–28.4 days, respectively, thus substantially lower than
the errors of the Sontag hemiskeleton estimates (root-mean-
square error=100.3–107.2 days [~67 days higher than the
fibular shaft length method], mean absolute error=79.3–
85.8 days), and the errors of the Elgenmark hemiskeleton
estimates (root-mean-square error=71.3–75.1 days [~31 days
higher than the fibular shaft length method], mean absolute
error=58.0–60.9 days). When averaged over readers, the
mean absolute errors of the Sontag and Elgenmark
hemiskeleton methods were 82.4 and 59.0 days, respectively.
Both were significantly higher than the proposed method
(P<0.0001) based on theWilcoxon rank sum test for the com-
parison between the proposed method and Sontag or

Fig. 2 Graph shows derived infant bone-age estimator. Linear regression
modeling of infant bone age is based on fibular shaft lengths of the
skeletal survey modeling dataset (n=123)

Table 1 Model development with the skeletal survey modeling dataset illustrating linear regression model parameters and fit statistics with fibular
shaft length as the independent variable and bone age as the dependent variable

Model parameter and statistical significance

Coefficient 95% confidence interval Standard error t-statistic P-value Wald statistic

Intercept −399.22 [−434.07 , −364.37] 17.60 −22.68 2.13×10−45 514.38

Slope 6.40 [6.00, 6.79] 0.20 31.84 1.17×10−60 1,013.79

Model goodness-of-fit statistics

Mean squared error R-squared Adjusted R-squared

1,059 0.893 0.892
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Perspectives
• Ideal method for infant bone age assessment: 

✦ accurate 
✦ precise
✦ reproducible
✦ cost 

• Non irradiating

• Further studies needed in mixed population



CONCLUSION



Conclusion
• Gold standard for bone age in children: 

Greulich and Pyle (easy and fast, less 
accurate)

• Fast evolution of technology, creation of 
automated methods 

• Further studies for a non irradiating, fast and 
accurate technique
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