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Background and purpose — Skeletal maturity is a cru-
cial parameter when calculating remaining growth in chil-
dren. We compared 3 different methods, 2 manual and 1
automated, in the radiological assessment of bone age with
respect to precision and systematic difference.

Material and methods — 66 simultaneous examina-
tions of the left hand and left elbow from children treated for
leg-length discrepancies were randomly selected for skel-
etal age assessment. The radiographs were anonymized and
assessed twice with at least 3 weeks’ interval according to
the Greulich and Pyle (GP) and Sauvegrain (SG) methods by
5 radiologists with different levels of experience. The hand
radiographs were also assessed for GP bone age by use of the
automated BoneXpert (BX) method for comparison.

Results — The inter-observer intraclass correlation coef-
ficient (ICC) was 0.96 for the GP and 0.98 for the SG method.
The inter- and intra-observer standard error of the measure-
ment (SE_) was 0.41 and 0.32 years for the GP method and
0.27 and 0.21 years for the SG method with a significant
difference (p < 0.001) between the methods and between the
experienced and the less experienced radiologists for both
methods (p = 0.003 and p < 0.001). In 25% of the assess-
ments the discrepancy between the GP and the SG method
was > 1 year. There was no systematic difference comparing
either manual method with the automatic BX method.

Interpretation — With respect to the precision of skeletal
age determination, we recommend using the SG method or
preferably the automated BX method based on GP assess-
ments in the calculation of remaining growth.

When treating leg-length discrepancies (LLD) in children
the calculation of remaining growth is crucial to estimate
the correct timing of epiphysiodesis (1). Recent publications
conclude that the use of bone age (BA) is a better predictor
compared with chronological age (CA) in these calculations
(2,3). According to a study by Dimeglio et al. (4) only one-
third (28-35%) of such children have a CA equal to the BA (a
difference of less than 6 months). Therefore, correct estima-
tion of BA is of importance for the outcome of procedures
for growth modulation, both for correction of LLD and for
angular correction (5).

Radiological assessment of maturation by BA is com-
monly done from hand and wrist radiographs (6,7), elbow
radiographs (4,8), and pelvic radiographs (9). A study among
members of the Society for Pediatric Radiology in the United
States found that 97% of radiologists used hand radiographs
and the Greulich and Pyle (GP) atlas for BA assessment (10).
The main disadvantage with this method is the limited inter-
and intra-observer reliability (11), the lack of resolution and
precision in the adolescent growth spurt, and the lack of a
radiological reference for the bone ages 11.5 and 12.5 years in
girls and 14.5 years in boys. Complementary use of the Sau-
vegrain (SG) method might therefore be recommended during
the adolescent growth spurt (4). Canavese et al. (12) compared
the simplified olecranon method, a modification of SG’s origi-
nal method by Dimeglio et al. (4) based solely on the stages
of maturation of the olecranon, with Sanders’ digital method,
which is based on the radiographical assessment of the meta-
carpals and fingers in the anteroposterior view (7). Both the
studies by Canavese et al. (12) and by Dimeglio et al. (4) con-
clude that the methods are equally reliable. Other authors have
supported the use of more than 1 method to increase the pre-
cision when estimating skeletal maturity (13). To reduce the
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subjective agreement problem when estimating skeletal matu-
rity, Thodberg et al. (14) developed the BoneXpert (BX) pro-
gram, which is an automated method in determining skeletal
maturity, with a precision reported to be 0.16 years (14). Limi-
tations with this method are the restricted availability of the
program and the costs for each calculation. When automated
methods are not available, the timing of growth-modulating
procedures has to rely on manual determination of BA based
on either the GP or the SG method, or a combination of the
two. However, a certain precision of this manual BA determi-
nation is required to avoid substantial under- or overcorrection
when treating LLDs.

Growth-modulating procedures are usually done in either the
distal femur, the proximal tibia, or in both. The average longi-
tudinal growth per year in these physes is 1.6 cm during adoles-
cence including the prepubertal growth spurt (15,16). Hence, a
lack of precision when assessing bone age of +6 months would
correspond to 0.8 cm growth in bone length, a difference we
consider of clinical significance when calculating remaining
growth and the optimal timing of epiphysiodesis.

With this study we wanted to compare the manual methods
for bone age determination (GP, SG) by examining the preci-
sion in terms of correlation and variability, and the inter- and
intra-observer reliability among experienced and less experi-
enced radiologists from 2 Norwegian Hospitals. Second, we
wanted to examine the systematic difference when comparing
the GP and SG assessments with their original assessments
(before study was initiated), CA and BX values.

Material and methods

From a local Health Register consisting of patients investi-
gated using the Moseley Straight Line Graph (17) for LLD we
identified 440 examinations with both left AP hand and left
elbow radiographs exposed simultaneously for skeletal age
assessment.

The GP method was originally based on serial radiographs
of the left hand and wrist in 999 children in Ohio, USA during
the period 1931-1942. The authors found that the sequence
of ossification of all the carpals except the scaphoid was rela-
tively constant in both sexes. GP chose the most representa-
tive radiograph for each age and provided a standard deviation
(SD) of the assessments (6).

The SG method is based on AP and lateral radiographs of the
elbow and allows dividing skeletal age into 6-month intervals
during the adolescent growth spurt. The 4 ossification cen-
ters of the elbow undergo typical changes before and during
puberty in the age range 10—13 years in girls and 12-15 years
in boys. The method is based on points given for the degree
of maturation of each ossification center; the points are added
and plotted in a graph that gives the corresponding BA (8).

By computerized random selection 66 examinations from
the period 2007-2019 were stratified in 4 sample groups
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Table 1. Original female and male assessments

Chronological age and

original bone age assessments Mean (SD) Min Max

Females, n = 34
Chronological age 11.4 (1.1) 9.2 13.7
Greulich and Pyle method 11.2 (1.3) 9.3 13.5
Sauvegrain method 11.0 (0.9) 9.3 12.5

Males, n = 32
Chronological age 14.4 (1.3) 11.9 17.7
Greulich and Pyle method 14.3 (1.4) 11.0 16.2
Sauvegrain method 14.0 (0.8) 11.3 14.8

SD = Standard deviation, Min = minimum, Max = maximum.

according to the original assessment of skeletal age by GP: <
11 years, 11-12 years, 13—14 years, and > 14 years. 34 female
and 32 male assessments in 31 girls and 29 boys were included
(Table 1). All patients were followed for LLD with a variety of
etiologies (Table 2, see Supplementary data). The anonymized
66 hand radiographs and 66 elbow radiographs only contain-
ing information about the patient’s sex were evaluated for
skeletal age estimation according to the GP and SG method
by 5 independent radiologists at 2 different institutions. For
a second analysis the radiographs were randomly reordered,
and the BA assessments were repeated after 3—6 weeks. The
radiologists had different levels of experience and were classi-
fied into highly experienced (2 radiologists working with both
methods for 15 years) and less experienced (3 radiologists,
with some experience in using 1 or both methods). In addi-
tion, we applied the automated bone age estimation by the BX
method (14), v3.0.3 (Visiana ApS, Hgrsholm, Denmark) for
analysis of the 66 hand radiographs.

The BX method consists of 3 layers, where the first layer
reconstructs the border of 15 bones from radiographs of the
hand. In the second layer the program calculates what the
developer calls the “intrinsic bone age” for 13 of the bones. The
BA of the bones must be within 2.4 years of the mean BA of
all the bones to be accepted. 8 bones is the minimum of bones
accepted for the method to generate an intrinsic BA. Finally,
the third layer transforms the intrinsic bone age into GP bone
age. The first layer was developed from 1,559 images of mainly
Danish children and was validated against the GP atlas (14).

Statistics

Data was described with number of observations (%) or mean
(SD) as appropriate. We made Bland—Altman plots to describe
and evaluate inter- and intra-observer reliability. Both the
intraclass correlation coefficient (ICC) and the standard error
of the measurement (SE,_ ) with their 95% confidence inter-
vals (CI) in the inter- and intra-observer analysis were esti-
mated using a nested linear mixed-effects model with random
intercepts of subject (i.e., patient) and observer (i.e., radiolo-
gist). We used SE_ to get an estimate in years of how much
the assessments vary among different radiologists and by a
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Table 4. Greulich and Pyle (GP) 1st and 2nd assessments. Values
are count (%)

Table 5. Sauvegrain (SG) 1st and 2nd assessments. Values are
count (%)

Absolute difference Assessment Absolute difference Assessment

GP (years) 1st 2nd 1st and 2nd SG (years) 1st 2nd 1st and 2nd

All assessments (n = 660) All assessments (n = 660)
<0.5 277 (84) 279 (85) 556 (84) <05 297 (90) 300 (91) 597 (90)
>0.5t0 1.0 17 (5) 21 (6) 38 (6) >0.51t0 1.0 22 (7) 21 (6) 43 (7)
>1.01t02.0 33 (10) 28 (8) 61 (9) >1.0t0 2.0 10 (3) 9 (3) 19 (3)
>2.0 3(1) 2(1) 5(1) >2.0 1(<1) 0 1(<1)
Total 330 330 660 Total 330 330 660

Variation among 5 radiologists in 66 separate assessments (n = 330) Variation among 5 radiologists in 66 separate assessments (n = 330)
<0.5 13 (20) 15 (23) 28 (21) <05 33 (50) 36 (55) 69 (52)
>0.5t0 1.0 17 (26) 21 (32) 38 (29) >0.5t01.0 22 (33) 21 (32) 43 (33)
>1.0t0 2.0 33 (50) 28 (42) 61 (46) >1.0t02.0 10 (15) 9 (14) 19 (14)
>2.0 3 (5) 2(3) 5(4) >2.0 1(2) 0 1(<1)
Total 66 66 132 Total 66 66 132

single radiologist. The observers in the study were considered
a random sample from the population of potential observ-
ers. The model gives estimates of the between-subject (i.e.,
patient) SD, between-observer (i.e., radiologist) SD, and the
measurement error (i.e., test—retest) SD as outlined by Bartlett
and Frost (18).

An ICC value between 0.75 and 0.90 was considered good
and > 0.90 excellent reliability (19). For all SE_ results we
presented the 95% level of confidence interval defined as
+1.96 x SE_. It is the uncertainty interval with on average
95% of the measurements, and the range of reliability around
a given BA assessment in the clinic.

We examined whether experience influenced the assess-
ments by assigning the radiologists into 2 groups (experienced
and less experienced). Difference in SE_ from the GP assess-
ments versus the SG assessments and from experienced versus
less experienced was statistically assessed by a Z-test using
the estimated standard errors (SE). We assessed the assump-
tion of normal distribution with descriptive statistics and plots
and found it satisfactory. The Z-statistic follows a standard
normal distribution under the null hypothesis of SE_ being
equal for experienced and less experienced radiologists.

We compared the systematic difference in the first assess-
ment between the 2 manual methods, the automatic method,
and previous assessment using a random-effects model with
a subject-specific random intercept. The fixed effect in the
model was the different methods and the systematic differ-
ence was expressed by the fixed-effect coefficient with 95%
confidence interval (CI) and significance level p < 5%.

To study a possible ceiling effect because the SG method
has an upper limit of 13 years in girls and 15 years in boys
compared with GP, which has an upper limit of 17 and 19
years, respectively, we did a sub-analysis of the SG method
and found a minimal reduction of no clinical relevance.

We used STATA/SE 16.1 (StataCorp LLC, College Station,
TX, USA) for the statistical analyses.

Ethics, funding, data sharing, and potential conflicts
of interest

The study was approved by the institutional review board
(case nr. 18/04927) and the research committee at the Depart-
ment of Radiology and Nuclear Medicine (KRNnr. 1985).
No competing interests were declared. No funding has been
received. The raw data is available in our repository.

Results
GP method

The ICC was 0.96 (CI 0.95-0.98). The inter-observer SE_
was 0.41 (CI -0.40 to 1.22) years, and the intra-observer SE_|
was 0.32 (-0.31 to 0.95) years. The inter-observer SE_ for the
experienced radiologists was 0.35 (-0.33 to 1.0) years com-
pared with 0.43 (-0.42 to 1.3) years for the less experienced
(Table 3, see Supplementary data). This difference was sta-
tistically significant (p = 0.003). Among radiologists the dis-
crepancy was > 1 year in 55% of the assessments in the first
test (Table 4).

SG method

The ICC was 0.98 (CI 0.96-0.98). The inter-observer SE_
was 0.27 (=0.27 to 0.81) years, and the intra-observer SE |
was 0.21 (-0.20 to 0.62) years. The inter-observer SE_ for the
experienced radiologist was 0.19 (-0.18 to 0.56) years com-
pared with 0.30 (—0.30 to 0.90) years for the less experienced
(p <0.001) (Table 3, see Supplementary data). Among radiol-
ogists the discrepancy was > 1 year in 17% of the assessments
in the first test (Table 5).

Combined BA

The ICC was 0.98 (CI 0.98-0.99). The inter-observer SE
was 0.23 (-0.23 to 0.69) years, and the intra-observer SE |
was 0.20 (-0.18 to 0.58) years. The inter-observer SE_ for
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Table 6. Difference in Greulich and Pyle (GP) and Sauvegrain (SG)

Table 7. Systematic difference between the 2 manual methods, a

1st and 2nd assessments. Values are count (%)

combination of the 2 methods, chronological age, and BoneXpert

Absolute difference Assessment Comparison of methods Difference mean (95% Cl) p-value
between GP and SG (years) 1st 2nd 1st and 2nd
Greulich and Pyle (GP)—

All assessments (n = 660) Sauvegrain (SG) —-0.02 (-0.19 to 0.15) 0.8
<05 111 (34) 116 (35) 227 (34) GP—BoneXpert (BX) —0.06 (—-0.15 to 0.03) 0.2
>0.5t01.0 139 (42) 133 (40) 272 (41) GP —chronological age (CA) —0.31 (-0.61t0 —0.01)  0.04
>1.0t0 2.0 68 (21) 75 (23) 143 (22) GP—GP original —0.17 (-0.27 t0o —0.08)  0.01
>2.0 12 (4) 6 (2) 18 (3) SG—BX —0.04 (-0.23 t0 0.16) 0.7
Total 330 330 660 SG—CA —0.29 (-0.52t0 —0.06)  0.01

Variation among 5 radiologists in 66 separate assessments (n = 330) SG—SG original 0.05 (-0.01 to 0.11) 0.09
<05 22 (33) 19 (29) 41 (31) Combined GP and SG—BX —0.05 (-0.18 to 0.08) 0.5
>05t0<1.0 30 45) 1(47) 61 (46) Combined GP and SG—CA —0.30 (-0.55t0 —0.05)  0.02
>1.0t0<2.0 3 (20) 5 (23) 28 (21) Combined GP and SG—
>2.0 1(<2) 1(<2) 2(<2) combined GP and SG original —0.06 (—0.12 to 0.00) 0.05
Total 66 66 132 CA—BX —0.25 (-0.56 to 0.06) 0.1

BX—GP original —-0.11 (-0.23 t0 —0.00)  0.05

the experienced radiologist was 0.20 (-0.18 to 0.58) years
and 0.25 (0.23 to 0.73) years for the less experienced (p =
0.001) (Table 3, see Supplementary data).

Difference of GP and SG

Difference of GP assessments

Comparison of the GP and SG method

The ICC was 0.93 (CI 0.91-0.94). Comparing inter-observer
SE, for the manual methods and the combined BA there was

a significant difference (p < 0.001) for all
3. Evaluating the discrepancy between the
2 manual methods by years we found that
66% (433/660) of the assessments had a dis-
crepancy of > 0.5 year, 25% (161/660) of >
1 year, and 3% (18/660) of > 2 years (Table
6). The variation in BA assessments by the
GP method and the SG method for 1 observer
is illustrated by a Bland—Altman plot in the

Systematic difference
There was no statistically significant differ-
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ence when comparing the GP and SG method
and the combined BA with BX. The original
GP assessment was different from the new
GP assessment (p = 0.01), and from BX (p
= 0.05). The original SG assessment was
not significantly different compared with the
new assessment (p = 0.09).

CA was significantly different compared
with both manual BA methods (Table 7).
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Figure 1. Variation in bone age (BA) assessments by the Greulich and Pyle (GP) and
Sauvegrain (SG) methods in our sample of patients (n = 66) illustrated by representative
Bland—Altman plots. The white area represents the 95% limits of agreement presented in
parentheses. (a) Difference between GP and SG assessments for 1 observer; mean 0.04
(—1.52to0 1.60) years. (b). Difference of GP assessments between 2 observers; mean 0.17
(—0.76 to 1.11) years. (c) Difference of SG assessments between 2 observers; mean —0.12
(-0.74 to 0.50) years. (d) Difference of GP and SG combined assessments between 2
observers; mean 0.03 (—0.54 to 0.59) years.

The ICC was > 0.90 and graded as excel-
lent (19) in both the inter- and intra-observer
analysis, which corresponds to the findings
by Dimeglio et al. (4) and Canavese et al.
(12). The ICC however is dependent on the
sample’s variation of measurements —a great
variation with the same inaccuracy results in
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a high ICC. Hence, in our opinion the SE_ with its 95% con-
fidence that we used is a more useful and clinically relevant
description of the precision of BA assessments, which adds a
novel insight.

The inter- and intra-observer reliability in this study is sig-
nificantly better with the SG method than with the GP method
in comparing SE_ for both. When radiologists perform a BA
assessment according to GP, we found a CI level in SE_ cor-
responding to +0.81 years (i.e., +10 months). 10 months cor-
responds to 1.3 cm growth around the knee using the White—
Menelaus method. If the same radiologist repeated the GP
assessment the CI level was +0.63 years (i.e., £7.5 months).
For the SG method the CI level was +0.54 years (i.e., £6.5
months), corresponding to 0.9 cm growth around the knee
using the White—-Menelaus method. For the SG method the
repeated CI level was +0.41 years (i.e., £5 months).

This data shows that precision increases with the second
assessment, when 2 BA methods are combined, and with the
radiologist’s level of experience. By use of the combined mean
BA value a more precise assessment is expected and might
favor application of both methods. However, a combination
does not consider which method is the most accurate in esti-
mating the true skeletal maturity by BA when there is a clini-
cally significant discrepancy between the 2 assessments. The
combination of these 2 methods also requires 3 radiographs,
which increases the total amount of radiation of the child.

We found the variation among the 5 radiologists for the first
assessment of GP to be > 1 year in 55% of the ratings. This
is almost identical with the findings of Cundy et al. (11). The
corresponding number of SG assessments was 17%, which
underlines the difference in precision between the 2 methods.

Furthermore, our study shows that one-quarter of the assess-
ments had > 1 year discrepancy between the GP and the SG
rating. In a clinical setting when treating LLD, a BA assess-
ment that differs by 1 year corresponds to a difference in
growth of 0.64 cm in the proximal tibia and 0.95 cm in the
distal femur, i.e., a combined 1.6 cm according to the White—
Menelaus method (15,16). The mean LLD at the time of epi-
physiodesis was 3.7 cm and 2.0 cm at maturity in a recent
study by Makarov et al. (2), corresponding to a mean correc-
tion of 1.7 cm. A discrepancy between different BA methods >
1 year can therefore be considered clinically significant in the
timing of epiphysiodesis.

With a discrepancy > 6 months the use of a combined BA
increases the age precision according to our results, but we are
not able to conclude whether this also increases the accuracy
in terms of the true skeletal maturity, which is a limitation of
this study. Another limitation considering the comparison of
the manual BA methods is that we compare only the differ-
ence in assessments among 5 persons and hence not a real
selection from a population, nor was the precision of the GP
assessments within different age groups assessed, as the GP
atlas lacks pictures of certain ages. We used the mean value of
the first assessment by the 5 radiologists when comparing the

2 manual BA methods with the original assessments (which
most often were based on 2 assessments by 2 radiologists).
This might have increased the precision in the new ratings and
favored the results from the current study.

While a statistically significant difference was found when
comparing BA from the original GP assessments with the new
GP assessments and with BX, no significant systematic differ-
ence was found when comparing the original SG assessments
with the new SG assessments. In this study the radiographs
were anonymized. This eliminates the risk of bias from the
radiologist knowing the CA of the patients and former assess-
ments of BA in the same patient. It has been shown that know-
ing the patient’s CA may cause bias in the GP evaluation (20).
The better precision and the comparable results for the original
and new SG assessments compared with GP for both the expe-
rienced and inexperienced radiologists might be explained by
a more objective approach with the SG method.

Considering BX as a reference value, the test for system-
atic difference comparing BX with the different manual BA
methods did not reveal any statistically significant difference
versus BX. However, a significant systematic difference was
found when comparing both manual methods with CA.

Van Rijn et al. (20) found that the BA based on BX analysis
(derived from GP) was on average 0.28 and 0.20 years behind
the CA for boys and girls, respectively. In our study this dif-
ference was similar: —0.25 years independent of sex. Hence,
the maturation profile in our population may be comparable to
the Dutch population and representative of modern Western
European children.

Conclusion

The SG method is more precise than the GP method, with an
uncertainty of £6 months with the SG method compared with
+10 months with the GP method when a single BA assess-
ment is performed by independent radiologists. Hence, if only
manual methods for BA assessments are available, we recom-
mend the SG method in the calculation of remaining growth.
Experience reduces the uncertainty in the assessments by 1-2
months and the combination of 2 methods increases the preci-
sion by 1 month compared with using SG alone. The increase
in precision using 2 methods is minimal in a clinical setting,
and we would not recommend using 2 methods because of the
added radiation exposure.

We find no systematic difference when comparing the 2
manual BA methods with the automated BoneXpert method.
We therefore recommend using BoneXpert if available, to
avoid a reduction in precision using manual methods.
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Table 2. Etiologies (N = 66)

Diagnosis n
Posttraumatic 13
Hemihypertrophy 12
Developmental dysplasia of
the hip/Perthes sequela 10
Idiopathic 10
Congenital lower limb deformity 7
Pes equinus varus sequela )
Vascular malformations 2
Rheumatoid arthritis/scleroderma 2
Postinfectious 2
Tumor 1
Neurofibromatosis 1
Cerebral palsy 1
Table 3. Reliability (precision)
Inter-observer reliability Intra-observer reliability
Bone age (reproducibility) (repeatability)
measurement method All Exp. Lessexp. p-value Al Exp. Less exp. p-value
Greulich and Pyle (GP)
ICC 0.96 097 0.96 0.98 098 0.98
SE,,, years 041 035 043 0.003 0.32 030 0.34 0.20
Sauvegrain (SG)
ICC 098 099 0.97 099 099 0.98
SE,, years 0.27 019 0.30 <0.001 0.21 0.14 025 <0.001
Combined GP and SG
ICC 0.98 098 0.98 099 099 0.99
SE,,, years 023 020 025 0.001 020 0.17 o0.21 0.003

Exp. = Experienced



