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Abbreviations
•	 BA: Bone Age
•	 CA: Chronologic Age
•	 DRC: Democratic Republic of Congo
•	 FM/IMT: Molua’s Foundation/Medical Imaging for All
•	 GP:  Greulich and Pyle 
•	 kVp: Kilovoltage
•	 mAs: Milliamperage Second
•	 SD: Standard Deviation
•	 SID:  Source to Image Distance 
•	 SPSS: Statistical Package for Social Sciences

Introduction
Greulich and Pyle’s Radiographic Atlas of Skeletal Develop-
ment of the Hand and Wrist (GP) is the most widely used method 
of determining the bone age (BA) of a child [1].

This system relies on radiographic findings associated with de-
velopmental maturity that are presented in a series of standard 
radiographs of the left hand according to gender and the docu-
mented accuracy is between 0.6 year and 1.1 years in Caucasian 
children [2].

Greulich and Pyle standards are the most widely used age esti-
mation standards all over the world. These standards were de-
rived from a longitudinal study carried out in 1931 on children 
of North European ancestry with high socioeconomic status who 
were born in the United States of America with sample popula-
tion comprising 1000 children [1].

The applicability of the Greulich and Pyle standards to popula-
tions which differ from their reference population is often ques-
tioned. This skepticism is the result of its nature-a standard is 
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Abstract 
Background: The Greulich and Pyle's Radiographic Atlas of Skeletal Development of the Hand and Wrist (GP) is 
the most widely used method of determining the bone age (BA) of a child. As there is limited local bone age data for 
age estimation. Studies carried out elsewhere have shown limits to the applicability of this atlas on their population. 

Purpose of Study: This study was to assess the accuracy of the GP Atlas for age determination in living Congolese 
children. 

Method: This study recruited 198 children between the ages of 1 year to 18 years. BA estimation of the left hand 
anteroposterior radiographs were performed by two experienced radiologists using the Greulich and Pyle method. 

Results: The BA estimates from two radiologists had very high interobserver reliability (ICC).



 

www.mkscienceset.com Sci Set Jour Radiology 2024Page No: 02

based on the results of a specific study performed on a specific 
population at a specified point in time [3]. 

In the living(life) age determination is the most important issue 
to the court and to the common citizens as well [4]. 

An over or under estimation of bone age can result in the in-
appropriate diagnosis and treatment of growth disorders, unjust 
punishment, misplacement in a new school or undue advantage 
in competitive sports [5].

Many studies have demonstrated that the Greulich and Pyle At-
las overestimates the chronological age of non-Caucasian chil-
dren [2, 6]. 

Deviation of as much as 1.1 years has been reported in Turkish 
females older than 15 years of age [7]. 

Apart from ethnicity, nutritional status has also been shown to 
influence the accuracy of the Greulich–Pyle Atlas, particularly 
in resource-limited developing countries [8]. 

Nevertheless, skilled interpretation of the Greulich–Pyle Atlas 
can be very useful especially when locally validated standards 
are used [9]. 

In Democratic Republic of Congo (DRC), research on the re-
liability of Greulich and Pyle method was not done while the 
method is utilized for determination of age. The main objective 
of the study is to assess the reliability of Greulich and Pyle meth-
od for determination of age of children at Kinshasa.

Subjects and Methods
Study Design: Hospital based cross sectional study design was 
applied. Conventional plain radiographs of the hands and wrists 
were obtained from people who meet the study criteria.

Study Area and Time: Molua’s Foundation/ Medical Imaging for 
ALL (FM/IMT) Hospital is found in Kinshasa Town. The study 
was conducted from November 01, 2022, to October 30, 2023.

Source Population: All patients who came to the FM/IMT hos-
pital for upper limb trauma and realize a wrist and hand Xray at 
radiology unit were selected for the sample.

Inclusion Criteria: All patients of 1 to 18 years of age who had 
wrist and hand radiography were included in the study.

Exclusion Criteria: Patients with congenital anomaly over the 
hand and wrist, patients who didn’t know their chronological 
age were not included. Radiographs with poor clarity, and any 
severe fracture over the hand and wrist that hinder determination 
of age were excluded.

Sample Size and Sampling Method: Purposive sampling tech-
nique was applied. All children who came to the hospital from 
November 2022 to October 2023 and fulfilled the inclusion cri-
teria of the study were taken as total sample size

Variables of the Study: Sex and chronological age were the in-
dependent variables of the study. On the other hand, skeletal age 
determined by Greulich and Pyle method were the dependent 
variables.

Image Acquisition and Bone Age Assessments:  Images were 
acquired using a Siemens Polydors D general radiography ma-
chine. Radiographs of the left hand were acquired using the follow-
ing exposure settings: 46–50 kVp, 2.0 mAs, SID 100 cm and with 
no grid. Images were read on a vendor approved console (Fig.1). 
Independent bone age estimations by two radiologists with more 
than 10 years of clinical experience in radiology. BA estimates 
were obtained using the Greulich and Pyle’s Radiographic Atlas 
of Skeletal Development of the Hand and Wrist. Both radiologists 
were blinded to the chronological age of the patients. 

Figure 1: An illustration of a radiography of left hand and wrist
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Data Analysis 
Data analysis was performed on SPSS version 28. Data from this 
study were mainly continuous numerical data, thus the normally 
distributed data is presented as mean and standard deviation (SD) 
and skewed data presented as median and interquartile range (IQR). 

Descriptive statistics obtained from the data, such as actual CA 
and BA, were presented as mean or median and standard devia-
tion (SD) or interquartile range (IQR) depending on the normali-
ty of data distribution. Participants were categorized into gender 
groups (boys and girls) and age groupings of 1–2, 2–3, 3–4, 4–5, 
5–6, 6-7, 7-8, 8-9, 9-10, 10-11, 11-12,12-13,13-14,14-15, 15-16, 
16-17 and 17–18 years.

Interobserver reliability of bone age measurements were as-
sessed using intraclass correlation coefficient (ICC), with two-
way fixed effect model, single measures, and absolute agreement 
settings in SPSS [10]. 

Value of > 0.90 was considered an adequate measure of preci-
sion to ensure reliability of the assessment by the two radiolo-
gists and has been used in previous studies conducted for bone 
age assessments using Greulich-Pyle [11].

Methods
Pearson correlation analysis was performed between the BA val-
ues from two radiologists to ascertain the correlation strength 
between the two readers. Other correlation analyses were also 
performed between bone age and chronological age of all chil-
dren, and also specifically in boys and girls. Interpretation of the 
Pearson correlation coefficient (r) followed statistical standards 
as described by Patrick Shober and colleagues [12]. 

Pearson correlation coefficient showed strong correlation be-
tween the BA values from two radiologists, and a mean BA val-
ue for each child was computed using SPSS by dividing the sum 
of the BAs by 2.

Analysis of accuracy between chronological age and mean bone 
age was performed for the entire cohort using paired sample 
t-test to determine any statistical significant differences between 
chronological age (CA) and bone age. Subgroup analyses were 
also performed for boys, girls, and different age groups. This 
method has been used in previous studies in other specific pedi-
atric populations in Turkey and India [7].

Further analysis of accuracy was performed by measuring the 
mean absolute difference between chronological age and bone 
age in order to improve the calculation method used previously 
in studies in Turkish, Indian and Iranian children [13]. 

Mean absolute error, root of mean squared error and mean ab-
solute percentage error were also calculated as part of the error 
metrics.

In the subgroup analysis of age groups, a non-parametric test 
was performed using the Wilcoxon Matched-Pair Test in SPSS 
to detect any significant differences between chronological age 
and bone age. 

Parametric tests were not used because the number in each group 
was less than 30 individuals. This analysis was repeated for each 
age subgroup. In each age subgroup, we could not perform fur-
ther analysis for boys and girls because of insufficient sample 
size. Multiple linear regression was performed to derive a for-
mula for predicting chronological age for local Congolese chil-
dren.

Ethics Statement 
The studies involving human participants were reviewed and 
approved by Medical Research Ethics Committee, Faculty of 
medicine, Kinshasa University.  

Results
The study enrolled 198 children between the ages of 1 to 18 
years. Table 1 shows the distribution of the 198 children enrolled 
in this study, of which 75 were girls and 123 were boys. The 
mean chronological age of overall participants was 8.9 ± 2.5 
years old. The mean chronological age for girls was 8.6 ± 2.3 
and boys were 7.2 ± 2.6 years old.

There were statistically significant differences between BA 
estimates and CA in general, as well as for boys and girls sep-
arately. BA underestimated CA by 0.7 years for all children 
in general. In term of gender difference, BA underestimation 
of CA was smaller in boys as compared to girls (0.6 vs 0.7 
years). 

Standard deviation for all 3 assessments above in terms of BA 
and CA differences were between 1.7 to 2.0 years indicating 
high variance in differences between BA and CA. Since the dif-
ference between BA and CA was statistically significant, further 
assessment of accuracy was conducted by measuring errors of 
BA assessment using the GP method to predict the chronological 
age of the children.

MAE, RMSE and MAPE for overall children were 1.7 years, 
2.4 years and 11.8% respectively; for boys it was 1.1 years, 1.8 
years and 10.7%; and for girls 1.2 years, 1.9 years and 12.1% 
respectively.

Table 1: Main study findings of bone age and chronological age differences with measurement of metrics of accuracy
Gender Frequency 

(%)
CA, mean 

± SD
BA mean 

± SD
CA-BA mean 

difference ±SD
Paired
 t-test

MAE RMSE MAPE

Overall 198 (100%) 8.9 ± 2.5 8.2 ± 3.2 0.7 ± 2.1 p<0.01 1.7 2.4 11.8%
Boys 123 (62,1) 7.2 ± 2.6 8,6 ± 3.0 0.6 ± 1.7 p<0.01 1.1 1.8 10.7%
Girls 75 (37,9) 8.6 ± 2.3 8,9 ± 3.1 0.7 ± 2.2 p<0.01 1.2 1.9 12.1%

All units are in years, to 1 decimal point, ± indicates standard deviation. MAE, mean absolute error; RMSE, root of mean squared 
error; MAPE, mean absolute percentage error
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Strong correlation between BA estimation with actual CA can be 
seen when the entire cohort was included, r= 0.763, p < 0.001. 
Further subgroup analysis was done for all age subgroups. Ta-
ble 2 shows the number of cases for each age group, where the 
11.0–11.9 years old group had the highest number of cases, 30 
cases, while the rest of the groups were less than 25 with 5.0– 
5.9 years old the lowest number of cases at 7 cases.

There were statistically significant differences between BA and CA 
in the age groups of 13.0–13.9 years (−0.6 years), 17.0–17.9 (−0.8 
years), and 18.0–18.9 years (−1.5 years). MAE and MAPE were 
1.2 years (IQR 0.5–3.1) and 9.2% (3.8–24) respectively for the age 
group of 13.0–13.9 years old. For the age group of 17.0–17.9 years 
old, MAE and MAPE were 1.1 years (IQR 0.5–1.9) and 6.2% (3–11) 
respectively. For the age group of 18.0–18.9 years old, the MAE and 
MAPE were 1.5 years (IQR 0–2.5) and 8.3% (0–14) respectively

Assessment of precision showed excellent inter-rater reliability 
between the two radiologists for all children, as well as in the 
subgroup analysis of boys and girls. ICC for the two radiologists 

was 0.937, indicating excellent inter-rater reliability with an F 
ratio of 0.804 (p = 0.37). In Figure 2, the interobserver bone age 
assessments were very strongly correlated, r = 0.946, p < 0.001.

Figure 2: Graph showing high interobserver agreement when estimating bone age

Table 2: Accuracy assessment of GP method for bone age assessment to predict CA 
Age groups Cases CA median

(IQR)
BA median

(IQR)
BA-CA 

difference, 
median

Wilcoxon
 matched 
pairs test

AE median
   (IQR)

APE median
    (IQR)

1.0- 1.9 9 1.7(1.4-1.7) 1.5(1.0-1.5) - 1.2 0.176 1.5(0.6-2.6) 15.5%(7.1-27)
2.0-2.9 9 2.5(2.4-2.6) 2.0(1.4-3.3) -0.5 0.241 1.6(0.7-2.8) 15.6%(6.4-26)
3.0-3.9 8 3.5(3-3.7) 2.9(1.9-4.3) -0.6 0.214 1.2(0.7-2.6) 10.1%(6.4-22)
4.0-4.9 15 4.0(4-4.3) 4(2.7-5.1) 0 0.331 1.1(0.8-2.3) 8.7%(6.2-19)
5.0-5.9 25 5.5(5.1-5.7) 5.0(4.2-6.1) -0.5 0.266 1.0(0.5-1.4) 6.6%(3.4-10)
6.0-6.9 18 6.4(6.0-6.7) 6.0(5.3-7.0) -0.4 0.222 0.7(0.6-1.1) 4.7%(4.6-7.3)
7.0-7.9 13 7.5(7.4-7.7) 7.0(7.3-7.5) -0.5 0.255 1.1(0.5-1.6) 6.5%(3.0-10)
8.0-8.9 11 8.7(8.4-8.7) 8.5(8.0-8.5) - 1.2 0.177 1.6(0.62.68) 15.6%(7.2-28)
9.0-9.9 15 9.5(9.4-9.6) 9.0(8.4-9.3) -0.5 0.243 1.7(0.8-2.8) 15.5%(6.5-25)

10.0-10.9 9 10.5(10-10.7) 10(8.9-11.3) -0.5 0.214 1.3(0.8-2.7) 10.2%(6.8-22)
11.0-11.9 7 11.0(11-11.3) 11(9.7-13.1) 0 0.333 1.1(0.7-2.4) 8.8%(6.3-18)
12.0-12.9 9 12.5(12.1-12.7) 12.0(11.2-13.1) -0.5 0.256 10(0.6-1.5) 6.7%(3.5-11)
13.0-13.9 9 13.0(13.0-13.0) 11.5(10.5-13.0) -1.5 0.035 1.5(0.0-2.5) 8.3%(0-14)
14.0-14.9 7 14.7(14.3-14.7) 14.5(14.0-14.5) -1.2 0.176 1.5(0.67-2.67) 15.5%(7.1-26)
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Discussion
Precision of GP Method in Bone Age Estimation in Children 
of Kinshasa
Our data, in terms of the precision of the GP method to predict 
CA, has excellent inter-rater reliability based on the high ICC 
value of >0.9 for overall measurements. ICC Value of >0.9 in as-
sessing reliability is considered excellent, based on established 
statistical convention [14]. 

There was also strong inter-rater correlation in terms of BA as-
sessment between the two radiologists using GP method for CA 
determination, indicated by Pearson correlation coefficient of 
>0.9. The results of our study demonstrate that the GP method 
can reliably predict CA in children similar to other methods of 
assessing bone age [12, 15].

Our findings are in agreement with other studies that have in-
vestigated the use of the GP method to estimate CA, which have 
ICC > 0.9 or strong Pearson correlation between assessments by 
two or more radiologists [4, 16, 17].

The Correlation Between Bone Age and Chronological Age 
When Using Greulichpyle Method
Current evidence has been strong for the GP method when assessing 
BA to predict CA in children. Our findings are consistent with other 
international studies— for example one study conducted in Türkey 

by Büken and colleagues obtained an r value of 0.882 for girls and 
0.9 for boys [5]. Relatedly, another Korean study has also shown a 
strong correlation between BA and CA for GP method [17].

Accuracy of Bone Age Assessment Using Gp Method to Pre-
dict Actual Age for Children In Kinshasa
Our principal finding is that the GP method underestimates the 
forensic CA by 0.7 years in general. Specifically, the GP meth-
od underestimates the forensic CA by 0.6 years in boys and 0.7 
years in girls. In contrast, the GP method consistently overesti-
mates the CA by about 0.5 to 1.1 years in indigenous Australian, 
Iranian, Turkish, Portuguese, Indian and undifferentiated Austra-
lian pediatric populations [2, 5-7]. 

Consistent underestimation of CA by GP method in our study 
across all age groups as can be seen in the result section in Table 
2. However, in some studies, it has been shown that in Asian 
children, particularly in boys, the GP method tends to underes-
timate CA, which is in agreement with our main findings. Kim 
et al. showed that the GP method underestimated CA in Korean 
boys (n = 135) by almost 0.5 years, while overestimated girls (n 
= 77) by 0.2 years [7]. 

In another study, the GP method underestimated Asian boys from 
−0.35 to −1.23 years in the early to late childhood age group (n 
= 36) while overestimated girls by 0.14 to 0.33 years in girls of 
the same age group (n = 21) [4].

15.0-15.9 8 15.5(15.4-15.6) 15.0(14.4-16.3) -0.5 0.240 1.6(0.7-2.8) 15.5%(6.5-26)
16.0-16.9 8 16.5(16-16.7) 15.(14.9-17.3) -0.6 0.214 1.2(0.7-2.6) 10.2%(6.4-22)
17.0-17.9 7 17.4(17-17.6) 16.8(15.1-17.6) -0.6 0.04 1.2(0.5-31) 9.2%(3.8-24)
18.0-18.9 11 18.0(18.0-18.0) 16.5(15.5-18.0) - 1.5 0.034 1.5(0.0-2.5) 8.4%(1-13)

All units are in years to 1 decimal point except last column on the right
AE; absolute error; APE, absolute percentage error

Multiple linear regression demonstrated that gender was not 
a factor in predicting forensic CA, and was excluded. Subse-
quently, we proceeded with generation of predictor modeling 
using simple linear regression analysis as BA remained the only 
statistically significant predictor of CA in overall children. BA 
was deemed to be statistically significant and was able to predict 

chronological age with R-square of 0.524 and B coefficient of 
6.653, p < 0.01 (95% CI 0.53–0.68). 

Tables 3 and 4 display the result of the multiple linear regression 
and simple linear regression respectively. The regression equation 
to improve prediction of actual chronological age of children is 
Kinshasa using the GP method is CA = BA*0.524+ 6.653.

Table 3: Multiple linear regression to explore prediction of actual chronological age when using GP method for bone assessment
Independent

variables 
Beta

coefficient
95% CI for beta

coefficient
p-value R Square

LB                 UB
(Constant) 6.134 4.805 7.463 <0.01 0.583
Bone age 0.604 0.528 0.68 <0.01
Gender -0.137 -0.608 0.333 0.566

Table 4: Simple linear regression for prediction of actual chronological age using GP method for bone age assessment
Independent

variables 
Beta

coefficient
95% CI for beta

coefficient
p-value R Square

LB                 UB
(Constant) 6.653 5.292 8.02 <0.01 0.524
Bone age 0.543 0.441 0.682 <0.01
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Error Metrics in Describing Accuracy Of GP Method in 
Bone Age Assessment to Forecast Chronological Age
In many of the published studies, the most commonly used accu-
racy metric, is what we label as accuracy measure 1, is the paired 
sample t-test to calculate any statistically significant difference 
between the two means of CA and BA in overall children and/or 
within age subgroups [4, 5, 18]. 

The other common accuracy metrics that were used previously, 
is what we label as accuracy measure 2, was the mean absolute 
error, which is the overall mean of the difference between CA and 
BA for each case which had been converted to absolute number 
[6, 7]. This is important in order to gauge the performance of the 
GP method in order to correctly predict chronological age to a 
reasonable degree of accuracy, because implication of bone age 
estimation is important especially in medico-legal cases, follow 
up of children’s health in pediatric clinics among others [2].

In our study we had presented both aspects of accuracy measures 
as described above, as depicted in Table 1. We have shown that 
in our population, using accuracy measure 1, that the GP method 
consistently underestimated chronological age with an estimated 
overall effect by 0.7 years. For accuracy measure 2, as described 
above, the statistical procedure performed were actually finding 
deviation of BA forecast from actual value of chronological age, 
which can be improved further by using the method more com-
monly known as Absolute Error.

To define an accuracy of a forecast instrument, several error met-
rics can be calculated such as mean absolute error (MAE), root of 
mean squared error (RMSE) and mean absolute percentage error 
(MAPE). Commonly used in business and marketing research 
when analyzing forecasting performance of an instrument, these 
error measurements metrics also have been commonly applied 
in deep learning and machine learning for computerized based 
development of forecast modeling.

Prediction Modeling for Estimating Chronological Age Us-
ing GP Method
Based on our study, we found a strong correlation between 
bone age assessment by GP method and chronological age, 
which can be explained by a regression analysis as stated in the 
result. This can be a useful adjustment or modifier for bone age 
assessment in predicting chronological age. However, given 
the fact that there are a lot of potential confounders to explain 
the relationship between BA and CA, further research is need-
ed in this area.

Study Limitation
There are several limitations to our study. There was no repeat-
ed measurement by the same radiologist after the initial as-
sessment of left-hand radiograph, thus inability to calculate in-
tra-observer reliability was an issue. Other limitations include 
that we did not compute other potential confounders that could 
explain the consistent underestimation of chronological age 
by GP method such as nutritional and socio-economic status. 
Future research could focus on larger studies that take into ac-
count many other potential confounders to improve predictive 
performance of the GP method in Kinshasa children to predict 
chronological age.

Conclusion
Despite high interobserver reliability of GP Atlas estimation of 
BA to predict chronological age, it consistently, significantly un-
derestimates the age of the child in all children, including both 
boys and girls, as well across all age groups albeit with an ac-
ceptably low amount of error metrics of measurement accuracy. 

Our findings suggest that locally validated GP Atlas or other 
type of assessments (artificial intelligence or machine learning) 
are needed for assessment of BA to accurately predict CA, since 
current GP Atlas standards significantly underestimated chrono-
logical age with minimal error for children in Kinshasa. A larger 
population-based study would be necessary for establishing a 
validated atlas of a bone age in Kinshasa.
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