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Background: The process of growth and maturation of 
long (radius and ulna) and short (metacarpals and phalanges) 
bones of the hand (enchondroplasia) differs from that of the 
carpal cuboid bones (chondral osteogenesis). This study aimed 
to assess the impact of growth hormone (GH) on these two 
processes of bone maturation.
Methods: Subjects of the study were 95 prepubertal chil-
dren: 30 children with GH deficiency and 65 children with 
idiopathic short stature, aged 7.4 ± 1.9 y (mean ± SD) (trial reg-
istration number 98-0198-033). Bone maturation was assessed 
by the Greulich and Pyle method from X-rays obtained at the 
start and at 1 and 2 y of GH treatment, separately for carpals, 
long bones, and short bones, and was expressed as years of 
delay relative to chronological age.
results: At GH start, the delay in bone maturation in the 
GH-deficient group was significantly greater for carpals 
(3.6 ± 1.3 y) than for long (3.0 ± 1.3 y) and short (1.7 ± 1.1 y) 
bones. The delay was nonsignificantly greater for carpal bones 
in GH-deficient subjects than in subjects with idiopathic short 
stature (3.6 ± 1.3 vs. 3.1 ± 1.1 y, respectively) and was normal-
ized after 2 y of GH treatment.
conclusion: The dominant effect of GH was on chondral 
osteogenesis, with milder effect on enchondroplasia. A distinct 
delay in carpal and long-bone maturation, which normalizes 
during 2 y of GH treatment, was typical in GH-deficient chil-
dren. Therefore, separate carpal bone assessment in bone age 
reading is needed.

the maturation of bones and their linear growth are due to 
the combination of chondral osteogenesis and enchondro-

plasia, defined jointly as enchondral ossification (1), occurring 
under the influence of several hormones and growth factors, 
with growth hormone (GH) and insulin-like growth factor 1 
playing important roles (1,2). At birth, the primary ossification 
centers of the long bones and the short bones in the hand are 
well ossified; however, the cuboid carpal bones are still under-
going chondral osteogenesis. During early childhood, X-rays 

initially show chondral osteogenesis of the secondary ossifica-
tion centers in the epiphyses of long and short bones, followed 
by the development and expansion of the growth plate cleft, a 
process referred to as enchondroplasia (2). Therefore, during 
childhood, there are differences in terms of maturation status 
between the long (radius and ulna) and short (metacarpals and 
phalanges) (enchondroplasia) bones of the hand on the one hand 
and the carpal bones (chondral osteogenesis) on the other (3,4); 
maturation of the latter represents maturation of the cuboid 
vertebrae. We have previously hypothesized the importance of 
conducting a separate analysis of the carpal cuboid bones and 
the long and the short bones to enable better understanding 
of the physiology and endocrine control of bone maturation 
(1). Preliminary observations showed that the greatest delay in 
bone maturation within the hand occurs in the carpal bones for 
both GH deficiency (GHD) and GH insensitivity (Laron syn-
drome). This is consistent with the findings of Tanner et al. (4) 
during the development of the Tanner-Whitehouse 2nd edition 
method of bone evaluation, who noted that in children younger 
than 11 y, but not in older children, there were differences in the 
maturation status of the long and the short bones relative to the 
carpal cuboid bones in many conditions. Yet, Greulich and Pyle 
state that “By and large, when there is a discrepancy between 
the carpal bones and the distal centers, greater weight should 
be assigned to the distal centers because they tend to correlate 
better with growth potential” (3,5).

Skeletal maturation and linear growth are delayed in chil-
dren with GHD (6–8), and treatment with GH advances bone 
maturation because it ameliorates linear growth (9). Similar 
results have been observed in children with idiopathic short 
stature (ISS) (10), in whom the magnitude of bone age delay 
was associated with the growth outcome (10). However, all 
current methods for the assessment of skeletal maturation 
(3,11,12) average or summarize bone maturation to give a uni-
fied bone age, thereby losing information on any variability 
among individual bones (13). Evaluation of maturation for 
individual bones allows the observer to differentiate the effects 
of GH on different growth and maturation processes.
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The objective of this study was to assess the differential impact 
of GH on long against cuboid bone maturation in children with 
GHD and ISS. Children were assessed at the start and at 1 and 
2 y of GH treatment to explore the impacts of GH treatment on 
enchondroplasia and chondral osteogenesis separately.

RESULTS
Total Group
Before start of GH treatment. Bone maturation was delayed 
before the start of GH treatment in all three groups of bones 
(Figure 1, Table 1). The delay was greater for the carpal bones 
(3.2 ± 1.2 y) compared with the long bones (2.6 ± 1.3 y; P = 
0.0007) and the short bones (1.3 ± 1.1 y; P < 0.0001) of the 
hand (Figure 1, Table 1).

On GH treatment. The bone ages of the carpal cuboid bones 
and the long bones, but not of the short bones, matured 
beyond the expected chronological age change (P < 0.0001) 
during 2 y of GH treatment. At 2 y of GH treatment, the bone 
age of the carpal bones had matured by 4.2 ± 1.3 y, that of 
the long bones by 3.4 ± 1.3 y, and that of the short bones by 
1.9 ± 0.6 y (Figure 2, Tables 1 and 2).

GHD vs. the ISS Groups
Before start of GH treatment. Bone maturation before the 
start of GH treatment was delayed in children with GHD more 
than in children with ISS. For children with GHD, maturation 

was delayed by 3.6 ± 1.3 y for the carpals, 3.0 ± 1.3 y for long 
bones, and 1.7 ± 1.1 y for short bones (Tables 1 and 2). For 
children with ISS, bone maturation was delayed by 3.1 ± 1.1 
y for the carpals, 2.4 ± 1.3 y for the long bones (P = 0.025 vs. 
children with GHD), and 1.1 ± 1.1 y for the short bones (P = 
0.011) (Tables 1 and 2).

On GH treatment. Bone maturation was similar in children 
with GHD and in children with ISS over the course of 2 y 
of GH treatment: carpal bones matured by 4.0 ± 1.2 y in the 
GH-deficent group and by 4.2 ± 1.4 y in the ISS group (not 
significant); long bones had matured by 3.4 ± 1.2 y in the 
GH-deficent group and by 3.4 ± 1.4 y in the ISS group; and 
short bones matured by 1.9 ± 0.6 y in the GH-deficent group 
and 1.9 ± 0.5 y in children with ISS (Tables 1 and 2). Bone 
maturation of the carpal and long bones was normalized by 
treatment within the 2-y period of GH treatment.

Multivariate Analysis
Multiple regressions were applied to identify the most impor-
tant variables for bone maturation during 2 y of GH treatment 
(variables included from Tables 1 and 3). Analysis revealed 
(Table 4) that the strongest predictors of maturation for the 
carpal bones were age at start of treatment (+; the older chil-
dren matured faster) and gender (girls matured faster than 
boys) (R2 = 0.42, cross-validated R2 = 0.39). For the long 
bones, the strongest predictors were age at start of treatment 

Figure 1. Bone age delay in years before start, at 1 y, and at 2 y of GH treatment for the total group of children with GHD and ISS: short bones (left), long 
bones (middle), and carpal bones (right). The box plot visualizes the median (waist) and the 75 and 25% quartiles, whereas the whiskers represent the 
±1.5× intraquartile range.
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(+), gender (girls > boys), and bone age of the long bones at 
start of treatment (−) (R2 = 0.40, cross-validated R2 = 0.35). For 
the short bones, age at the start of GH treatment (+) was the 
only significant predictor of bone maturation (R2 = 0.15, cross- 
validated R2 = 0.10).

DISCUSSION
Here, we show that the delay in bone maturation in children 
with GHD and ISS was most evident from assessment of the 
carpal bones of the hand. The maturation delay was greater 
when these bones were assessed relative to other bones in the 

table 1. The effect of GH treatment on bone age (“years”) before treatment, at 1 y, and at 2 y of GH treatment

Greulich and Pyle measurements, in years

Start 1 y 2 y P

Total group Cuboid bones −3.24 ± 1.2 −2.12 ± 1.5 −1.09 ± 1.5 <0.0001a,b,c

Long bones −2.58 ± 1.3 −1.95 ± 1.4 −1.19 ± 1.4 0.0056a, <0.0001b, 0.00054c

Short bones −1.28 ± 2.3 −1.40 ± 1.2 −1.39 ± 1.2 NS

Total bones −2.7 ± 1.1 −1.82 ± 1.2 −1.23 ± 1.2 0.0045a, <0.0001b, 0.0015c

GHD group Cuboid bones −3.61 ± 1.3 −2.81 ± 1.3 −1.57 ± 1.4 <0.0001b, 0.0019c

Long bones −3.03 ± 1.3 −2.63 ± 1.2 −1.61 ± 1.2 <0.0001b, 0.0062c

Short bones −1.71 ± 1.1 −1.94 ± 1.1 −1.87 ± 1.1 NS

Total bones −2.78 ± 1.1 −2.46 ± 1.0 −1.68 ± 1.1 0.00039b, 0.018c

ISS group Cuboid bones −3.07 ± 1.1 −1.81 ± 1.4 −0.87 ± 1.5 <0.0001a,b, 0.0004c

Long bones −2.37 ± 1.3 −1.65 ± 1.4 −1.0 ± 1.4 0.0092a, <0.0001b, 0.021c

Short bones −1.08 ± 1.1 −1.6 ± 1.1 −1.18 ± 1.2 NS

Total bones −2.17 ± 1.0 −1.54 ± 1.1 −1.01 ± 1.2 0.0052a, <0.0001b, 0.025c

Values are shown as mean ± SD for the total sample, the GHD group, and the ISS group for the carpal cuboid bones, the long bones, and the short bones, separately and in total (years).
GH, growth hormone; GHD, GH deficiency; ISS, idiopathic short stature; NS, not significant. 0 y = baseline.
a0 vs. 1 y. b0 vs. 2 y. c1 vs. 2 y.

Figure 2. Change in bone age (in years) at 1 y and at 2 y of GH treatment for the total group of children with GHD and ISS: short bones (left), long bones 
(middle), and carpal bones (right). The box plot visualizes the median (waist) and the 75 and 25% quartiles, whereas the whiskers represent the ±1.5× 
intraquartile range.
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hand. Furthermore, data showed that 2 y of GH treatment 
significantly advanced maturation of the carpal cuboid bones 
and, to a smaller degree, the long bones of the hand, normal-
izing bone age for both these bone groups.

As the Tanner-Whitehouse 2nd edition (4) method for evalua-
tion of bone maturation was developed, Tanner et al. (4) realized 
that the long- and short-bone readings (RUS for Radius Ulna 
Short bones) were in discrepancy with the readings for carpals 
in many clinical conditions. They proposed that the mean dif-
ference between carpals and RUS in normal girls was 0 y during 
2–11 y of age, with an SD of 0.7–1.0 y. In the current study, we 
took a similar approach, expanded it to readings of individual 
bones, and attempted to obtain an insight from these readings 
into the effect of GH on bone maturation and growth retardation 
in GHD. In order to deal with bone age of individual bones, and 
to give the readings in terms of years of delay for each individual 
bone, we had to use the Greulich and Pyle method (5). The two 
methods of bone age assessment as used in clinical practice do 
not give equivalent estimates of bone age (14). Yet, this article 
averaged bones and ignored the carpals. By convention, the 
emergence on an X-ray film of primary ossification centers of 
the cuboid carpal bones or secondary ossification centers in the 
epiphyses of both long and short bones during early childhood 
is referred to as the process of osteogenesis. It is followed by 
development and expansion of the growth plate cleft, a process 
referred to as enchondral ossification, or enchondroplasia (2).

GH and insulin-like growth factor 1 have direct effects on 
the longitudinal growth of long bones and on the centripetal 
growth of cuboid bones (including the carpal bones and the 
cuboid bones of the spine). They markedly enhance both DNA 
synthesis and the expression of cartilage-specific type II col-
lagen, proteoglycan, chondrocalcin, and 100-kDa protein; they 

accelerate enchondroplasia, induce chondral osteogenesis, and 
transform the cartilaginous nodule into bone, as previously 
reviewed (1). Here, we show that separate readings of bone 
maturation for the different types of bones in the hand reflect 
these physiological considerations. Results showed that GH is 
a major stimulator of chondral osteogenesis, and, to a lesser 
extent, it stimulates enchondroplasia: GHD is associated with 
a greater impairment of the former than of the latter, and GH 
treatment advances the former more than the latter. Multiple 
regression analyses of the explained variance for the different 
bone groups showed that the strongest predictors of matura-
tion status of the carpal bones were age at start of treatment, 
i.e., the older the child, the faster is the maturation, and gen-
der, i.e., a girl matured faster than a boy. In that respect, chil-
dren with ISS and those with GHD have similar responses, as 
expected from the known overlap between children with these 
diagnoses (15,16). This might indicate an influence by steroid 
hormones before secondary characteristics are observed (17).

The cuboid bones are often ignored in assessments of bone 
maturation. In the recently developed automatic computerized 
reading method, maturation of the carpal bones was not even 
measured (18,19). This warrants consideration because the 
maturation status of the carpal bones is an important surro-
gate for the status of other cuboid bones, mostly the vertebrae 
that make a considerable contribution (approximately 40%) to 
adult height. Cuboid bones develop through a pure process of 
chondral osteogenesis; centripetal ossification of the hyaline 
cartilage occurs through the osteogenetic phases of cartilage 
hypertrophy and calcium deposition, followed by resorption 
and formation of bone (1). We have previously shown that the 
maturation of carpal bones is markedly regulated by thyroid 
hormones, whereas sex steroids have little impact on their mat-
uration (1). We now show a radiological evidence for the cen-
tral role of GH in this process and the beneficial impact of GH 
treatment in patients with delayed bone age. Indeed, GH was 
shown to have specific effects on growth plate cells, as already 
reviewed (20). In a rat model, GH enhances the mobilization 
of tartrate-resistant acid phosphatase–positive osteoclasts 
that are active in cartilage and bone resorption in enchondral 
osteogenesis (21). Whereas the primary ossification centers of 
long bones are well ossified at birth, the carpal cuboid bones 
of the hands portray a unique opportunity to observe primary 
ossification centers in their making. The current results show 
that these bones must not be ignored in the reading of bone 
maturation as they are strongly influenced by GH.

Conclusion
Analysis of bone maturation from X-rays can provide the 
clinician with a lot more than a single value for “bone age.” 
It provides a glimpse into the biology of the bones and their 
mechanisms of growth, as well as the effects of hormones and 
growth factors. The observation that the delay in bone age in 
children with GHD and ISS was most pronounced for the car-
pal bones highlights how important it is that these bones are 
assessed independently from the long and the short bones in 
bone age measurements for these patients.

table 2. Bone maturation at 1 and 2 y of GH treatment

Change in bone age, years 1 y 2 y

P < at 1 y/2 y 
within group 
cuboid vs.

Total group Cuboid bones 2.14 ± 1.0 4.15 ± 1.3

Long bones 1.63 ± 1.0 3.38 ± 1.3 0.0001

Short bones 0.88 ± 0.4 1.87 ± 0.6 0.0001

Total bones 1.55 ± 0.6 3.13 ± 0.9 0.0001

GHD group Cuboid bones 1.85 ± 0.8 4.04 ± 1.2

Long bones 1.43 ± 0.9 3.42 ± 1.2 NS

Short bones 0.84 ± 0.4 1.85 ± 0.5 0.0001

Total bones 1.37 ± 0.6 3.10 ± 0.8 NS/=0.002

ISS group Cuboid bones 2.26 ± 1.0 4.19 ± 1.2

Long bones 1.71 ± 1.0 3.36 ± 1.4 0.001

Short bones 0.90 ± 0.4 1.89 ± 0.6 0.0001

Total bones 1.62 ± 0.6 3.15 ± 0.9 0.0001

Values are shown as mean ± SD for the total sample, the GH-deficent group, and the 
ISS group for the carpal cuboid bones, the long bones, and the short bones, separately 
and in total (years).
GH, growth hormone; GHD, GH deficiency; ISS, idiopathic short stature ; NS, not significant.
Significance between groups was NS, despite the result at 1 y for cuboid bones in the 
comparison GHD vs. ISS being P = 0.045.
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METHODS
Ethical Considerations
The protocol for the clinical trial from which the study population 
was taken was approved by the ethics boards of the Universities of 
Gothenburg (for patients from Gothenburg and Halmstad), Umeå, 
Uppsala, and Lund, besides the Medical Product Agency of Sweden. 
Written informed consent was obtained from all parents and from the 
children if they were old enough. The trial was performed in accordance 
with the Declaration of Helsinki and Good Clinical Practice guidelines.

Study Population
This analysis included patients in the per-protocol population of the 
GH dose clinical trial (trial registration number 98-0198-003), as 
described previously (15) (Table 3). This group comprised 128 short 
(<−2 SD according to Swedish reference) (23) prepubertal children of 
Caucasian origin receiving GH treatment. X-rays were available for 

Greulich and Pyle evaluation both at the start and at 1 and 2 y of GH  
treatment for 95 of these children—28 girls, aged 7.1 ± 1.4 y (mean ± SD) 
and 67 boys, aged 7.5 ± 2.1 y at start. A maximum peak GH level (GHmax) 
corresponding to 10 µg/l (24) on an arginine–insulin tolerance test and/
or during a 24-h GH profile was used to classify the patients as having 
either GHD (n = 30) or ISS (n = 65). Serum insulin-like growth factor 
1 was measured and transformed into standard deviation score (SDS) 
according to our laboratory reference (25).

Analyses of X-Rays of the Hand
The maturation status of each bone of the hand was assessed from 
X-rays by two observers separately (an experienced pediatric endo-
crinologist and a professional experienced bone age technician) 
according to the radiographic atlas of Greulich and Pyle (3,5), as 
previously described (22). Bone age was calculated separately for the 
carpal bones (i.e., the nine cuboid bones not seen at birth), the long 

table 3. Auxological data of the study subjects

Total group (n = 95; 28 girls and 67 boys) ISS (n = 65; 20 girls and 45 boys) GHD (n = 30; 8 girls and 22 boys)

Variables Median Minimum Maximum Median Minimum Maximum Median Minimum Maximum

At birth

  Gestational age (weeks) 39 33 42 39 33 42 39 36 41

  Length SDS −0.66 −2.52 1.68 −0.66 −2.52 1.68 −0.74 −2.35 1.63

  MPH SDS −0.97 −2.44 0.88 −0.96 −2.44 0.88 −1.02 −2.15 0.14

At GH start

  Age (years) 7.14 3.05 10.94 7.03 3.57 10.92 7.88 3.05 10.94

  Height SDS −2.62 −4.10 −1.90 −2.63 −4.10 −1.90 −2.59 −3.65 −1.99

  Weight SDS −2.31 −4.13 0.26 −2.41 −4.13 −0.66 −2.08 −3.80 0.26

  BMI SDS −0.50 −3.35 2.11 −0.61 −3.35 1.61 −0.32 −1.80 2.11

  GHmax AITT (mU/l) 24.4 5.4 89.9 28.9 10.7 89.9 22.2 5.4 31.9

  DiffH-MPHSDS
−1.74 −3.53 −0.61 −1.83 −3.53 −0.61 −1.70 −2.45 −0.78

  IGF-1 SDS −1.10 −5.17 2.25 −1.10 −3.84 2.25 −1.08 −5.17 0.91

  GH dose (µg/kg/d) 33 13 76 33 25 76 33 13 51

At 2 y of treatment

  Height SDS −1.45 −3.00 0.20 −1.45 −3.00 0.20 −1.48 −2.42 −0.23

  Delta height SDS 2 y 1.19 0.37 2.30 1.19 0.37 2.30 1.28 0.51 2–12

  BMI SDS −0.14 −2.45 2.03 −0.13 −2.45 1.85 −0.27 −2.14 2.03

  IGF-1 SDS 1.57 −1.48 4.21 1.79 −0.55 3.71 1.56 −1.48 4.21

AITT, arginine–insulin tolerance test; DiffH-MPH
SDS

, the difference between child height
SDS

 and parent height
SDS

; GH, growth hormone; GHD, GH deficiency; IGF-1, insulin-like growth 
factor 1; ISS, idiopathic short stature; MPH, midparental height; SDS, standard deviation score: the references used for SDS of IGF-1 (15), height (18,19), weight (19), BMI (20), length at 
birth (22), and MPH (21).

table 4. Multiple regression analysis

Dependent variable R2 CV R2 P < Predictors Coefficient P <

2-y maturation in carpal bones 0.42 0.39 0.00001 Intercept −1.3303 P = 0.0030

Gender 0.5815; girls > boys P = 0.014

C-age at start 0.4480 0.00001

2-y maturation in long bones 0.40 0.35 0.00001 Intercept −1.77010 P = 0.0003

Gender 1.00581; girls > boys P = 0.0002

C-age at start 0.73806 0.00001

B-age of long bones at start −0.53887 0.00001

2-y maturation in short bones 0.15 0.10 0.0001 Intercept −0.95518 0.0001

C-age at start 0.11318 0.0001

explained variance of the bone age maturation status of the carpal cuboid bones, the long bones, and the short bones.
B-age, bone age; C-age, chronological age; CV, cross-validated.
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bones of the hand, and the short bones and was expressed in terms of 
years of delay relative to chronological age.

Growth Evaluation
Growth was evaluated with reference to the childhood component 
(26) of the Swedish population-based growth data (23). Height and 
weight were expressed as a SDS value (23) and so were the BMI (27) 
and parental height (28). Height and weight measurements were 
available from 1 y before the start of treatment, at start, and after every 
3 months during the 2 y of GH treatment (Table 3).

Statistics
Mean bone age data were compared between different treatment years 
for the total population, the GHD group, and the ISS group. The sig-
nificance of differences between two continuous variables was tested 
using Student’s t-test if the data were normally distributed and using 
the Wilcoxon signed-rank test when the data were not normally dis-
tributed. For continuous variables involving three or more groups, an 
analysis of variance with Tukey’s honestly significant difference post 
hoc test was conducted. Factors predictive of bone maturation were 
determined using a multiple regression analysis. Variables that had 
a P value < 0.10 in the bivariate analysis, when tested for association 
with bone maturation, were entered into the regression equation and 
eliminated in a backward stepwise fashion. Ten-fold cross-validations 
were applied to test the stability of the models. Statistical analyses 
were performed using R software (version 2.15.2, The R project).
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