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ABSTRACT: This study examines the reliability of age estimation utilizing the Greulich and Pyle atlas in relation to a modern Scottish
population. A total of 406 left-hand/wrist radiographs (157 females and 249 males) were age-assessed using the Greulich and Pyle atlas.
Analysis showed that there was a strong correlation between chronological age and estimated age (females R2 = 0.939, males R2 = 0.940).
When age groups were broken down into year cohorts, the atlas over-aged females from birth until 13 years of age. The pattern for males
showed that the atlas under-estimated age until 13 years of age after which point it consistently over-aged boys between 13 and 17 years of
age. This study showed that the Greulich and Pyle atlas can be applied to a modern population but would recommend that any analysis takes
into account the potential for over- and under-aging shown in this study.
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The radiograph of the left hand/wrist is one of the triumvirate
of images recommended by the German Study Group on Foren-
sic Age Diagnostics of the German Association of Forensic
Medicine (AGFAD) for age estimation in the living (1). Maturity
in this skeletal area is estimated using one of a selection of
atlases (2–12). One of the most commonly utilized of these is
the Greulich and Pyle hand/wrist atlas (5). This study aims to
examine the applicability of the Greulich and Pyle atlas to a
modern Scottish sample to assess whether it is appropriate for
forensic use as a method of age estimation when applied to a
contemporary population.
The need for age estimation in the living has escalated in

recent decades. The age estimation of those who are unable or
unwilling to prove their age, or who may not know their age,
has become increasingly common, especially at geographical
borders where there is regular movement of people (13,14). Doc-
uments can be lost, falsified, or simply may not exist, and as
people move across borders or are victims of traffickers, the
ability to prove that they have reached defined chronological
milestones becomes important to authorities. As the number of
disputed age cases has risen, forensic science and its practitio-
ners are also coming under scrutiny in the United Kingdom (15).
While the effects of this scrutiny are still embryonic, it has
resulted in the questioning of the reliability of conclusions drawn
by the application of forensic methodologies. This in turn creates
a pressing need for those same methodologies to be revisited

and re-examined to evaluate their legal admissibility. The reas-
sessment of reliability and accuracy is an even greater priority
when methods are being applied in ways for which they were
never designed, as is the case with the Greulich and Pyle atlas,
which was originally designed to enable clinical practitioners to
assess the development of children as they progress to maturity.
Age estimation in the living depends upon the comparison of

radiographic images to reference images. These reference images
are collected and collated from a sample of individuals of known
sex, age, and background, thus allowing the assessor to gauge
the degree of skeletal and dental maturation and then relate this
to a chronological age. The left hand/wrist is one of the areas of
the body that is commonly recommended for use in age estima-
tion of the younger individual (1,16,17).
All of the editions of the Greulich and Pyle atlas are based on

data collected between 1931 and 1942 during the Brush Study
(5,7,18). This study was a longitudinal study that collected serial
anthropometric data and radiographs of children as they pro-
gressed through childhood and was developed by T. Wingate
Todd as a method of tracking and measuring the development of
children during this maturational process (19). Part of the criteria
for inclusion in the study was a history of good health and nor-
mal development on the part of the child. The socioeconomic
status of the children was defined by the authors as being
“high.”
The 1959 edition of the atlas consists of two series of plates:

One series follows female development, and the second follows
the skeletal development of males (5). The process for develop-
ment of the atlas followed a set formula. The team identified
skeletal changes which they named “maturity indicators”; once
these were identified, 100 radiographs were chosen that were
most representative of that stage which were in turn arranged
according to the listed maturity indicators. From this shortlist,
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the radiograph that most closely represented the identified phase
of maturation was selected for inclusion in the atlas (5).
The aim of the current study was to determine the reliability

of the Greulich and Pyle atlas when utilized as a method of age
estimation for a modern Scottish sample to assess the validity
and robusticity of this approach for the purposes of forensic age
evaluation in the living.

Methodology

Male and female left-hand/wrist radiographs were collected at
Ninewells Hospital in Dundee, Scotland. Ninewells Hospital is a
large teaching hospital which serves the local Tayside area in the
East of Scotland. The population of the area consists of around
400,000 individuals, of which around 17% live in poverty as
defined by the Scottish Indices of Multiple Deprivation, 20% are
students who attend the local universities, and c. 1.9% are consid-
ered to be nonwhite. It should be noted that a large dependence
on agriculture means that there is an increase in migrant workers
on a seasonal basis. Life expectancy is 78.8 years (females
80.6 years, males 76.9 years), slightly higher than the national
average (20).
Radiographs were collected from patients between the ages of

birth and 21 years of age which had been taken when the patient
had accessed the Accident and Emergency Department of the hos-
pital. Ethical approval was granted by Ninewells Hospital for the
collection of the anonymized images. Personal details were lim-
ited to sex, date of birth, date of image, and side of the body.
Chronological age was calculated by the difference between date
of birth and the date that the image was taken. A total of 406 left-
hand/wrist radiographs (157 females and 249 males) were col-
lected. Table 1 shows the numbers of images for each sex by age.
An estimation of age was undertaken for each of the radio-

graphs using the Greulich and Pyle atlas (5). The age estimation
was undertaken without prior knowledge of the chronological
age of each of the children examined. Owing to well-recorded
differences in the development of females and males, age estima-
tion was undertaken separately for each sex (21–24).
Intra-observer accuracy was tested using a subset of 30 randomly

selected radiographs from the female left-hand radiographs and 30

randomly selected radiographs from the male set of radiographs.
These were observed 3 months after the first age estimation was
undertaken. An inter-observer test was devised using 30 randomly
selected female left-hand/wrist radiographs. The second assessor is
a practicing forensic anthropologist with knowledge of, but not
experience with, the Greulich and Pyle atlas. For the purposes of
this test, the observer was given no additional instructions in the
use of the atlas, was blind to the chronological age and was only
informed of the sex of the individual.

Results

Both the chronological ages and estimated ages were translated
from years into months for the purposes of statistical analysis.
The 1959 edition of the Greulich and Pyle atlas has separate

standards for males and females: In males, the image at which
full skeletal maturity has been achieved is “Male standard 31,”
which is assigned a chronological age of 19 years. For females,
the corresponding image is that of “Female Standard 27,” which
is assigned a chronological age of 18 years. In this study, all of
the radiographs were age-estimated up to and including 20 years
of age to confirm when age-related maturation could no longer
be identified in the current sample. Within the 18- to 20-year age
groups for females, there were 14 individuals who had not
reached the stage of maturity seen in “Female Standard 27,” and
in the 19- to 20-year age groups for males, there were 11 individ-
uals who had not reached “Male Standard 31,” despite the indi-
vidual having passed the identified chronological age for these
standards. Finding individuals who were still undergoing fusion
was not unexpected because in any population there will be indi-
viduals who, for a variety of reasons, achieve maturational mile-
stones at a different chronological age to others (25,26). The
radiographs in the Greulich and Pyle atlas represent the average
or median skeletal development for that chronological age and
do not illustrate outliers. Because these outliers were shown to
exist in this cohort, all images were included in the statistical
assessments as this is a true representation of the sample.
Linear regression analysis was undertaken on the data with

estimated age treated as the independent variable in all of the
calculations. Table 2 and Figs 1 and 2 present the results of this
analysis. The R2 value for females is 0.939 and for males is
0.940; both of these values are highly significant (p < 0.001).
The relationship between chronological age and estimated age

was tested for significance through a Mann–Whitney test. For
both females and males, the difference between chronological
age and estimated age using the Greulich and Pyle atlas was not
significant (females p = 0.771, males p = 0.899).
The differences between the chronological ages and estimated

ages were calculated by subtracting the chronological age from
the estimated age. A negative value therefore indicates that the
individual had been under-aged, and a positive value indicates
an individual who had been over-aged using the Greulich and
Pyle atlas (5). The differences between chronological age and
age as estimated by the Greulich and Pyle atlas ranged from
between an under-age of 37 months and an over-age of

TABLE 1––Number of radiographic images separated by sex and age.

Years Female Left Male Left Total

1 3 3 6
2 3 3 6
3 3 3 6
4 6 6 12
5 0 7 7
6 8 2 10
7 7 8 15
8 3 8 11
9 11 12 23

10 19 15 34
11 6 17 23
12 11 15 26
13 17 16 33
14 10 18 28
15 5 21 26
16 10 19 29
17 7 21 28
18 12 19 31
19 6 19 25
20 10 17 27

157 249 406

TABLE 2––R2 values and regression coefficients by sex for the age estima-
tions compared to chronological age as undertaken by the first observer.

Regression Coefficient R2 Value p-Value

Female left hand/wrist 0.894 0.939 <0.001
Male left hand/wrist 0.979 0.940 <0.001
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31 months for both females and males; both sets of differences
show a Gaussian distribution (Figs 3 and 4). The mean differ-
ence between chronological age and estimated age for each sex
is negative in value (Table 3), indicating that on average, within
this sample, the chronological age is in advance of the estimated
age (�1.95 months for females and �1.63 months for males).
The standard deviations for these groups, by sex, are
14.97 months for females and 14.16 months for males.

To obtain a more detailed picture of the differences between
chronological age and estimated age, the data were broken down
into age cohorts of 5 years (Table 4). It can be seen in Table 4
that for females, age is consistently over-estimated by between
2.04 and 3.06 months from 0 to 15 years of age. Table 4 also
shows that for males, age is under-estimated from birth to
10 years of age by between 2.44 and 3.54 months and over-esti-
mated by 1.74 months for 11- to 15-year-olds. The trend for
both sexes in the 16- to 20-year age groups is a lag between
estimated age and chronological age; this latter under-aging is to
be expected because the atlas for both the male and female
groups cannot assess age past the point at which maturity is
achieved; although radiographs were collected and estimated up
until the 20th year, there were only a small number of individu-
als who were still experiencing fusion at this time.
The differences between chronological age and estimated age

were broken down further into year cohorts for each sex
(Table 5). The numbers of images in the younger groups are
very small with larger numbers of individuals in older age

FIG. 2––Linear regression between chronological age and estimated age
using the Greulich and Pyle atlas for male left hand.

FIG. 3––Mean differences between chronological age and estimated age
(months) for female left-hand images.

FIG. 4––Mean differences between chronological age and estimated age
(months) for male left-hand images.

FIG. 1––Linear regression between chronological age and estimated age
using the Greulich and Pyle atlas for female left hand.

TABLE 3––Mean differences between chronological age and estimated age
(months).

Mean Difference
Between Chronological
Age and Estimated Age

(Months)
Standard
Deviation

Maximum
Differences
(Over- and
Under-Age)

Female left hand/wrist �1.95 14.97 Max 31.00
Min �37.00

Male left hand/wrist �1.63 14.16 Max 31.00
Min �37.00
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groups. For the females, prior to the age of 9 years, there is a
mixed pattern of under- and over-aging, although for the major-
ity of groups for which there were data the trend was to over-
age by between 1.14 and 5.12 months. From the age of 9, the
atlas consistently over-ages females by between 0.20 and
5.73 months until the age of 17 years when the trend reverses
because of the completion of the atlas series for females. For
males, there is a tendency to over-age individuals between the
ages of birth and 2 years of age; after this, the Greulich and Pyle
atlas under-ages the majority of age groups by between 0.2 and
10 months, except for boys between the age of 9 and 10 who
are over-aged by 2.92 months. The atlas consistently over-ages
boys from the age of 13 years to 17 years of age by between
1.62 months and 11.05 months. At 18 years of age, this trend
reverses again because of the completion of the atlas series.
The intra-observer tests involved retesting 30 randomly chosen

images from the male left-hand images and 30 randomly chosen
images from the female left-hand images. Regression analysis
was undertaken on the results of the age intra-observer age esti-
mations. The regression coefficients and R2 values are presented
in Table 6. For the female intra-observer test, the R2

value = 0.973 and for the male intra-observer test, the R2

value = 0.963. A t-test of the intra-observer results indicate that
there was no significant difference between the two sets of
observations for either the female left-hand (p = 0.925) or the
male left-hand images (p = 0.859).

The inter-observer test involved the age estimation of 30 ran-
domly selected radiographs of female left hand/wrists. Linear
regression was undertaken to examine the correlation between
estimated age and chronological age for the age estimations
undertaken by the second examiner, and the R2 value for this
analysis was 0.940 (p < 0.001). The inter-observer results were
compared to the analysis performed by the first observer using a
t-test which indicated that there was no significant difference
between the two sets of results (p = 0.982).

Discussion

This project sought to test the Greulich and Pyle atlas method
of age estimation on a modern Scottish population. In light of
the recent Law Commission report (15) in England and Wales,
the re-examination of anthropological methodologies is appropri-
ate, especially those which are applied in ways for which they
were never originally designed and which are highly likely to be
presented to a court of law. The Greulich and Pyle atlas is one
of these techniques; in addition to being applied in novel ways,
it is also based on the development of children who were matur-
ing in 1930’s America, creating a situation in which not only
secular change but also differences in ethnicity and access to
medical and nutritional resources could be widely altered in
those who are undergoing age estimation to those whose images
assisted in the creation of the atlas (27,28). An understanding of
the reliability and validity of a method to the population that it
is being applied is vital in these circumstances.
Owing to the ethical considerations of undertaking longitudi-

nal radiographic studies on maturing children, it is not possible
to develop modern equivalents of the radiographic atlases and so
it has become necessary to test existing methods to understand
inherent errors if the technique is applied to a targeted popula-
tion. This study on a Scottish population resulted in good corre-
lations between estimated age and chronological age by both
observers, a finding that remained consistent for both males and

TABLE 4––Mean differences between estimated and chronological age in females and males by 5-year age cohorts.

Age Cohort

Female Left Hand/
Wrist Mean Difference

by Cohort

Female Left Hand/
Wrist Maximum
and Minimum
Differences

Female Left Hand/
Wrist Standard

Deviation

Male Left Hand/
Wrist Mean Differences

by Cohort

Male Left Hand/
Wrist Maximum
and Minimum
Differences

Male Left Hand/
Wrist Standard

Deviation

0–5 years 2.25 (n = 16) 14.00 months
�15.00 months

9.85 �3.54 (n = 22) 10 months
�15 months

7.06

6–10 years 2.04 (n = 48) 31.00 months
�28.00 months

13.36 �2.44 (n = 45) 30 months
�37 months

17.25

11–15 years 3.06 (n = 50) 31.00 months
�33.00 months

13.46 1.74 (n = 87) 25 months
�36 months

12.95

16–20 years �13.38 (n = 45) 23.00 months
�37.00 months

14.05 �3.87 (n = 95) 31 months
�28 months

14.42

TABLE 5––Differences between chronological and estimated age by age
cohort in months.

Age Cohort (years) Female Left Hand/Wrist Male Left Hand/Wrist

1 3 (n = 3) 1.67 (n = 3)
2 1.33 (n = 3) 0.0 (n = 3)
3 4.33 (n = 3) �5.00 (n = 3)
4 �0.5 (n = 6) �6.17 (n = 6)
5 – �4.43 (n = 7)
6 5.12 (n = 8) �10.0 (n = 2)
7 1.14 (n = 8) �7.88 (n = 8)
8 �4.67 (n = 3) �7.38 (n = 8)
9 5.73 (n = 11) 2.92 (n = 12)

10 0.00 (n = 19) �0.2 (n = 15)
11 1.67 (n = 7) �0.53 (n = 17)
12 5.09 (n = 11) �0.94 (n = 15)
13 5.06 (n = 17) 1.62 (n = 16)
14 0.20 (n = 10) 0.00 (n = 18)
15 4.2 (n = 5) 7.09 (n = 21)
16 2.00 (n = 10) 11.05 (n = 19)
17 �7.86 (n = 7) 2.52 (n = 21)
18 �10.83 (n = 12) �7.21 (n = 19)
19 �21.67 (n = 6) �9.53 (n = 19)
20 �30.70 (n = 10) �18.41 (n = 17)

TABLE 6––The results of the linear regression undertaken on the inter
observer and intra-observer age estimations by sex.

Regression
Coefficient R2 Value p-Value

Intra-observer results for female
left hand/wrist

0.930 0.973 <0.001

Intra-observer results for male
left hand/wrist

0.955 0.963 <0.001

Inter-observer results for female
left hand/wrist

0.905 0.940 <0.001
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females. Other studies have also found that the correlation
between assessed age and chronological age is strong (29–41).
However despite this, many authors argue that the Greulich and
Pyle atlas either should be applied with population-specific mod-
ifications (29,31,33,36,38,40,42–47) or should be combined with
other age estimation techniques for increased accuracy (35,48).
There are also a number of studies which find that the Greulich
and Pyle atlas is inappropriate for use on the population that
they studied (49–52). These latter studies were arguably of popu-
lations in which access to nutrition and health care was reduced
in comparison with a Western population such as is found in
Scotland. These studies support the findings of Schmeling et al.
who argued that both socioeconomic factors and ethnicity should
be taken into consideration when undertaking a forensic age
estimation (53).
The population studied here showed a pattern of under-

estimating the age of males prior to puberty (13 years) and
over-aging after puberty. This pattern for males is reflected in
other studies (33,44,46,47,50,52,54). The pattern for females
was different because, with the exception of two groups, the
atlas tended to over-estimate age throughout the maturation
process. Postpuberty, the atlas consistently over-aged females in
the group, which is in agreement with the findings of other stud-
ies (29,31,33,36,47,52). These results indicate that the process of
maturation which Greulich and Pyle aimed to illustrate has
remained the same but it is the timings of the process which
exhibit variation.
The mean of the difference between estimated age and chro-

nological age ranges from 0 months (2-year-old males and 10-
year-old females) to 11.05 months (16-year-old males). The
maximum differences between chronological age and estimated
age, however, showed a maximum under-age of 37 months
(3.1 years) for both males and females and a maximum over-age
by 31 months for both sexes. A difference between estimated
age and chronological age of this magnitude means that in a
forensic situation, the estimated age assigned through the use of
the Greulich and Pyle atlas alone could result in a 3.1-year
under-age or a 2.5-year over-age.
For younger individuals, the maximum under-age is

15 months for both females and males and the maximum over-
age is 14 months for females and 10 months for males. This
smaller range of over-aging and under-aging in the younger indi-
vidual is in agreement with other studies which also found that
the difference between age as estimated by the Greulich and
Pyle atlas and chronological age is smaller in younger individu-
als (38,42,46,47). Care should be taken with the conclusions
within this study as the numbers in the younger age groups are
small.
In this study, the standard deviations across the male and

female groups as a whole were 14.97 months for females and
14.16 months for males. When groups are broken down into
5-year cohorts, the standard deviation is noticeably smaller in
the 0- to 5-year age groups for both sexes: 9.85 months for
females and 7.06 months for males. The standard deviation was
not calculated for the year cohorts owing to the small sample
sizes in many of these groups. The Greulich and Pyle atlas pre-
sents two sets of tables containing standard deviations: The first
set contain standard deviations derived from a test of the Todd
standards (12) on the Brush data, and the second set are derived
from a test of their own standard on data derived from a longitu-
dinal study in Boston, MA (5). This study has provided standard
deviations that are appropriate for use in age estimation under-
taken on a child from a modern Scottish population, as sug-

gested by Greulich and Pyle any age range should be given to
two standard deviations, although the possibility of outliers must
always be presented.
The level of agreement between inter- and intra-observer

assessments in this study is high, agreeing with the findings in
other studies where the reproducibility of the Greulich and Pyle
atlas has been shown to be high (35,39,43,46,50,55). It is worth
noting that while there is no significant difference between the
first set of age estimations and the second set as undertaken by
the first observer, there is a slight increase in the R2 value from
the first to the second group females improved from R2 = 0.939
to R2 = 0.973 and males improved from R2 = 0.940 to
R2 = 0.963, which may suggest that with experience the accu-
racy of age estimations increased for this practitioner. This
agrees with the findings of Roche et al. (56) who found that
intra-observer reliability did increase slightly with practice and
experience, a finding supported by other authors who found
slight differences in accuracy between experienced and nonexpe-
rienced assessors (37,45).

Conclusion

Any modern test of an age estimation methodology that
involves radiographs has to be undertaken using cross-sectional
data because of the ethical considerations inherent in any imag-
ing techniques that involve health risks. The radiographs used in
this study were sourced from a local hospital and were screened
only for major disorders, pathology and previous fractures. It
was not possible to screen individuals for background, but it
was felt that this is more representative of a forensic population
where the background and history of the individual being age-
estimated is rarely known in all but the most basic detail.
It is not possible for health reasons to recreate a longitudinal

study of the type which provided the data which underpin the
Greulich and Pyle atlas; therefore, it is necessary to understand
the reliability and accuracy of this system of age estimation in
living individuals. Studies such as this provide the forensic prac-
titioner with increased data with which to support the age esti-
mations that they undertake. The correlations found indicate that
there is a strong relationship between estimated age and chrono-
logical age. This supports the argument that the use of this atlas
is appropriate when estimating age in an individual from this
modern population; however, the differences that have been
found between chronological age and estimated age must be
taken into consideration whenever this method is applied forensi-
cally. This study therefore supports the use of the Greulich and
Pyle atlas when age estimating a child from this population as
long as the differences highlighted in this study are taken into
account.
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