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ORIGINAL ARTICLE 1 

ABSTRACT 2 

Background/aim: The aim of the study is to compare the Greulich-Pyle(GP) and 3 

TannerWhitehouse2(TW2) methods, which are used in the left wrist radiography for bone age 4 

determination in the pediatric age group, with the Capitohamatum method(CH), due to the importance of 5 

determining the bone age in the pediatric period. 6 

Materials and Methods: Direct radiographs of 210 female and 291 male individuals between the ages of 7 

0-15 and without any pathology in the left wrist bones obtained. 501 os capitatum and os hamatum are as 8 

on AP direct graphy images were measured by GP, TW2 and CH planimetry methods. The estimated age 9 

of each measurement data was calculated by evaluating the relationship between chronological age and 10 

gender. 11 

Results: In male individuals, it was determined that the estimates obtained by the GP method were on 12 

average 5.1 units lower than the actual ages, and the estimates obtained by the TW2 method were on average 13 

1.7 units higher than the actual ages. In female individuals, age estimations obtained by both GP and TW2 14 

methods were found to be 1.4 and 0.5 units lower, respectively, than the chronological ages. It was 15 

determined that the ages estimated by the CH method were almost the same as the chronological ages, and 16 

there was no deviation in the estimation method. 17 

Conclusion: According to study findings, it was concluded that the CH method can be used reliably and 18 

with high accuracy for chronological age determination of children, and is an alternative estimation method 19 

to GP and TW2 atlases in the literature. 20 

Keywords: Age determination, greliuch-pyle, tanner-whitehouse, skeleton, carpal bones 21 

Abbreviations:  22 

• AIC: Akaike Information Criteria 23 

• BIC: Bayesian Information Criteria 24 

• CCC: Concordance correlation coefficient  25 

• CH:Capitohamatum method 26 
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• GP: Greulich-Pyle 1 

• ICC: Intra-class correlation coefficient  2 

• R2: Coefficient of determination  3 

• RMSE: Root mean square error 4 

• TW2: TannerWhitehouse2 5 

 6 

 7 

  8 
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1. Introduction 1 

Determination of age by considering bone maturation is a commonly used procedure in 2 

our country. Bone age determination is important for various metabolic disorders, 3 

nutrition and endocrine disorders and criminal liability and legal capacity in judicial cases 4 

[1]. Medically accurate age determination can help diagnose, for example, endocrine 5 

disorders as well as being useful in following up the patients receiving hormone therapy. 6 

It is also helpful while deciding the right surgical intervention in orthopedics [2]. 7 

 Bone age is one of biological indicators of maturity used in clinical practice and 8 

it is a very important parameter of a child’s assessment [20]. Radiologic assessment of 9 

bones and its adaptation to present atlases keep its importance as the method in which the 10 

most commonly used and real-like values are obtained in age determination in clinical 11 

practice. The standards based on the method of detecting ossification points with 12 

epiphyseal and diaphyseal lines and detection of the periods of growth plate maturation 13 

in bones are used in this method. Hand and wrist are the most preferred site for 14 

radiographic assessment in bone age study and the most suitable area with the required 15 

conditions to significantly assess radiographies. Skeletal maturity is assessed using the 16 

hand and wrist X-rays. The assessment is based on the comparison of ossification and 17 

maturity of hand and wrist epiphyses with the radiographs of individuals by using atlases 18 

and methods formed according to the current standards [3]. Hand and wrist have recently 19 

been used in detection of skeletal maturity periods within the process of growth and is the 20 

most suitable site with the conditions required for an effective radiographic assessment. 21 

Radiologists analyzes the skeletal maturation by using hand and wrist X-rays. The most 22 

commonly preferred methods for bone age determination in hand-wrist radiographs are 23 

GP and TW methods [4,5]. Although GP is one of the most widely used bone age 24 
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estimation methods, its biggest disadvantages are; high inter- and inter-rater variability, 1 

not applicable to some populations, and last version available since 1959 [3,5,20]. The 2 

biggest advantage of the TW method is that it assigns a digital score to each stage of 3 

maturation of the hand and wrist bones and allows the live expression of the sum of these 4 

scores to view the maturity. In addition, the Gök Atlas used in our country; It was created 5 

by Şemsi Gök and his colleagues in 1985 by adapting the GP atlas. It is used very 6 

frequently by forensic experts [21]. It is reported that in Büken et al. study on Sky Atlas, 7 

which included the 11-22 age group, the difference between chronological age and bone 8 

age according to age groups in men and women was found to be more than 1 year between 9 

the ages of 15-19 in men and between the ages of 11-18 in women [19]. However, since 10 

there is the possibility of making different estimates due to some evaluation errors during 11 

the examination of radiographs in age determination; Since direct radiography is a 2-12 

dimensional reflection of a 3-dimensional object, any angle error in the position of the 13 

area to be radiographed may cause incorrect evaluation of the bones of that region, which 14 

is stated as its biggest disadvantage [15,16]. 15 

 16 

Our study aimed to present the comparative effectiveness of single or multiple 17 

assessment methods as well as detect which method was more reliable and applicable by 18 

applying GP, TW2 and CH methods to female and male children in the city is Konya. As 19 

a result, the aim of the study is to compare the GP and TW2 methods, which are used in 20 

the left wrist radiography for bone age determination in the pediatric age group, with the 21 

CH, due to the importance of determining the bone age in the pediatric period. 22 

 23 
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2. Materials And Methods 1 

AP direct radiographs of the hand-wrist that had been stored for the last 5 years in 2 

PACS archive of the Department of Radiology (Selçuk University) were retrospectively 3 

used in the study. Os capitatum and os hamatum sites of 501 cases aged between 0-15 4 

were measured on the AP direct radiographs. The correlation of these measurements with 5 

Greulich and Pyle method, Tanner Whitehouse 2 method, age, gender, and chronological 6 

age was retrospectively assessed. Technically improper images or those including 7 

pathologies such as a metabolic disorder and fracture were not included in the study. The 8 

number of hand-wrist radiographs assessed according to age and gender was showed in 9 

Table 1(Table 1).  10 

Chronological age of each case was calculated with the duration between the dates 11 

of birth and radiograph. Then, bone ages of the cases were calculated according to the 12 

Tanner-Whitehouse 2 and GP methods for all cases. Twenty bones in the hand and wrist 13 

were assessed one by one according to their stages of maturation on the radiographs with 14 

Tanner-Whitehouse 2 method. The maturation stage of the bones assessed was 15 

determined in the method. Each bone has a score according to their stage of maturation 16 

and there are separate tables for total scores of female and male individuals. TW2 values 17 

that would be used in our study were calculated for all cases. Most commonly accepted 18 

TW2 scores were used. However, bone ages are not calculated monthly in this method 19 

but expressed in decimals. For example, in a result calculated as 12.5, the place after the 20 

decimal point is equal to 5/10 of the year, which means this case is 12 years and 6 months 21 

old.  22 

In GP method, the radiograph was matched with the present pictures according to 23 

female and male individuals in the atlas for each case. Each picture showed a separate 24 
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standard for each gender and the bone age corresponding to the standard was given in 1 

months and years. In the study, the previous and next pictures were taken into account for 2 

each case and they were matched with the most suitable one.  3 

Os capitatum and os hamatum radiography areas were measured in CH method 4 

(Figure 1). The measured os capitatum and os hamatum areas were calculated by 5 

summing the CH site in each hand-wrist. 6 

2.1.Statistical Method 7 

All data were digitalized and statistical analysis was performed with R version 8 

3.6.0 (The R Foundation for Statistical Computing, Vienna, Austria; https://www.r-9 

project.org) software program. Normality of the data was assessed with Anderson-10 

Darling Normality test and Q-Q plots. Linear and polynomial (quadratic) regression 11 

equations were set up to predict the chronological ages of the individuals with the areas 12 

measured with Capitohamate (CH) planimetry method. Which one of these two 13 

regression models was more successful in predicting the chronological age was 14 

determined with model fit measures (R2: Coefficient of determination and RMSE: Root 15 

mean square error) and model selection criteria (Akaike Information Criteria (AIC) and 16 

Bayesian Information Criteria (BIC)). The model with high coefficient of determination 17 

and low root means square error value among model fit measures and with low AIC and 18 

BIC values among model selection criteria was selected as the correlated model for 19 

prediction of chronological age (Quadratic regression model). Chronological age 20 

predictions of both male and female individuals were performed with 95% confidence 21 

level with the help of selected quadratic regression equation. In addition, chronological 22 

ages predicted with GP, TW2 and CH methods and real ages of the individuals were 23 

compared with Friedman test and then Bonferroni-corrected Durbin-Conover post-hoc 24 
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test. The relationships between the real ages of the individuals and their chronological 1 

ages predicted with all methods were assessed with Spearman’s rho correlation analysis 2 

and the agreement between the methods were assessed using the Bland-Altman method, 3 

Intra-class correlation coefficient (ICC), Concordance correlation coefficient (CCC), 4 

precision, and accuracy values.  5 

3. Results 6 

The regression models that could be used to predict the chronological age with 7 

CH areas were given in Table 2 (Table 2). According to the results obtained in Table 2, 8 

both linear and polynomial regression models could significantly be used for prediction 9 

of chronological age; however, it was observed that quadratic regression model was better 10 

at data modelling according to the fit and selection criteria compared with the linear 11 

method. The regression coefficients related to the prediction equation obtained with the 12 

quadratic regression model and the model that would be set up were significant and 13 

coefficient of determination rate was above 90% for both male and female children. 14 

According to this information, the equations for chronological age prediction both 15 

without separating the genders and for both genders were as follows (Figure 2): 16 

The equation which was set up using all data without separating the genders; 17 

Chronological age (month) = – 6.1429 + 0.4746×(CH) – 0.0002957×(CH)2, 18 

R2=92.68% 19 

For male individuals; 20 

Chronological age (month) = –3.9251 + 0.4623×(CH) – 0.0002950×(CH)2, 21 

R2=92.68% 22 

For female individuals; 23 
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Chronological age (month) = –6.9239 + 0.4622×(CH) – 0.0002351×(CH)2, 1 

R2=91.51% 2 

 3 

The differences between the real ages and chronological ages predicted with 4 

different prediction methods for each gender were assessed with Friedman test and then 5 

Bonferroni-corrected Durbin-Conover test for multiple comparisons in Table 3 (Table 3). 6 

The agreement and correlations between the real ages of the individuals and age 7 

predictions of the methods used for chronological age prediction were assessed in Table 8 

4 (Table 4). All methods were corresponded and correlated in determination of real age. 9 

However, for male individuals, the predictions obtained with GP method (mean age: 10 

85.57±54.68) were mean 5.1 units lower than the real ages and the predictions obtained 11 

with TW2 method (mean age: 94.08±49.18) were mean 1.7 units higher than the real 12 

ages, which were determined with Bland-Altman method (Figure.3). The ages predicted 13 

with CH method (mean age: 90.64±47.65) were almost the same with chronological 14 

ages (mean age: 90.64±49.50) and there was no deviation in the prediction method 15 

(Figure.3). 16 

 For female individuals, ages predicted with both GP (mean age: 90.21±54.49) 17 

and TW2 (mean age: 91.86±51.24) methods were mean 1.4 and 0.5 units lower than 18 

chronological ages (mean age: 91.58±51.89) respectively and there was no deviation in 19 

the CH method (mean age: 91.58±49.63) (Figure. 4). 20 

According to the obtained results, there was a statistically significant difference 21 

between the real ages and chronological ages predicted with GP and TW2 methods in 22 

male children and there was no statistically significant difference between the real ages 23 
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and chronological ages predicted with CH method. The ages predicted with GP method 1 

were lower than the real ages of children and the ages predicted with TW2 method were 2 

higher than the real ages. However, the ages predicted with GP and TW2 methods were 3 

significantly different from the ages predicted with CH method. 4 

For female children, there was no significant difference between the real ages and 5 

predicted ages obtained with any of the methods and the ages predicted with CH method 6 

(mean age: 91.58±49.63) were different from the ages predicted with GP method.  7 

According to these results, it has been concluded that CH method is reliable and 8 

have high accuracy for chronological age determination in children and can be a 9 

prediction method alternative to GP and TW atlases in literature.  10 

4. Discussion 11 

The most important finding of this study was that CH method is reliable and have 12 

high accuracy for chronological age determination in children and can be a prediction 13 

method alternative to GP and TW atlases in literature. This methods are accepted as a 14 

valid scientific method by courts all over the world [12]. Histological, morphological and 15 

radiological methods are used in age determination [13].  16 

In a study conducted on 515 obese children in Brazil, bone age was found to be 17 

older than chronological age according to the GP atlas in all groups [17]. 18 

He applied the Greulich-Pyle method in Germany and reported that it could be 19 

used for children living in West Germany if correction tables were added [18]. 20 

Buken et al. investigated whether the Greulich-Pyle (G-P) method was sufficient 21 

in estimating forensic age for Turkish children, and as a result, the standard deviation was 22 

found to be more than 1 year for girls at the ages of 12, 15, and for boys at the ages of 12, 23 

15, and 18. However, it is not known whether other methods are more useful than this 24 
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method. For now, they concluded that this method should be used with caution in cases 1 

of possible criminal liability in forensic age diagnosis, unless another method proves to 2 

be more useful [19]. 3 

In a study including 303 male and 122 female cases between 2009 and 2010 in 4 

Iran, both genders were divided into 3 subgroups (6-10, 10-14 and 14-18) and GP atlas 5 

was found acceptably accurate and applicable in Iranian female children considering that 6 

bone age of female participants was 0.5 months higher [7]. 7 

A meta-analysis, which was published in 2019, assessed whether the GP atlas 8 

could be applied to all ethnic groups or not and a total of 49 studies between 1950 and 9 

2017 were included in the assessment while 35 of them were found correlated with the 10 

meta-analysis. As a result of the meta-analysis, there was no significant difference 11 

between the bone age and chronological age in African male cases, Asian female cases, 12 

Caucasians, and the Spanish; however, it was emphasized that the GP atlas should be 13 

carefully used when applied to Asian male and African female cases [6]. In addition, 14 

while the correlation of the studies was being assessed whether the individuals had any 15 

diseases or not, the difference found between mean chronological age and mean bone age 16 

and only the studies written in English were determined as the selection criteria.  17 

Cases aged between 10 and 22 were included in a study performed in Ethiopia in 18 

2015 and bone age was found 8.7 months lower in male cases and 11.8 months lower in 19 

female cases compared with the chronological age in GP atlas, which was not statistically 20 

significant and it was stated that new methods must be developed [8]. Only the age range 21 

of 0-15 was assessed in our study, which was different from the study above and GP atlas 22 

was mean 5.1 months lower in the male group between the ages of 0-15 and mean 1.4 23 



12 
 

months lower in the female group between the ages of 0-15 compared with the 1 

chronological age.  2 

In the study performed by Malina et al. to compare TW2 and TW3 atlases in 1831 3 

young footballers aged between 10 and 17 in 2018, ages of the participants were 0.97 and 4 

1.16 years delayed compared with the chronological age according to TW2 and TW3 5 

atlases. While 42% of the players classified as average according to TW2 atlas were 6 

delayed throughout the age range compared with the TW3 atlas, 64% of the cases who 7 

grew early according to TW2 atlas were found average compared with the TW3 atlas. 8 

They stated that both GP atlas and TW3 atlas would be the first choice for clinical use 9 

compared with TW2 [9]. 10 

In our study, the GP method measured the age lower and TW2 method measured 11 

the age higher in male children and lower in female children. Differently from this study, 12 

we think that CH planimetry method is more convenient in our society compared with the 13 

other methods.  In a study performed on 611 children in Taiwan, while the GP atlas 14 

measured the age 1.24 years higher in female children it was measured 0.61 years lower 15 

in male children compared with the chronological age [10]. According to a review 16 

assessing the GP method applied on 33 female and 37 male participants in the Eastern 17 

Uttar Paradesh region of India, age retardation was higher in the male than in the female. 18 

It was stated in this study that a larger population was required to apply GP [14]. 19 

As it can be seen in the GP atlas in the study performed by Choi et al. on 391 20 

Korean children in 2018 the probability of earlier appearance of os capitatum and os 21 

hamatum nuclei was higher in female children than in male children. In addition, they 22 

found a strong positive correlation between chronological age and CH planimetry 23 

measurement. They stated that there were rising slopes in the planimetry curves of female 24 
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and male capitatums and hamatums. The strongest correlations were between os 1 

triquetrum, os capitatum and os hamatum bones that were present in all of 20 hands. Mean 2 

bone age value predicted with GP method was lower than the one measured with CH 3 

planimetry method (p<0.0001). The range for 95% confidence interval was between -10.5 4 

and 13.4 months in age prediction with CH planimetry method and between -21.1 and 5 

29.5 months in CP method. While the age was found 1.4 months higher in CH method it 6 

was -4.2 months lower in GP method [11]. 7 

In our study performed on 501 children, GP method was -5.1 months lower, TW2 8 

method was 1.7 months higher and CH method was 0 months in male children while GP 9 

method was -1.7 months lower, TW2 method was 0.5 months higher and CH method was 10 

0 in female children. In addition, our study has the feature of being the study with the 11 

highest number of subjects among the studies performed with this method until now.  12 

 13 

5. Conclusion 14 

As a result of this study, we performed on 501 children by developing the study 15 

by Choi et al. on 391 children, a statistically significant difference was found between 16 

male children’s chronological ages and chronological ages predicted with GP and TW2 17 

methods, but there was no statistically significant difference between their real ages and 18 

chronological ages predicted with CH method. The ages predicted with GP method were 19 

lower than the real ages of the children and the ages predicted with TW2 method were 20 

higher than the real ages. However, the ages predicted with GP and TW2 were 21 

significantly different from the ages predicted with CH method.  22 
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For female children, there was no significant difference between their real ages 1 

and ages predicted with any of the methods, but the ages predicted with CH method were 2 

different from the ages obtained with GP method.  3 

In conclusion, CH planimetry method can be useful for bone age assessment in 4 

the city is Konya. Age prediction with a simple application method with 91.83% 5 

reliability and within a time shorter than 1 minute has gained an advantage over the 6 

methods used until now. In addition, this is the first study performed in our country and  7 

as wells being the study performed on CH planimetry method with the highest number of 8 

subjects.  9 

The CH planimetry method can be performed automatically after ethnicity and 10 

gender parity, can save money in the future if it can be integrated into PACS, and can 11 

lead to more precise bone age assessment. 12 
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Figures 1 

 2 

Figure 1  Os capitatum and os hamatum measurement according to the capitohamatum 3 

planimetry method 4 

 5 

 6 

 7 
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 1 

Figure 2  Quadratic regression curves in general and according to genders 2 
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 5 

 6 
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 10 

 11 
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 1 

Figure 3 The Bland-Altman Plot revealing the correlation between chronological age (month) 2 

and the age predicted methods in male children 3 
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 1 

Figure 4 The Bland-Altman Plot revealing the correlation between chronological age (month) and 2 

the age predicted  methods in female children 3 
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Tables 1 

Table 1 Distribution of hand-wrist radiographs by age and gender 2 

Age (months) Male (n=291) Female (n=210) 

1-11 10 6 

12-23 22 18 

24-35 16 20 

36-47 27 8 

48-59 17 17 

60-71 20 15 

72-83 23 11 

84-95 20 14 

96-107 22 12 

108-119 22 13 

120-131 12 24 

132-143 20 20 

144-155 21 12 

156-167 24 9 

168-179 13 19 

180 2 2 

 3 

 4 

 Table 2 Significance statistics for regression models set up to predict chronological age with CH 5 

area 6 

 
Regression Coefficients 

and Model Significances 
 Moel Fit Measures  

Model 

Selection Criteria 

Method 𝒕𝜷𝟎 𝒕𝜷𝟏 𝒕𝜷𝟐 F  r R2 RMS

E 
 AIC BIC 

Linear 

Model 
           

General 
7.99

* 

65.35

* 
- 

4271.09

* 
 

0.946

* 

0.89

6 
16.29  

4215.6

5 

4228.2

9 

Male 
8.18

* 

50.86

* 
- 

2586.88

* 
 

0.949

* 

0.90

0 
15.64  

2423.9

1 

2434.9

2 

Female 
2.51

* 

44.55

* 
- 

1985.25

* 
 

0.951

* 

0.90

5 
15.94  

1764.9

2 

1774.9

6 

Quadrati

c Model 
           

General 

–

2.32

* 

31.22

* 

–

11.77

* 

2793.56

* 
 

0.958

* 

0.91

8 
14.41  

4094.8

8 

4111.7

4 

Male 

–

1.86

* 

25.81

* 

–

10.27

* 

1815.61

* 
 

0.963

* 

0.92

7 
13.37  

2335.1

1 

2349.7

8 

Female 

–

2.09

* 

16.98

* 

–

4.91* 

1115.09

* 
 

0.957

* 

0.91

5 
15.09  

1743.7

3 

1757.1

3 

𝑡𝛽0,𝛽1,𝛽2: Significance values for regression coefficients in linear and quadratic regression models (shows 7 

stability and slope coefficients respectively), F: Significance value for models, R2: Coefficient of 8 
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determination, RMSE: Root mean square error, AIC: Akaike information criteria, BIC: Bayesian 1 

information criteria, * Shows statistical significance (p<0.05). 2 

 3 

Table 3   Results on comparison between chronological age and predicted age values obtained with 4 

different methods for each gender 5 

 Mean ± SD 
Median (IQR=Q1–

Q3) 

p-

value 

Multiple 

Comparison 

Male   <0.001  

Chronological Age 

(month) 

90.64 ± 

49.50 
90.50 (46 – 136)  GP – TW2 

GP Age Prediction 

(month) 

85.57 ± 

54.68 
72 (36 – 144)  CA – TW2 – CH 

TW2 Age Prediction 

(month) 

94.08 ± 

49.18 
91.50 (51 – 140)  CA – GP – CH 

CH Age Prediction 

(month) 

90.64 ± 

47.65 

92.67 (51.71 – 

134.49) 
 GP – TW2 

Female   0.011  

Chronological Age 

(month) 

91.58 ± 

51.89 
91 (49 – 131)   

GP Age Prediction 

(month) 

90.21 ± 

54.49 
90 (36 – 132)  TW2 – CH 

TW2 Age Prediction 

(month) 

91.86 ± 

51.24 
96.50 (40 – 134)  GP 

CH Age Prediction 

(month) 

91.58 ± 

49.63 

95.49 (43.80 – 

130.69) 
 GP 

CA: Chronological Age, GP: Greulich-Pyle method, TW2:  Tanner-Whitehouse 2 method, CH: 6 

Capitohamate method, Mean ± SD: mean ± standard deviation, IQR (Q1–Q3): interquartile range 7 

(1stquartile – 3rdquartile), p-value: calculated with Friedman test, Multiple Comparison: Bonferroni-8 

corrected Durbin-Conover post-hoc tests were used. 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 
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Table 4 Results on agreement and correlation statistics between chronological age and predicted age values 1 

obtained with different methods for each gender 2 

 CA & GP CA & TW2 CA & CH 

Male    

B-A Method (95% LoA) – 5.1 (– 34.2 to 24) 1.7 (– 22.2 to 25.7) 0 (– 26.3 to 26) 

ICC (95% CI) 0.959 (0.949 – 0.967) 0.968 (0.960 – 0.975) 0.962 (0.952 – 0.969) 

CCC (95% CI) 0.954 (0.944 – 0.963) 0.968 (0.959 – 0.974) 0.962 (0.952 – 0.970) 

Precision 0.964 0.969 0.963 

Accuracy 0.990 0.999 0.999 

Spearman’s rho (95% CI) 0.971 (0.963 – 0.977) 0.968 (0.960 – 0.975) 0.962 (0.952 – 0.970) 

Female    

B-A Method (95% LoA) – 1.4 (– 22.4 to 19.6) – 0.5 (– 32.9 to 31.9) 0 (– 29.6 to 29.6) 

ICC (95% CI) 0.979 (0.973 – 0.984) 0.948 (0.932 – 0.960) 0.955 (0.942– 0.966) 

CCC (95% CI) 0.979 (0.973 – 0.984) 0.948 (0.932 – 0.960) 0.956 (0.942– 0.965) 

Precision 0.981 0.948 0.957 

Accuracy 0.998 0.999 0.999 

Spearman’s rho (95% CI) 0.981 (0.975 – 0.985) 0.949 (0.933 – 0.961) 0.956 (0.943 – 0.966) 

B-A Method (95% LoA): Bland-Altman Method (95% Limits of Agreement), ICC: Intra-class 3 

correlation coefficient, CCC: Concordance correlation coefficient, 95% CI: 95% Confidence Intervals, CA: 4 

Chronological Age, GP: Greulich-Pyle method, TW2:  Tanner-Whitehouse 2 method, CH: Capitohamate 5 

method 6 


