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Abstract

Objective To test whether the conventional radiographic tech-
nique in determining bone age abnormalities can be replaced
by ultrasonography.

Materials and Methods A total of 54 Caucasian subjects up to
7 years of age with clinically suspected growth problems
underwent left hand and wrist radiographic and ultrasono-
graphic bone age estimations with the use of the Greulich-
Pyle atlas. The ultrasonographic scans targeted the ossification
centers in the radius and ulna distal epiphysis, carpal bones,
epiphyses of the first and third metacarpals, and epiphysis of
the middle phalanx, as described in previous reports. The de-
gree of agreement between the two sets of data, as well as the
accuracy of the ultrasonographic method in detecting radio-
graphically suggested bone age abnormities, was examined.
Results The mean chronological age, radiographic bone age,
and ultrasonographic bone age (all in months) were 41.96+
22.25,26.68+14.08, and 26.71+13.50 in 28 boys and 43.62+
24.63,30.12+17.69, and 31.27+18.06 in 26 girls, respective-
ly. According to the Bland-Altman plot there was high
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agreement between the results of the two methods with only
three outliers. The deviations in bone age from the chronolog-
ical age taken by the two techniques had the same sign in all
patients. Supposing radiography to be the method of refer-
ence, the sensitivity, specificity, positive predictive value,
and negative predictive value of sonography in detecting
growth abnormalities were all 100 % in males and 90.9,
100, 100, and 93.8 %, respectively, in females.

Conclusion The conventional radiographic technique for de-
termining bone age abnormalities could be replaced by
ultrasonography.

Keywords Bone age - Radiography - Ultrasonography -
Greulich-Pyle

Introduction

Hand-wrist radiographs have been used for over a century to
evaluate skeletal maturation. Conventionally, the bone age of
a given child is determined by side-by-side comparisons of
specific structural findings on wrist-hand radiographs with an
atlas containing images of the same structural findings in age-
and sex-matched normal children. Then the estimated bone
age is compared to the child’s chronological age to determine
whether the skeletal age is advanced or delayed. It is estimated
that abnormal clinical situations in which a bone age appraisal
is required occur in 1 out of every 20 children [1].

Because of potential hazards of radiography in children [2],
some investigators have used ultrasonography to estimate
skeletal age [3—6]. Owing to methodological shortcomings
and possibly the effect of ethnic differences, however, the
usefulness of ultrasonographic techniques in this regard has
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been controversial [3, 7]. In addition, the actual clinical utility
of ultrasonographic assessment of skeletal age, i.e., its capa-
bility in accurate diagnosis of pathologic bone age deviations,
has scarcely been investigated [3].

Thus, the present study seeks to examine the performance
of ultrasonographic bone age determination compared to the
conventional radiographic method in detecting growth prob-
lems in clinically suspected children.

Subjects and methods

A total of 54 Caucasian subjects up to 7 years of age with
clinically suspected growth disturbances underwent separate
left hand and wrist radiographic and ultrasonographic bone
age estimations in a referral teaching hospital during a 33-
month study. Cases with radiographic indicators of any hand
disease were not included.

Informed written consents were obtained from the partici-
pants’ parents or legal guardians, and the ethics committee of
a local university approved this study.

Standard anteroposterior radiographs of the left hand and
wrist were acquired following the instructions of Greulich and
Pyle [8]. An experienced radiologist who was unaware of the
patients’ chronologic ages interpreted the results using the
Greulich-Pyle atlas.

Within 2 days from the radiographic bone age estimations,
all the patients underwent ultrasonographic examination of the
left wrist and hand using a standard linear array real-time
ultrasound machine (Sonix OP, Ultrasonix, Canada) equipped
with a 7.5-MHz transducer. Another experienced radiologist
without knowledge of the subjects’ chronological age or the
results of the radiographic bone age assessments performed
ultrasonographic examinations.

Ultrasonographic bone age assessment was carried out in
compliance with previous instructions [5, 6]. Accordingly, the
ossification centers, which were visualized as hyperechoic
spots causing marked acoustic shadowing, were targeted by
ultrasonographic scans of the radius and ulna distal epiphysis,
carpal bones, epiphyses of the first and third metacarpals, and
epiphysis of the middle phalanx. Presence, number, and size
of'the ossification centers were compared to the Greulich-Pyle
atlas.

Because of gender-related differences in the rate of normal
skeletal development during early life, the results were report-
ed and compared separately for boys and girls [8].

The study variables were sex, chronological age (CA), ra-
diographic bone age (RBA), ultrasonographic bone age
(USBA), the difference between chronological and skeletal
ages (CA-RBA and CA-USBA), the difference between
RBA and USBA (RBA-USBA), and the difference between
skeletal ages £2 SD of the differences (RBA-USBA +2 SD
and RBA-USBA -2 SD).
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Statistical analysis

The Bland-Altman plot was employed to assess the degree of
agreement between the two imaging techniques in determining
bone age and the number of outliers. A proper linear regression
model was used for the assessment of correlation between the
two methods and to calculate equations. To determine the di-
agnostic accuracy of the ultrasonographic approach in detecting
growth problems, two methods were used. First, the differences
between the calculated skeletal ages and the chronological age
were plotted against each other; following a previously
established approach [3], the number of cases with the same
sign (positive, quadrant II; negative, quadrant III) and with
different signs (quadrants I and IV) was determined. Second,
the sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) of the ultrasonographic tech-
nique were calculated assuming the radiographic findings as
the true diagnosis of bone age problems. SPSS software version
22.0 (IBM Corp., NY, USA) was used for statistical analysis. A
significance level of P<0.05 was used.

Results

The study group comprised 28 males (51.9 %) and 26 females
(48.1 %) with amean chronological age 0f42.76+23.22 months
(range: 3—79) at the time of bone age determination.

The mean values of chronological age, skeletal ages calculat-
ed separately by radiography and ultrasonography, the difference
between chronological and skeletal ages, the difference between
skeletal ages calculated by radiography and ultrasonography, and
the difference between skeletal ages calculated by radiography
and ultrasonography + 2 SD of the differences were stratified by
the patients’ sex and are summarized in Table 1.

There was good agreement between the skeletal ages calcu-
lated by the radiographic and ultrasonographic methods in both
the male (Fig. 1a) and female (Fig. 1b) groups with only three
outliers; two in the male group and one in the female group.

The skeletal ages determined by the radiographic and ul-
trasonographic methods correlated significantly in both males
(R-square: 0.98, p<0.001; Fig. 2a) and females (R-square:
0.96, p<0.001; Fig. 2b). The following equations were calcu-
lated between bone ages determined by the two imaging tech-
niques in males and females.

In males: Radiographic bone age (months) = 1.04 ultra-
sonographic bone age (months) - 0.96

In females: Radiographic bone age (months) = 0.96 ul-
trasonographic bone age (months) + 0.16

The deviations of the radiographically and
ultrasonographically determined skeletal ages from the chro-
nological age are plotted against each other in Fig. 3.
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Table 1  Chronological age (CA), radiographic and ultrasonographic
bone ages (RBA and USBA, respectively), the difference between
chronological and skeletal ages (CA-RBA and CA-USBA), the

difference between RBA and USBA (RBA-USBA), and the difference
between skeletal ages +2 SD of the differences (RBA-USBA +2 SD and
RBA-USBA -2 SD) in male and female patients

Variables (months)

Groups

Males (n=28)

Females (n=26)

CA

RBA

USBA

CA-RBA
CA-USBA
RBA-USBA
RBA-USBA +2 SD
RBA-USBA -2 SD

41.96+22.25(7.00 to 79.00)
26.68+14.08(4.00 to 62.00)
26.71+13.50(4.00 to 54.00)
~15.29[2.35](~40.00 to 2.00)
~15.25[2.41](~40.00 to 5.00)
~0.04[0.35](~4.00 to 8.00)
5.88+1.86(1.92 to 13.92)
~5.96+1.86(-9.92 to 2.08)

43.62+24.63(3.00 to 74.00)
30.12:£17.69(4.00 to 60.00)
31.27+18.06(4.00 to 64.00)
~13.50[2.06](~33.00 to 1.00)
~12.35[1.99](-33.00 to 1.00)
~1.15[0.74](~14.00 to 6.00)
4.77[0.74](-8.08 to 11.92)
~7.07+3.76(~19.92 to 0.08)

Data are shown as mean + standard deviation or [standard error of mean] (minimum-—maximum)

Concordant results, i.e., differences with the same sign (quad-
rants II and III), were documented in all cases (100 %). Ac-
cordingly, normal, delayed, and accelerated bone ages were
present in 10 (18.5 %), 42 (77.8 %), and 2 (3.7 %) cases,
respectively.

The radiographic and ultrasonographic bone ages were ex-
actly the same in 42 patients (77.8 %), including 24 males
(85.7 %) and 18 females (69.2 %). The frequency and extent
of different radiographic and ultrasonographic bone ages ac-
cording to the chronological age groups are shown in Table 2.
Different bone ages were most commonly seen in subjects
aged over 60 months.

The diagnostic accuracy of ultrasonography in detecting
male and female growth disturbances (considering radiogra-
phy as the method of reference) is summarized in Table 3.

Discussion

Over 50 years ago, Greulich and Pyle (GP) developed a meth-
od coupled with an atlas of radiographs of the hand and wrist
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[8], which is still the most convenient and extensively used
technique for determining skeletal age [9]. This holistic meth-
od relies on several maturational indicators representing
stages of ossification or bone development for any specific
age group [6]. In comparison with more detailed, time-
consuming techniques such as the Tanner and Whitehouse
method, GP has been found to be more suitable for routine
clinical practice [10] and even has been considered the gold
standard for bone age estimation [2].

Although this radiographic technique is simple, widely ac-
cepted, cost-effective, and relatively safe owing to using an
effective dose, the cumulative effect of ionizing radiation on
children with high life expectancy has been a source of con-
cern for some investigators [2].

Endochondral ossification beginning with the diaphysis,
emergence of epiphyseal ossification centers, formation of
the growth plates, and finally epiphyseal fusion are the conse-
quent time points in skeletal maturation that a conventional
radiography exploits for bone age determination [11]. These
structural changes could also be found readily by ultrasonog-
raphy in expert hands on the basis of their characteristic
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Fig. 1 Difference compared to mean for skeletal age assessed by radiography and ultrasonography in male (a) and female (b) patients. Arrows point to

outliers
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Fig. 2 Scatter plots representing skeletal ages determined by the radiographic and ultrasonographic methods in male (a) and female (b) patients

echogenicity and acoustic shadow. Non-mineralized
(cartilaginous) ossification centers are ultrasonographically
hypoechoic, and mineralized (bone) tissues are echogenic
with acoustic shadows [2].

Ultrasonography is a rapid, safe, and highly accessible
technique that provides real-time multiplanar images with
the capability of contralateral comparison [6].

Unlike radiography, the absence of ionizing radiation pro-
vides a unique opportunity for US examinations to be detailed
and prolonged [7].

Using ultrasonography in bone age determination is not a
new concept. Previous studies have used the hip [3], iliac and
radius bones [4], and ossification foci of the wrist [5] as ultra-
sonographic landmarks to estimate bone age in children.
Some investigators have even introduced non-operator-depen-
dent, specifically designed ultrasonographic devices to auto-
matically determine bone age in children [1, 3]. Many of them,
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Fig. 3 Plot representing deviations of radiographic and ultrasonographic
skeletal ages from chronological age against each other. The error of the
two imaging methods had the same sign (positive, quadrant II; negative,
quadrant III) in all cases
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however, have been found unsuitable for clinical use as re-
placements for standard radiographic procedures, mainly be-
cause of their low accuracy [3, 7].

In the present study we compared estimated bone ages by
the conventional Greulich-Pyle method and its ultrasono-
graphic version in a Caucasian pediatric population with
suspected growth problems. For both males and females, there
were acceptable rates of agreement between the two methods
according to the Bland-Altman plots (Fig. 1a and b). Exactly
the same estimations were observed by the two methods in
77.8 % of patients: 85.7 % for males and 69.2 % for females.

In a similar study by Bilgili et al. [6], the ultrasonographic
version of the Greulich-Pyle atlas was tested for assessing
skeletal age in children. On the basis of their suggested hand
and wrist ultrasonography charts, they found high correlations
between ultrasonographic and radiographic results in both
males (71.1 %) and females (84.4 %). They finally proposed
their ultrasonographic version of the Greulich-Pyle atlas as a
valid alternative to radiography for appraising bone age in
children without exposing the patient to radiation.

In a very recent study, Daneff et al. [2] assessed bone age
with conventional ultrasonography in healthy infants from 1
to 24 months of age. They finally concluded that conventional
ultrasonography is capable of identifying the ossification cen-
ters of the hand and wrist and can be utilized as an innocuous
follow-up tool for patients with growth problems.

Of note, in both mentioned studies only normal children and
infants were examined. Determination of bone age is an impor-
tant step in the process of investigating children with suspected
growth problems, because it acts as a reference point for
predicting height in the future [12]. Although the approach of
including subjects requiring bone age assessment for probable
growth issues may yield a heterogeneous study population, it
more closely reflects a real clinical scenario and provides more
realistic, applicable information in this regard [7].

Consequential racial and ethnic differences have been re-
ported in terms of the usefulness of the Greulich-Pyle method
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Table2 Frequency and extent of different radiographic and ultrasonographic bone ages (RBA and USBA, respectively) according to the chronological

age groups

Chronological age groups (months) No. of patients

Different RBA and USBA no. (%) Extent of difference (months)

Males Females Total
<12 4 4 8 2 (25) 3,4
>12 and <24 3 4 7 1(14.3)
>24 and <36 5 2 7 1(14.3) 3
>36 and <48 4 3 7 0(0) -
>48 and <60 5 4 9 2(22.2) 6,6
>60 7 9 16 6 (37.5) 4,4,4,6,8, 14

in determining skeletal age in the pediatric population
[13-19]. In Caucasians, however, the GP atlas has been found
reliable and clinically applicable [9, 18, 20]. Thus, in compar-
ison with the reports on non-Caucasians [2, 6], the results of
the present work are expected to be more reliable.

Although a difference (Bland-Altman) plot is a very good
tool for analyzing the agreement between two different assays
[21], it is unable to identify whether two assays tend to err in
similar directions for each patient. For bone age determination
methods, calculating the difference between skeletal and chro-
nological ages has been suggested to obviate this shortcoming
[3]. Our relevant results in this regard were also significantly
promising for both males and females as errors with the same
signs were found in 100 % of cases (Fig. 3). This is in contrast
with the results of Khan et al. [7], who showed that ultraso-
nography, in comparison with radiography, tended to over-
read delayed bone age and underread advanced bone age. It
should be noted that they used an automatic device instead of
a subjective ultrasonographic assessment in their work, and
this may justify the conflicting results between the two
studies.

Assuming the radiographic approach as the standard meth-
od in determining abnormal bone age deviations in the current
study, the sensitivity, specificity, PPV, and NPV of the ultra-
sonographic technique were high in both males (100 % for all)
and females (90.9, 100, 100, and 93.8 %, respectively). These
results along with the calculated equations between the radio-
graphic and ultrasonographic methods for bone age estimation
(males: radiographic bone age = 1.04 US bone age -0.96;
females: radiographic bone age = 0.96 US bone age +0.16)
further bolster the suitability of ultrasonography in revealing

growth abnormalities among the Caucasian pediatric popula-
tion. Although not clinically consequential, different results
between ultrasonography and radiography in estimating bone
age were higher in patients aged 60 months and older com-
pared to those in the other chronological age groups (Table 2).
A higher proportion of female patients in this age group may
indicate a less accurate ultrasonographic method in females
than in males in detecting growth problems.

Carpenter and Lester [22] concluded that when bone age is
determined in children under 10 years of age the entire hand
should be considered, and putting too much emphasis on the
carpal bones may cause extensive under- or over-readings.
Using a balanced approach that includes all bones of the distal
part of the upper extremity including the distal radius and
ulna, carpal bones, metacarpal bones, and phalanges has been
proposed as an ideal method in appraising skeletal age in
children by either radiography or ultrasonography [6]. We also
followed a similar approach in the current study.

A rather small sample size might be acknowledged as a
limitation in this work. Nevertheless, it should be noted that
even in the present form this study managed to adequately
verify its main assumption that the conventional radiographic
method for determining growth deviations in children can be
reliably replaced with ultrasonography. To categorize the re-
sults on the basis of chronological age, however, further stud-
ies with larger sample sizes are recommended.

Finally, it should be noted that each imaging method (radi-
ography or ultrasonography) has its own pros and cons. Bone-
age determination by the conventional radiographic tech-
nique, i.e., X-ray of the left hand and wrist (Greulich-Pyle),
has been universally used since the 1950s. This method

Table 3  Diagnostic accuracy of ultrasonography in detecting bone age abnormalities in the two genders considering radiography as the method of

reference

Sex No. of patients Sensitivity (95 % CI) Specificity (95 % CI) PPV (95 % CI) NPV (95 % CI)
Male 28 100 100 100 100

Female 26 90.9(58.7-99.8) 100 100 93.8(69.8-99.8)

CI confidence interval, NPV negative predictive value, PPV positive predictive value
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is easily affordable almost everywhere, not costly, very simple
to perform, and allows a “second opinion,” since a great ma-
jority of pediatric endocrinologists prefer to read X-ray radio-
graphs themselves and therefore rely on their own interpreta-
tion to make the ultimate decision.

On the other hand, even if a child has a growth problem
detected in the newborn period, since most centers request a
bone age determination on a yearly basis, a total of approxi-
mately 20 hand and wrist X-rays are expected in the child's
lifetime. Therefore, the risk of cumulative ionizing radiation
with bone age X-rays is not negligible. Considering this, ul-
trasonography is a far safer technique, but at the same time it is
not as rapid as conventional X-ray imaging of the hand and
wrist. It requires a physician trained in ultrasonography,
whereas an X-ray can be obtained by a technician. Unless
the images and a corresponding atlas are provided, the
requesting physicians have to trust the sonologist. In addition,
a considerable number of locations worldwide do not have
access to ultrasound equipment.

In this study we showed that the conventional radiographic
bone age determination method can be reliably replaced by
ultrasonography. Now, when both techniques are available, it
is up to the requesting physician to weigh the benefits against
risks and decide which modality is suitable.

Conclusions

On the basis of our findings, the conventional radiographic
technique for determining bone age abnormalities can be re-
placed by ultrasonography.

Conflict of interest The authors declare that they have no conflict of
interest.
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