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Purpose: To collect up-to-date data in healthy children to create a
digital hand atlas (DHA) that can be used to evaluate, on
the basis of the Greulich and Pyle atlas method, racial
differences in skeletal growth patterns of Asian, African
American, white, and Hispanic children in the United
States.

Materials and
Methods:

This retrospective study was HIPAA compliant and ap-
proved by the institutional review board. Informed con-
sent was obtained from all subjects or their guardians.
From May 1997 to March 2008, a DHA containing 1390
hand and wrist radiographs obtained in male and female
Asian, African American, white, and Hispanic children
with normal skeletal development was developed. The age
of subjects ranged from 1 day to 18 years. Each image was
read by two pediatric radiologists working independently
and without knowledge of the subject’s chronologic age,
and evaluation was based on their experience with the
Greulich and Pyle atlas. Statistical analyses were per-
formed with the paired-samples t test and analysis of vari-
ance to study racial differences in growth patterns. P � .05
indicated a significant difference.

Results: Bone age (P � .05) was significantly overestimated in
Asian and Hispanic children. These children appear to
mature sooner than their African American and white
peers. This was seen in both male and female subjects,
especially in girls aged 10–13 years and boys aged 11–15
years.

Conclusion: Ethnic and racial differences in growth patterns exist at
certain ages; however, the Greulich and Pyle atlas does not
recognize this fact. Assessment of bone age in children
with use of the Greulich and Pyle atlas can be improved by
considering the subject’s ethnicity.
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Assessment of bone age is a clinical
procedure used in pediatric radi-
ology to evaluate skeletal matu-

rity on the basis of bone growth in the
left hand and wrist, as seen on a radio-
graph. The determination of skeletal
maturity (also referred to as bone age)
plays an important role in the diagnosis
and treatment of endocrinologic abnor-
malities and growth disorders in chil-
dren (1,2). In clinical practice, the
method most commonly used to assess
bone age is matching of a radiograph of
the left hand and wrist with the Greulich
and Pyle atlas (3), which contains a ref-
erence set of standard hand images col-
lected in the 1950s in healthy white chil-
dren who were members of the middle
or upper class population.

Over the past 30 years, many au-
thors have questioned the appropriate-
ness of using the Greulich and Pyle atlas
for bone age assessment in contempo-
rary children. In 1975, Roche et al (4)
showed that the average child in the
United States was less physically mature
than the children in the Greulich and
Pyle atlas. In 1996, Ontell et al (5) ex-
amined the applicability of the Greulich
and Pyle standards to ethnically diverse
children. However, these studies and
various others (6–8) did not provide a

large-scale systematic method for vali-
dation. Thus, the purpose of our study
was to collect up-to-date data in healthy
children to create a digital hand atlas
(DHA) that can be used to evaluate, on
the basis of the Greulich and Pyle atlas
method, racial differences in skeletal
growth patterns of Asian, African
American, white, and Hispanic children
in the United States.

Materials and Methods

The protocol of this retrospective study
was approved and has been renewed
annually by the institutional review
boards of our institutions, and written
informed consent was obtained from all
subjects or their legal guardians. This
study was compliant with the Health In-
surance Portability and Accountability
Act. Subject anonymity was achieved by
replacing the subject name and other
traceable information with a data en-
cryption method.

Subject Recruitment
During the past 10 years (May 1997 to
March 2008), a DHA has been developed
that contains 1390 hand and wrist radio-
graphs obtained in healthy Asian, African
American, white, and Hispanic boys and
girls. All subjects (age range, 1 day to 18
years) were recruited from public schools
in Los Angeles County, California, start-
ing in the late 1990s (9–15).

Case Selection Criteria
Before the hand was examined with ra-
diography, a physical examination was
performed to determine the health and
Tanner maturity index (16) of the sub-
ject to ensure that he or she was healthy

and that his or her skeletal development
was normal. Height, trunk height, and
weight were measured and used to cal-
culate the body mass index.

Image Acquisition
Each radiograph of the hand and wrist
was obtained with a rigorous data col-
lection protocol (9). The radiographs
were obtained with an x-ray generator
(Polyphos 50; Siemens, Erlangen, Ger-
many) at 55 kVp and 1.2 mAs. The radi-
ation dose delivered per image was less
than 1 mrem (0.01 mSv), which is
equivalent to approximately 1 day of
natural background radiation. The hand
was adjusted to the correct position,
which required the subject to keep his
or her fingers spread apart and main-
tain hand straightness as much as possi-
ble; no hand jewelry was worn. The dis-
tance between the x-ray tube and the
image cassette was 40 inches. The hand
of a normal child was less than 1 inch
thick; therefore, the magnification fac-
tor was approximately 1.

Image Interpretation
After a radiograph of the hand was ac-
quired in each subject, two experienced
pediatric radiologists (each with more
than 25 years of experience in bone age
assessment) performed independent
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Advances in Knowledge

� A digital hand atlas (DHA) of
1390 hand-wrist radiographs ob-
tained in Asian, African Ameri-
can, white, and Hispanic boys and
girls with normal skeletal develop-
ment has been developed to pro-
vide an up-to-date standard with
which to assess growth and devel-
opment and is accessible at
http://www.ipilab.org/BAAweb.

� Radiologists assigned a bone age
that was relatively close to the
chronologic age in African Ameri-
can and white children; however,
cross-racial differences indicated
that Asian and Hispanic children
mature sooner than do African
American and white children, es-
pecially between 10 and 13 years
of age in girls and between 11 and
15 years of age in boys.

Implication for Patient Care

� The discovery of cross-racial dif-
ferences at different age ranges
sheds light on the possibility that
bone age assessment in children
can be improved by considering a
child’s ethnicity, especially when
accurate assessment of bone age
is crucial to patient care (optimal
surgical intervention in children
with leg length discrepancies).
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readings based on Greulich and Pyle at-
las standards. During reading, radiolo-
gists were blinded to the subject’s chro-
nologic age, race, and other pertinent
information.

The subject’s bone age, as deter-
mined by the radiologist, was compared
with the subject’s chronologic age. The
image was selected and accepted to
the DHA only if the difference between
the subject’s bone age, as determined
by the radiologist, and the subject’s chro-
nologic age was less than 3 years. The
acceptance rate was higher than 90%.

Image Digitization
For data analysis, Web-based image
and data distribution, and communica-
tion in the clinical environment and
public domain, each accepted radio-
graph (subject name and identification
were covered with black tape) was digi-
tized into the Digital Imaging and Com-
munications in Medicine (DICOM) for-
mat by using a laser film digitizer (Ar-
ray, Tokyo, Japan); furthermore, each
subject’s information (excluding his or
her name and identification, as well as
any other traceable data) was put in the
DICOM header (17–19). We used the
following parameters: 12 bits per pixel,
optical density of 0.0–4.0, and 100-�m
pixel spacing. The size of the image cor-
responded to the size of the original ra-
diograph. Table 1 contains the pertinent
information of four 14-year-old boys of
different races. The corresponding ra-
diographs of their hands are shown in
Figure 1.

Data Collection Summary
There were two cycles of data collection,
each of which had eight categories (Asian
boys, Asian girls, African-American boys,
African-American girls, white boys, white
girls, Hispanic boys, and Hispanic girls).
Each category contained 19 age groups
(one for subjects younger than 1 year and
18 set at 1-year intervals for subjects aged
1–18 years). The two pediatric radiolo-
gists independently read all images ob-
tained in each cycle. Cycle 1 consisted of
1103 digitized hand images with demo-
graphic data. Five cases for each younger
age group (1–9 years) and 10 cases for
each older age group (10–18 years) were

included. The sample sizes were chosen
to achieve a precision of approximately
0.20 for all age groups, with a 95% confi-
dence interval when using the digital hand
atlas to compare bone age with chrono-
logic age. Precision is defined as the con-
fidence interval width divided by the esti-

mated mean value of chronologic age.
Subjects younger than 1 year were con-
sidered infants, and their data were not
used for analysis.

In order to study the active growth
period in children aged 5–14 years
more carefully to yield better statistics,

Figure 1

Figure 1: Examplesof radiographsobtained in (a)a14.13-year-oldAsianboy, (b)a14.46-year-oldAfricanAmerican
boy, (c)a14.79-year-oldwhiteboy,and (d)a14.64-year-oldHispanicboy.Correspondingdemographicdataandbone
age,asassignedbytworadiologists,are includedin theDICOMimageheader(Table1).
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data were collected in 287 subjects dur-
ing the second cycle after the first cycle
had been completed. Thus, a total of
1390 cases were included in the DHA.
The breakdown of cases was as follows:
167 Asian girls, 167 Asian boys, 174
African American girls, 184 African
American boys, 166 white girls, 167
white boys, 183 Hispanic girls, and 182
Hispanic boys. These 1390 cases were
used to derive the results described in
this article.

Statistical Analysis
Statistical analysis was performed with
computer software (SPSS, version 15.0
for Windows; SPSS, Chicago, Ill). Graphs
were generated with third-party software
(KaleidaGraph 3.5; Synergy Software,
Reading, Pa). Two types of analysis, the
paired-samples t test and analysis of vari-
ance, were performed by using chrono-
logic age as the reference standard. Data
from subjects in the newborn group were
not used for analysis. P � .05 indicated a
significant difference.

Data acquired in both cycles for
each race and a given sex were com-
bined with data for the entire age range
(1–18 years), and the paired-samples t
test was performed on a case-by-case
basis to find the mean difference be-
tween the average bone age of two read-
ings and the chronologic age. This re-
sulted in eight categories for compari-
son: Asian boys, Asian girls, African
American boys, African American girls,
white boys, white girls, Hispanic boys,

and Hispanic girls, each depicting the
overall view of differences between the
radiologists’ average bone age reading
against the chronologic age for subjects
of each race and sex.

On the basis of the effects of the growth
factor and sexual hormones, as well as our
observations in the phalangeal, carpal, and
wrist joint regions (9–15), we divided the
entire growth age ranging from 1 year to 18
years into four age subsets, as shown in
Figure 2. These subsets were used to study
differences in growthpatterns of childrenof
different races in a given subset. Analysis of
variance was used to study the cross-racial
comparisons for a given subset of growth
range on the basis of differences between
chronologic age and bone age.

Results

Radiologist Interpretation
Table 2 shows the mean difference in
age between the average bone age as-

Figure 2

Figure 2: Charts show the four divided age
subsets for (a) girls and (b) boys. These charts
provide a road map for use in the study of racial
differences during different growth periods. In
a, purple indicates 1–5 years of age; orange, 6 –9
years of age; green, 10 –13 years of age; and blue,
14 –18 years of age. In b, purple indicates 1–7
years of age; orange, 8 –10 years of age; green,
11–15 years of age; and blue, 16 –18 years of age.

Table 1

Pertinent Information in Four 14-year-old Boys of Different Races

Subject
No. Race Sex Birth Date Examination Date

Chronologic
Age (y)

Tanner
Maturity
Index Score

Height
(cm)

Trunk
Height
(cm)

Weight
(kg)

Bone Age
Assigned by
Reader 1 (y)

Bone Age
Assigned by
Reader 2 (y)

1 Asian Male May 26, 1987 July 12, 2001 14.13 5 170.00 88.90 55.50 15.75 15.50
2 African American Male June 18, 1981 December 3, 1995 14.46 3.5 168.00 82.55 49.30 13.25 14.00
3 White Male July 05, 1979 April 19, 1994 14.79 4 169.00 86.70 56.00 14.00 14.50
4 Hispanic Male September 13, 1983 May 6, 1998 14.64 5 168.40 83.82 51.60 15.00 15.00

Note.—The DICOM header includes the subject’s demographic and health-related information, as well as the bone age assigned by the radiologists. These data, along with the corresponding image,
can be retrieved from the Web-based DHA.

Table 2

Mean Difference between Bone Age Assigned by Radiologists and Chronologic Age
according to Race and Sex

Characteristic
Asian African American White Hispanic

Girls Boys Girls Boys Girls Boys Girls Boys

Mean difference between
bone age assigned by
radiologists and
chronologic age (y)

0.24* 0.41* 0.03 �0.02 �0.15* 0.01 0.24* 0.30*

No. of cases† 166 165 170 179 163 164 182 178

* Mean difference between bone age assigned by radiologists and chronologic age was significant (P � .05).
† Infants (patients younger than 1 year) were excluded from analysis.
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signed by two radiologists and the chro-
nologic age for each of the eight catego-
ries separated by race and sex. Since we
collected data in children with normal
skeletal development, the differences
with asterisks shown in Table 2 are
within 2 standard deviations between
the normal chronologic age and the av-
erage bone age (see the Case Selection
Criteria section) and may not be impor-
tant from a clinical perspective. How-
ever, we were able to conclude that the
radiologists had a slight tendency,
which was statistically significant, to
overestimate bone age in the Asian and
Hispanic populations as a whole.

Cross-racial Comparisons
The cross-racial differences assessed
with analysis of variance among the four
races in the four divided age subsets
(Fig 2) are presented in Figure 3.

Figure 3a shows that in girls, signifi-
cant mean differences of average read-
ing between races were observed in the
third age subset (10–13 years). Radiol-
ogists overestimated bone age in Asian
girls in comparison with their African
American and white peers by approxi-
mately 0.59 year and 0.70 year, respec-
tively. Similarly, radiologists overesti-

mated bone age by 0.58 year in Hispanic
girls when compared with African
American girls. Figure 4 shows plots of
bone age versus chronologic age in
Asian girls versus white girls, Asian girls
versus African American girls, and His-
panic girls versus African American
girls. In each comparison, the figure on
the left covers the entire age range
(1–18 years), whereas the figure on the
right shows a close-up view of the third
age subset (10–13 years).

Similar patterns were also observed
in boys (Fig 3). In the third age subset
(11–15 years), significant overestima-
tion of bone age of 0.97 year and 0.83
year was observed in Asian and His-
panic boys, respectively, when com-
pared with African American boys.
Overestimation of 0.65 year continued
until the fourth age subset (16–18
years) when Asian boys were compared
with African American boys. Further-
more, comparison of white boys with
Asian and Hispanic boys in the third age
subset (11–15 years) resulted in signif-
icant overreading of 0.59 year and 0.46
year, respectively. Figure 5 shows bone
age versus chronologic age in four racial
pairs: (a) Hispanic boys versus African
American boys, (b) Asian boys versus

African American boys, (c) Asian boys
versus white boys, and (d) Hispanic
boys versus white boys.

Discussion

An up-to-date DHA for four ethnic
groups has been developed with 1390
hand and wrist radiographs obtained in
Asian, African American, white and
Hispanic boys and girls with normal
skeletal development aged between 1
day and 18 years. Each case was read by
two pediatric radiologists working inde-
pendently on the basis of the Greulich
and Pyle atlas standard. The normality
and consistency of the data were en-
sured by radiologists’ readings and a rig-
orous quality assurance data collection
protocol. Hand radiographs were digi-
tized and stored in the DICOM format,
which facilitates image viewing and
transmission in the clinical environment
for training and image-assisted daily
clinical operation.

Previous studies, in which research-
ers examined the applicability of the
Greulich and Pyle atlas for use in con-
temporary children, have been per-
formed: Mora et al (7) examined 534
children of European and African de-

Figure 3

Figure 3: Charts show cross-racial comparisons of (a) girls and (b) boys. Data are shown only if differences are significant (P � .05). Each racial block was divided
into four age groups, as described in Figure 2. The plus and minus signs indicate under- and overestimation of bone age, respectively, by radiologists in comparing rows
with columns. AAF � African American girl, AAM � African American boy, ASF � Asian girl, ASM � Asian boy, CAF � white girl, CAM � white boy, HIF � Hispanic
girl, HIM � Hispanic boy.
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scent, and Ontell et al (5) collected data
in 765 trauma patients of four races.
Both of these studies are similar to our
study in that they involved use and eval-
uation of the Greulich and Pyle atlas in
each of the racial groups. However, in
neither study did the authors compare

cross-racial differences. Our study dif-
fered from the aforementioned studies
in that our study consisted of a robustly
designed database of 1390 carefully
chosen healthy subjects and we com-
pared cross-racial growth differences.

By using the DHA, we observed dif-

ferences in the readings of two pediatric
radiologists in subjects of four races on
the basis of the Greulich and Pyle atlas
standard, and we recorded these differ-
ences systematically. Our results show
the cross-racial differences between
skeletal growth patterns of Asian and
Hispanic children and skeletal growth
patterns of white and African American
children. Radiologists assigned a bone
age that was relatively close to the chro-
nologic age of African American and
white children. However, bone age and
chronologic age were significantly dif-
ferent in Asian and Hispanic children.
Cross-racial differences in four age sub-
sets indicate that Asian and Hispanic
children mature earlier than African
American and white children. This
holds true for girls and boys, especially
those aged 10–13 years and 11–15
years, respectively.

Genetic differences, diet, and nutri-
tional intake may influence variations in
the bone growth pattern. This calls into
question the applicability of the Greu-
lich and Pyle atlas as a reference for
children of different races. Our results
suggest that bone age assessment in
children can be improved by consider-
ing the ethnic population. An institu-
tional review board–approved clinical
validation study of the usefulness of the
DHA is being performed at our institu-
tion (Los Angeles County Women’s and
Children’s Hospital, Los Angeles, Calif).

Our study had limitations that
should be considered in future re-
search. First, all subjects enrolled in
this study were from the Los Angeles
metropolitan area. Further studies with
data collection from different geo-
graphic regions are necessary to study
regional factors in skeletal develop-
ment. Second, mixed ethnicity was not
considered. This issue should be ad-
dressed in future studies, with a view
toward comparison of skeletal develop-
ment in children with mixed ethnicity
with that in children of their parents’
ethnicities. Third, we investigated the
effect of ethnicity in only those children
whose skeletal development was con-
sidered normal on the basis of the Greu-
lich and Pyle atlas. Fourth, a subject’s
ethnicity is usually unavailable in daily

Figure 4

Figure 4: Graphs show comparisons of three racial pairs. The x-axis shows the chronologic age, the y-axis
shows the average bone age, and the thin 45° dotted line shows the normal standard comparison in (a) Asian
girls (ASF) versus white girls (CAF), (b) Asian girls versus African American girls (AAF), and (c) Hispanic girls
(HIF) versus African American girls. The graphs on the left show the plots for the entire age range, whereas the
graphs on the right are close-up plots for the third age subset (10 –13 years).
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practice. This limits future applications
of the DHA in clinical practice. This is-
sue needs to be addressed in patient
care when enough attention has been
brought to the racial factor in bone age
assessment in children.

The DHA provides an up-to-date
standard with which to classify normal
bone growth and development in chil-
dren. Currently, the DHA is accessible
from the World Wide Web for online
learning and teaching. Also, a computer-
assisted bone age assessment system for
use with the DHA has been developed
and distributed to several international
institutions (20) for use in a multicenter
study.
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