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Abstract

Background The applicability and accuracy of artificial intelligence (Al)-assisted bone age assessment and adult height
prediction methods in girls with early puberty are unknown.

Objective To analyze the performance of Al-assisted bone age assessment methods by comparing the corresponding methods
for predicted adult height with actual adult height.

Materials and methods This retrospective review included 726 girls with early puberty, 87 of whom had reached adult height
at last follow-up. Bone age was evaluated using the Greulich-Pyle (GP), Tanner—Whitehouse (TW3-RUS) and China 05
RUS-CHN (RUS-CHN) methods. Predicted adult height was calculated using the China 05 (CHO5), TW3 and Bayley—Pin-
neau (BP) methods.

Results We analyzed 1,663 left-hand radiographs, including 155 from girls who had reached adult height. In the 6-8- and
9-11-years age groups, bone age differences were smaller than those in the 12—14-years group; however, the differences
between predicted adult height and actual adult height were larger than those in the 12—-14-years group. TW3 overestimated
adult height by 0.4+2.8 cm, while CHO5 and BP significantly underestimated adult height by 2.94+3.6 cm and 1.3+3.8 cm,
respectively. TW3 yielded the highest proportion of predicted adult height within +5 cm of actual adult height (92.9%), with
the highest correlation between predicted and actual adult heights.

Conclusion The differences in measured bone ages increased with increasing bone age. However, the corresponding method
for predicting adult height was more accurate when the bone age was older. TW3 might be more suitable than CHOS and BP
for predicting adult height in girls with early puberty. Methods for predicting adult height should be optimized for popula-
tions of the same ethnicity and disease.

Keywords Adult height - Artificial intelligence - Bayley—Pinneau - Bone age - Child - Early puberty - Greulich-Pyle -
Radiography - Tanner—Whitehouse

Introduction

Early puberty is the normal bias between precocious puberty
and normal puberty; the age at puberty is between 0 and + 2
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standard deviations of normal age within the same ethnic
group, or 3rd~50th percentiles [1]. According to a national
survey in China, early puberty is defined as the onset of
puberty in girls between 7.1 years and 9.2 years of age [,
2]. Worldwide, the population with early puberty is increas-
ing as the age of puberty onset in children decreases [2—4].
Girls are >10 times more likely to visit a doctor than boys
because girls’ sex characteristics are easier to identify than
boys’, inducing parental anxiety [5—7]. Most girls with early
puberty do not require drug intervention [7]. A small propor-
tion of girls with impaired predicted adult height or rapid
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progression require therapy with gonadotropin-releasing
hormone analog. The accuracy of bone age assessment and
prediction of adult height are important bases for informed
treatment [8].

The Tanner—Whitehouse (TW3-RUS) [9] and Greu-
lich-Pyle (GP) methods [10] are internationally accepted
methods for evaluating bone age [11]. The TW3-RUS and
GP methods were developed in the last century and are
based on Western Caucasian children. To eliminate racial
disparities, the China 05 (CHO5) method has been pro-
posed for Chinese children [12, 13]. The CHO5 method is
a general term for three methods, including TW3—Chinese
RUS, TW3—Chinese carpal and RUS—-CHN. The authors of
CHOS believe that the RUS—-CHN method is more applica-
ble in the medical field than the other two methods [12].
The TW3-RUS, GP and CHO5 RUS-CHN methods have
their corresponding systems for predicting adult height,
namely the TW3, Bayley—Pinneau (BP) and CHOS5 meth-
ods, respectively [9, 12, 14]. The accuracy of the methods
for predicting adult height can be affected by race, secular
changes and disease state, which have an impact on skeletal
development and adult height [15, 16]. Even when the TW3
and BP methods are used in Caucasian children, their accu-
racies in children with delayed puberty and growth hormone
deficiency require further validation [17-20]. Furthermore,
girls with early puberty have a distinct pubertal growth pat-
tern [21]. There is a lack of studies comparing and analyzing
the accuracy of different bone age assessment methods and
adult height prediction methods in girls with early puberty
in China.

Traditional manual evaluation of bone age is not only
subjective but also time-consuming and labor-intensive.
Large-scale studies comparing bone age assessment and
adult height prediction methods are lacking. With the
development of science and technology, the use of artificial
intelligence (Al) to evaluate bone age in the medical field
has become increasingly common [22-24]. Al systems may
achieve results comparable to those of traditional manual
bone age evaluation and have the advantages of being objec-
tive, highly efficient and labor-saving [23, 25-28]. In this
study, based on the clinical data of a large sample of girls
with early puberty, we used Al systems to replace the man-
ual evaluation of bone age and compared the TW3-RUS,
GP and RUS—CHN methods to evaluate the bone age of
girls with early puberty. Using the adult height of girls as a
reference, we compared the accuracy of the TW3, BP and
CHO5 methods for predicting adult height in girls with early
puberty. Predicted adult height is calculated based on the
bone age and height at the time of radiographic examination.
Therefore, accuracy of the adult height prediction reflects
the accuracy of the bone age assessment method. In short,
we analyzed the performance of three bone age assessment
methods with Al assistance by comparing the predicted adult

height with the actual adult height. The results of this study
may provide a reference for pediatricians in making clinical
decisions and offer a research basis for further improvement
or development of bone age assessment and adult height
prediction methods.

Materials and methods
Subjects

In this retrospective study, we recruited girls who were out-
patients at the Endocrinology Department at Shenzhen Chil-
dren’s Hospital between June 2015 and December 2021 who
visited because of premature breast development. All girls
included in the study met only one criterion: breast develop-
ment (Tanner stage >B2) between the ages of 7.1 years and
9.2 years. Girls who were excluded from the study met at
least one of the following criteria: (a) they had mammary
gland hyperplasia, osteochondral dysplasia, genetic meta-
bolic diseases, other endocrine diseases (including growth
hormone deficiency and thyroid dysfunction) or extreme
obesity (body mass index >120% of the 95th percentile);
(b) they were born small for gestational age or premature;
or (c) they had undergone treatment with traditional Chinese
medicine, gonadotropin-releasing hormone analog or growth
hormone.

Follow-up visits were recommended every 3—6 months
to monitor for rapidly progressive puberty. Bone age was
monitored as required. All left-hand radiographs obtained
after the onset of puberty (Tanner stage >B2) were collected
for the study. Information such as adult height and other
data were obtained through clinical or telephone follow-
up (Fig. 1). Adult height was defined as the point when
height velocity was <2.0 cm/year during the last year and
>15 years of age.

Parents or guardians of the girls gave written informed
consent or verbal consent to participate in the study. All the
methods involved in the study complied with the relevant
guidelines or standards. This study was approved by the eth-
ics committee of our hospital (N.2021036).

Physical examination

We obtained physical examination information from hos-
pital medical records. Endocrinology Department pediatri-
cians with more than 3 years of work experience evaluated
secondary sexual characteristics using Tanner staging. The
standing height (centimeters) was measured using a Seca
274 (Hamburg, Germany) height meter (sensitivity, 0.1 cm)
by pediatrician assistants with more than 1 year of work
experience. Every girl was measured twice, and the mean
value calculated. The girls were bare-footed and wore shorts
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Flg' 1 Research dGSIgn flow Girls with early puberty in outpatient clinic of Shenzhen Children’s Hospital
chart between June 2015 and December 2021

Included Onset of puberty (Tanner stage = B2) between
age of 7.1-9.2 years

5 girls with hyperplasia of mammary glands
3 girls with abnormal bone development

4 girls with chronic diseases Excluded 101 girls with history of hormone treatment
6 girls with severe obesity Excluded 12 girls with Chinese traditional medicine
10 girls with other endocrine diseases treatment

45 girls with macrosomia, premature birth, - 30 girls lacking of left-hand radiographs in our
or small for gestational age infants 726 girls were enrolled hospital

Follow-up visits were recommended every 3-
6 months to monitor for rapidly progressive
puberty. Bone age was monitored as needed.
A total of 87 of them reached adult height

A total of 1663 left-hand radiographs of these 726 girls
taken after the onset of puberty were collected. A total of
155 left-hand radiographs of the 87 girls that had reached
adult height were obtained for analysis

and t-shirts. Follow-up adult height was reported by the  predicting adult height corresponding to the RUS—CHN
girls’ parents, who were taught on the proper method of = method was not based on the TW3 method, but on the

measuring height. BP method [12]. Predicted adult height by the CHO5
method was calculated according to the corresponding
Bone age assessment and adult height prediction adult height percentage.

Left-hand radiographs were obtained by trained radiologists
at our hospital. For each left-hand radiograph, we used an
Al system to evaluate bone age according to the GP [10], .
TW3-RUS [9] and RUS-CHN methods [12]. These auto- oS are expressed as the mean & standard devia-
. . . . tion (SD). We used the coefficient of variance (CoV) to

mated Al systems are called intelligent diagnosis systems . . . . .

. . ipe s describe the degree of dispersion of predicted adult height
for child growth and development (Deepwise Artificial hen usine the three different methods. The calculation
Intelligence Lab; Beijing, China) [27]. For the 87 girls who v using : "

reached adult height, we calculated predicted adult height formula was CoV:(SD/mean) X.IOO%' We use d the Kol-
.o . mogorov—Smirnov test to determine the compliance of the
and compared it with actual adult height. Bone age deter-

. . C . variables to a normal distribution. Bone ages and predicted
mined at the time the girls’ radiographs were taken was

highly correlated with the proportion of girls achieving adult adul:l he¥ghttshml<:3a.51ilred bi/ t?e t(lilr\iﬁlmeth()ds \lx(/ere c;)mt-
height. Therefore, after determining the bone age and height pare u'smg © Tiediman test and wiicoxon .ran Sum oSt
of the participants, we could calculate the predicted adult respectively. We used Spearman rank correlation to estimate

height using the formulas according to TW3, CHO5 and BP the llnea'lr asso'(:latlon between e.1d1.11t height and predlclted
adult height using the three prediction methods. Two-tailed
methods [9, 12, 14].

The TW3-RUS method is a scoring method to assess P<0.05 was considered statlstl?ally significant. All statisti-
. . cal analyses were conducted using the SPSS statistical soft-
the maturity scores of the radius, ulna and 11 metacar-

pals and phalanges. The total score is then calculated and ware (version 23.0; IBM, Armonk, NY).

converted to bone age. Based on the TW3-RUS method,

the RUS—-CHN method adds 2—-6 maturity indicators for

each bone (47 in total), while the weight distribution of  Results

the bones remains unchanged. For example, the devel-

opmental grade of the radius is divided into 9 grades  Patients and left-hand radiographs

(A-I) in the TW3 method but is increased to 15 grades

(A-O) in the RUS—CHN method. In both methods, fully A total of 726 girls were included in the study, and 1,663
mature bone is assigned a score of 1,000 points, but the  left-hand radiographs were available for analysis. The age
corresponding bone ages are different. In the RUS-CHN  range at the time of radiography was 7.1-14.8 years. Among
method, the corresponding bone age is 17 years, and in  the girls, 87 (11%) reached adult height at follow-up, and
the TW3-RUS method, it is 15 years. The method for  they had 155 left-hand radiographs available for analysis.

Statistical analysis
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Comparison among artificial-intelligence-assisted
bone age assessment methods

Because there is no gold standard for bone age assessment,
we divided the radiographs into three groups based on the
mean bone age obtained by the three bone age assessment
methods: a 6-8-years bone age group (n=424), a 9-11-
years bone age group (n=1,121) and a 12—-14-years bone
age group (n=118) (Table I; Fig. 2). In the 6-—8-years bone
age group, the bone age measured by the TW3-RUS method
was the smallest (P<0.05), while the bone age measured by
the RUS—CHN method was the largest (P<0.05). However,
with bone age >9 years, the bone age measured using the
RUS-CHN method was the smallest (P<0.05), while the bone
age measured using the GP method was the largest (P<0.05).
The difference among the bone ages measured by the three
methods increased with increasing bone age (Table 1; Fig. 2).
The difference in bone age obtained by the RUS-CHN and
GP methods and the difference in bone age obtained by the
RUS-CHN and TW3-RUS methods were >1 year when the
bone age was 11.3 years and 12.5 years, respectively.

Comparison between adult height prediction
methods

Radiographs of girls who had reached adult height were
divided into the 6-8-years bone age group (n=12), 9-11-
years bone age group (n=108) and 12—14-years bone age
group (n=35). In the younger bone age groups (6—8 years and
9-11 years), the differences in the bone age evaluated by the
three methods were smaller than those in the older bone age
group (12—-14 years); however, the differences in adult height
predictions using the corresponding methods (i.e. TW3, BP
and CHO5) and the actual adult heights (predicted adult height
minus adult height) were larger among methods in younger
than in the oldest bone age group (12—14 years) (Table 2;
Fig. 2). This indicates that the differences in bone age assessed
by the three bone age evaluation methods were not equivalent
to the differences in predicted adult height obtained by their
corresponding adult height prediction methods.

The average difference between predicted adult height
and adult height for the TW3 method (0.4+2.8 cm) was not

significantly different (P>0.05), whereas the average differ-
ences between predicted adult height and adult height for the
CHO5 (—2.943.6 cm) and BP (—1.3+3.8 cm) methods were
significantly different (P<0.001). The CoV is useful for com-
paring the degree of variation between two sets of data, exclud-
ing the effect of possible differences between the means. The
CoV of predicted adult height obtained by the TW3 method
was the smallest (2.6%), followed by the CHOS5 (3.1%) and
BP (3.4%) methods. The highest proportion of predicted adult
height within +5 cm of adult height was obtained using the
TW3 method (92.9%), followed by the BP (76.0%) and CHOS
(72.3%) methods. As demonstrated by the scatter plot (Fig. 3),
the TW3 method has higher accuracy and precision in predict-
ing the adult height of girls with early puberty than the other
two methods. The correlation between predicted adult height
and adult height obtained by the TW3 method was the highest
(r=0.77, P<0.0001), followed by the BP (r=0.70, P<0.0001)
and CHOS (r=0.69, P<0.0001) methods (Fig. 4).

The Spearman rank correlation coefficients of predicted
adult height and adult height obtained by the three methods
in the 6-8-years bone age group were smaller than those in
the 9—11- and 12-14-years bone age groups (Fig. 4), indicat-
ing that the accuracy of predicting adult height in girls with
early puberty and younger bone age is poorer than that in
older girls with early puberty.

Analysis of the failure cases of adult height
prediction

To gain more insight into possible limitations of Al-
assisted bone age assessment and adult height predictions,
we selected nine cases with the largest differences between
the predicted adult height and actual adult height (Table 3).
Cases 1-3, 4-6 and 7-9 had the largest differences between
the adult height and predicted adult height as predicted by
the CHOS, TW3 and BP methods, respectively. The factors
that influence the accuracy of adult height prediction are
complex. From these nine cases, we can conclude that possi-
ble factors included predicting height at a younger bone age
(cases 1, 6 and 7), advancing bone age (bone age is >1 year
older than age, cases 2, 3, 5, 8 and 9) and individual differ-
ences (cases 1, 2, 4 and 5).

Table 1 Comparison of mean

. n RUS-CHN (years) TW3-RUS (years) GP (years)
bone age (BA) obtained by the
three BA evaluation methods 6-8 years BA 424 8.3+0.6" 8.0+0.8 8.1+0.9
9-11 years BA 1,121 10.240.8*° 10.6+1.0° 10.8+1.2
12-14 years BA 118 11.8+0.5%° 12.7+0.7° 13.2+0.7

GP BA measured by Greulich-Pyle, RUS-CHN BA measured by RUS-CHN, TW3-RUS BA measured by

Tanner—Whitehouse

“Statistically different from BA measured by Tanner—Whitehouse (P<0.001)
PStatistically different from BA measured by Greulich—Pyle (P<0.001)
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Fig.2 Comparison of methods for assessing bone age and pre-
dicting adult height. a Mean error plot of bone age (BA) obtained
by the three BA evaluation methods: RUS—-CHN, Tanner—White-
house (TW3-RUS) and Greulich-Pyle (GP). The abscissa is the
average grouping of BA obtained by the three methods. The differ-
ences in BAs were statistically significant in all groups (P<0.001).
*#P<0.001. b The mean differences between the predicted adult
height (PAH) and adult height (AH) obtained by the three adult
height prediction methods — China 05 (CHOS), Tanner—Whitehouse
(TW3) and Bayley—Pinneau (BP) — among the BA groups. * Statisti-
cally significant at P<0.05. ** Statistically significant at P<0.001
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Table 2 Differences between the adult height (AH) and predicted
adult height (PAH) obtained by the three adult height prediction
methods

n PAHcy5 PAH y3 PAHgp
minus AH minus AH minus AH
(cm) (cm) (cm)
Total 155 -2.9+3.6°  0.4+2.8 -1.3+3.8"
Grouped by bone age (BA)
6-8 years BA 12 -2.4+5.0 3.4+2.9% 1.6+4.6
9-11 years BA 108 —3.8+3.1° 0.0£2.6 -1.7+3.8
12-14 years BA 35 —0.4+3.2 0.5+2.9 -0.8+3.2

*Difference between PAH and AH was statistically significant
(P<0.05)
"Difference between PAH and AH was statistically significant
(P<0.001)
PAHpp predicted adult height calculated by Bayley—Pinneau,

PAH 5 predicted adult height calculated by China 05, PAH ; pre-
dicted adult height calculated by Tanner—Whitehouse

10_ . .
5_
5
T 0
<
T 5
<
o
-10
-15 |

| |
CHO05 TW3 BP

Fig.3 Scatter plot shows the differences between predicted adult
height (PAH) and adult height (AH) obtained by the China 05
(CHOS), Tanner—Whitehouse (TW3) and Bayley—Pinneau (BP)
methods. The long and short horizontal lines represent the mean and
standard deviation of the differences in PAH and AH, respectively

Discussion

The regularity and accuracy of different bone age assessment
and adult height prediction methods have not been verified
in various ethnic and disease groups. This study is the first
to describe and compare Al-assisted RUS—-CHN, TW3-RUS
and GP methods in a population of girls with early puberty
in China. Furthermore, we compared the accuracy of the
corresponding adult height prediction methods (i.e. CHOS,
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e f
180 1(6~8 y)=0.631, P<0.05 --- 6~8y 180~ 1(6~8 y)=0.374, P>0.05 --- 6~8y
r(9~11y)=0.779, P<0.0001 911 r(9~11y)=0.708, P<0.0001 . 911
175 r(11~14 y)=0.798, P<0.0001 y 175+ r(11~14 y)=0.736, P<0.0001 y
E 170 E 170+ — 12~ 14y
s s
= 165 0. 165
=
Z 160 2 160
% 155+ % 155
150 150
145 T T T T 1 145 T T T T 1
150 155 160 165 170 175 150 155 160 165 170 175
AH (cm) AH (cm)
T?ble 3, Characteristic of the. Casel Case2 Case3 Case4 Case5 Case6 Case7 Case8 Case9
nine failure cases of adult height
prediction® Age (y) 7.9 9.1 9.3 12.2 12.2 7.5 9.2 8.4 9.0
BAgus_cun (¥) 8.8 11.2 10.8 11.6 12.0 7.9 8.5 9.9 10.6
BArw;_rus () 8.4 11.3 11.2 12.1 13.8 7.3 8.1 9.1 10.6
BAgp () 8.8 12.0 11.0 12.0 13.5 7.9 7.8 11.0 12.0
BAgus_cun — age (y) 0.9 2.1 1.5 =06 -0.2 0.4 -0.7 1.5 1.6
BArw;_rus — age (y) 0.5 2.2 1.9 -0.1 1.6 -0.2 —1.1 0.7 1.6
BAgp —age (y) 0.9 2.9 1.7 =02 1.3 0.4 —-14 2.6 3.0
AH (cm) 165.0 165.5 166.0 167.0 160.5 1545 1580 1640 164.0
Target height (cm) 155.5 159.0 160.0 159.0 1530 1550 1585 161.5 161.5
PAHcpos —AH (cm)  —9.9 -99 -105 -4.1 -5.8 1.0 42 -7.8 -7.0
PAHpyw;—AH (cm) —1.2 -2.9 -50 -75 -7.6 9.4 7.2 20 -15
PAHgp — AH (cm) -7.8 -7.3 -6.5 -16 —6.8 35 94 -112 -98

AH adult height, BA bone age, BA;p bone age measured by Greulich-Pyle, BAgs oy bone age measured
by RUS-CHN, BAy;_gys bone age measured by Tanner—Whitehouse (TW3-RUS), PAH, predicted adult
height calculated by Bayley—Pinneau, PAH s predicted adult height calculated by China 05, PAH;,; pre-
dicted adult height calculated by Tanner—Whitehouse, y years

iCases 1-3, 4-6 and 7-9 had the largest difference between the AH and PAH as predicted by China 05
(CHOS5), Tanner—Whitehouse (TW3) and Bayley—Pinneau (BP), respectively. Possible factors that influ-
enced the accuracy of AH prediction included predicting height at a younger BA (cases 1, 6 and 7),
advancing BA (BA is >1 year older than age, cases 2, 3, 5, 8 and 9) and individual differences (cases 1, 2,
4 and 5). Target height is mid-parental height minus 6.5 cm
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TW3 and BP) using actual adult height to evaluate the clini-
cal applicability of the three bone age assessment systems.
Our study revealed that the differences among the bone ages
as measured by the three methods increased with increas-
ing bone age, but the corresponding methods for predicting
adult height were more accurate when bone age was older.
Compared with the CHO5 and BP methods, the TW3 method
was more suitable for predicting adult height in girls with
early puberty. The research results can provide a reference
for pediatricians in making diagnostic and treatment deci-
sions and offer a research basis for improvement or develop-
ment of methods.

The GP method is an atlas containing reference images.
Bone age assessment is performed by comparing the partici-
pants’ (left)-hand radiographs with the reference images in
the atlas. The difference in bone age between two adjacent
reference maps was 0.25-1.08 years. Therefore, although
the GP method takes less time to evaluate bone age, it is not
sufficiently accurate, especially with a bone age of >6 years.
The TW3-RUS and RUS-CHN methods assess the matu-
rity scores of 13 bones. The total score is then calculated
and converted to bone age. Therefore, the TW3-RUS and
RUS-CHN methods are more precise than the GP method,
but they are more time-consuming. This is exacerbated by
the increased clinical need for bone age assessment as the
population with early puberty increases. Al-assisted bone
age assessment can mitigate time costs. However, the accu-
racy of the three Al-assisted bone age assessment methods
has not been verified in girls with early puberty. At present,
there is no gold standard for evaluating the accuracy of bone
age; therefore, we used the adult height of girls as the ref-
erence standard to evaluate which adult height prediction
method corresponded best with bone age evaluation in girls
with early puberty.

Differences among the bone age assessment methods have
been demonstrated in many countries and ethnic groups;
however, previous studies have not explained the significance
of these differences through the assessments’ correspond-
ing methods for predicting adult height. A study of 2,053
girls in China showed that in healthy girls ages 7-16 years,
the bone age measured by the GP method was greater than
that measured by the RUS—CHN method, and the difference
increased with age [29]. In a study using the BoneXpert auto-
matic software, the bone age measured using the GP method
was greater than that measured using the TW3 method [28].
In this study, the bone age measured by the GP method was
larger than that measured by the RUS—CHN method with a
bone age of >9 years, and was larger than that measured by
the TW3—-RUS method with a bone age of 6—14 years. Zhang
et al. [30] evaluated racial differences in the skeletal growth
patterns of Asian, Caucasian and Hispanic children in the
United States. Using the GP method to evaluate the bone age,
they reported that the bone age of Asian girls was on average
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0.7 years older than that of Caucasian gitls, and the difference
between the two was greatest at 10—15 years of age [30]. This
might reflect the fact that the difference in the rate of skeletal
maturation between Asian and Caucasian girls increases with
the progression of puberty. However, Zhang et al. [30] did
not further compare whether differences in bone age assess-
ment methods affect the accuracy of the corresponding adult
height prediction methods. In our study, we demonstrated
that although the difference between the bone ages meas-
ured by the three methods increased with increasing bone
age, the corresponding adult height prediction method was
more accurate with older bone age. Therefore, we do not rec-
ommend changing the bone age assessment methods during
long-term monitoring of bone age in children. When making
diagnosis and treatment decisions, it is necessary to consider
bone age, predicted adult height, and developmental progres-
sion rate rather than bone age or predicted adult height alone.

There are differences in the accuracy and applicability of
the methods for predicting adult height among people with
different health states. Ostojic [31] reported that the difference
between the predicted adult height using the TW3 method and
final adult height in young male athletes was not significant;
the correlation between predicted adult height and final adult
height was 0.96 [31]. Rohani et al. [17] conducted a study of
15 boys with constitutional delay in growth and puberty and
reported that the BP method overestimated the adult height
of the boys by 5 cm. In a French study, the BP method over-
estimated the adult height of girls with untreated idiopathic
central precocious puberty (n=55) by 1.4 cm and underesti-
mated the adult height of girls with treated central precocious
puberty (n=71) by 0.9 cm [32]. The correlation between final
adult height and predicted adult height was lower in girls with
treated central precocious puberty (r=0.43) than that in girls
with untreated central precocious puberty (r=0.59) [32]. The
results of these studies fully demonstrate the need to validate
the accuracy and applicability of adult height prediction meth-
ods in the same racial and disease population.

This study complements research on the accuracy of the
BP, TW3 and CHOS5 methods in girls with early puberty
in southern China. In the present study, we showed that
predicted adult height assessed by TW3 was close to adult
height, whereas CHOS5 and BP underestimated the adult
height by 2.94+3.6 cm and 1.3+3.8 cm, respectively. The
TW3 method had the highest accuracy and lowest degree
of dispersion. The predicted adult height obtained by TW3
had the highest correlation with adult height; therefore,
it seems that the TW3 method is more suitable than the
CHOS5 and BP methods for predicting adult height in girls
with early puberty. However, TW3 tends to overestimate
adult height when the bone age is younger (6—8 years),
with an average overestimation of 3.4+2.9 cm. Pediatri-
cians need to be aware of this when using the TW3 method
in girls with early puberty and a younger bone age.
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The efficiency of the Al systems in evaluating bone age
makes them popular in the medical field. Compared with man-
ual evaluation of bone age, which takes 2—8 min, Al-assisted
bone age evaluation only takes 1-2 s [26, 27]. Machine learn-
ing algorithms for predicting adult height have been reported
using growth measurements before the age of 6 years [33].
Considering that changes in growth during puberty cannot be
predicted during childhood, considering factors such as age
at pubertal onset, tempo of pubertal progression and bone age
might be necessary in developing an Al system suitable for
predicting adult height in girls with early puberty.

One of the strengths of this study is that the subjects
were from the same disease population, and the sample
size was large. Furthermore, it not only evaluated three
bone age assessment methods but also assessed three adult
height prediction methods by comparing predicted adult
height with observed adult height. The limitations of this
study include its retrospective nature and that it involved
a limited number of girls who had reached adult height.
Additionally, we did not propose improvements to current
methods for assessing bone age and predicting adult height.

Conclusion

The difference among the bone ages as measured by the
three methods increased with increasing bone age, but
the corresponding method for predicting adult height was
more accurate when the bone age was older: The TW3
method might be more suitable for adult height prediction
in girls with early puberty compared with the CHOS and
BP methods, and adult height prediction methods are less
accurate with younger bone age (6—11 years) than with
older bone age, which is the time when girls seek medical
attention and consider clinical decisions. Methods for pre-
dicting adult height should be optimized for populations
of the same ethnicity and disease.
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