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Background: Radiologic evaluation of skeletal maturity is one of the three practical methods to assess age in a
living person.

Objective: To assess the average age from the epiphyseal fusion of the distal tibia and fibula in Thai children
and young adults.

Methods: Ankle radiographs of 217 Thai patients aged 0 to 22 years who came to Siriraj Hospital from 1 January
2000 to 31 March 2020 were recruited for the study. The development of epiphyseal plate in the distal tibia and
fibula was analyzed as a grading system. A composite score was also calculated. The relationship between age,
the fusion stage and the composite score was explored.

Results: The results showed that the complete fusion of the distal tibia and fibula in females and males was
found as early as 12 and 13 years, respectively. All females exhibited complete fusion by 15 years old in both
epiphyses. All males showed complete fusion of distal tibia and fibula by 15 and 16 years, respectively.
The fusion stage tended to rise with the increasing age. There was a significant difference between male and
female data. The reliability test showed excellent agreement.

Conclusion: Ankle radiographs can essentially be used to assess distal tibia and fibula ossification. The reference

values given in this study can be used in age estimation for the Thai population.
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Age assessment is an essential factor in
identifying an individual in both living and deceased
person. There are legal requirements for age
estimating in the living, especially in those who do not
have a documented identity. For example, in the Thai
labor law, an employer is prohibited from employing a
child under 15 years as an employee. The law also
provides regulations for the employment of children
under 18 years of age. For another example in
Thailand, sex-related crime and punishment is entirely
based on criminal liability, which depends on the age
of the victims. Therefore, a forensic expert needs to
have a precise age assessment method in young
adults with a probability bordering on certainty.
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Practically, a physician can perform age
assessment in a living adolescent and young adult in
three ways(": 1) Physical examination by examining
the growth and development such as height and the
sexual characteristics; 2) Radiographic examination
by evaluation of skeletal maturity; and, 3) Dental
examination by evaluation of dental formation
and eruption. Compared to the other methods, the
radiographic analysis provides a quick, accurate, and
uncomplicated method of evaluating the living age.V

At present, various studies are learning more
about age estimation of epiphyseal plate formation
from different parts of the body, such as the
hand-wrist?-¥, medial clavicle®-¥, cervical vertebra®,
mandibular ramus”?, anterior iliac crest!'' - ', and
the femur.!> Also, many studies focus on the skeletal
development of the ankle based on radiographic
and magnetic resonance imaging.!*-'¥ However, the
studies vary significantly depending on numerous
factors such as ethnicity, gender, number of subjects,
age-range, and methodology.®
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There are previous studies of the epiphyseal plate
evaluation of wrists and knees in Thailand by a
radiological examination" 2%, but there have never
been any studies involving the ankle. Therefore, the
purpose of this study is to assess the average age of
the epiphyseal plate closure of the distal tibia and fibula
from the ankle radiograph in the Thai population among
age group from 0 to 22 years.

Materials and methods

This retrospective study has been approved by
the ethics committee of the Faculty of Medicine, Siriraj
Hospital, Mahidol University (Protocol no.314/2563
(IRB2) on April 15, 2020). The digital standard
anteroposterior and lateral view ankle radiographs
of Thai patients, ranging between 0 - 22 years, who
came to Siriraj Hospital from 1 January 2000 to 31
March 2020, were recruited in this study. The person
with the following findings needs to be excluded from
this study:
1. Old or new fractures involving the growth plate
of'the distal tibia or fibula;
2. Medical instruments involving the growth plate of
the distal tibia or fibula, such as orthopedic implants,
as well as those hinder visibilities of this area, such as
casts and slabs;
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3. Body height or weight that is less than the 3™
percentile, as well as the medical History of abnormal
skeletal development; and,

4. Radiographic evidence of an episodic growth arrest
such as Harris lines.

Before collecting information, the first author
(AT) and the co-author (VV) had to practice the ankle
radiographic interpretation with an expert radiologist
(DS). After then, the first author included patients
without exclusion criteria. The basic information of
all patients such as gender, height and weight, birth
date, study date and time, underlying disease, and
medical diagnosis, were explored and recorded.
It can be assumed that the sample reflects the average
composition of the Thai population.

By using SYNAPSES5S program, careful
consideration of the anteroposterior and lateral
views of the distal tibia and fibula radiographs were
performed. During analysis, the researchers did not
know the age of the patients. A grading system adapted
from Crowder C, et al.'> and Hoerr NL, et al.®?Y
was used to determine skeletal maturity. The degree
of the development of the epiphyseal plate of the distal
tibia was separately evaluated as follows (Figure 1):

Stage 2

Stage 4

Figure 1. Ossification stages of the distal tibia.

Stage 1

Stage 5
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- Stage 0: No ossification center of the epiphysis.

- Stage 1: Separated ossified epiphysis: At the initial
phase of this stage, the epiphysis is a rounded-shaped
ossification center, while the distal end of the
metaphysis remains flattened. During the second
phase of this stage, the epiphysis turns to an oval shape,
but its articular facet does not conform to the
metaphysis. While in the late phase of this stage, the
epiphysis becomes cup-shaped, and its articular facet
begins to conform to the metaphysis. Furthermore,
the medial malleolus formation begins.

- Stage 2: The anteroposterior view shows the partial
fusion of the growth plate less than 50.0%. However,
the lateral view shows no fusion.

- Stage 3: The anteroposterior view shows the partial
fusion of the growth plate less than 50.0%, and the
lateral view shows a partial fusion of the growth plate.
- Stage 4: There is a partial fusion of growth plate
more than 50.0% in the anteroposterior view. This
stage may be confused with stage 5, but it can be
separated by the discontinuation of the vertical
trabecular lines connecting the epiphysis and
metaphysis.

- Stage 5: Complete fusion of the epiphyseal plate.

The developmental status of the distal fibular
epiphysis was also evaluated. Different four stages
of ossification were determined as follows (Figure 2):
- Stage 0: No ossification center of the epiphysis.

- Stage 1: Ossified epiphysis, non-fused growth plate.
- Stage 2: Partial fusion of growth plate: The vertical
trabecular lines connected between the epiphysis and
metaphysis are discontinuous.

- Stage 3: Complete fusion of the epiphyseal plate.

Age estimation using ankle radiographic examination in a contemporary 225
Thai population

After assessing the closure of the distal tibia and
distal fibula’s growth plate, a composite scoring system
adapted from Ruensuk S, ef al.'” was calculated.
The stages were considered as ordinal number, and
therefore they represent sequentially ordered
categories (e.g., stage 0 =0, stage 1 = 1, stage 2 =2,
stage 3 = 3, stage 4 = 4, stage 5 = 5). By combining
this set of points of distal tibial and fibular epiphyses,
a composite score was calculated.

Statistical analysis

The complete data collections were analyzed using
PASW version 18.0. The descriptive analyses,
including frequency and percentage, were performed.
Sexual differences were investigated using two-way
ANOVA. Comparison of left and right sides was
conducted using paired ¢ - test. The differences of
each developmental stage between both sexes were
analyzed using Chi-square test for linear-by-linear
association. Considering intra-observer reliability,
22 random radiographs were re-evaluated after 1
week by the same researcher. In addition, inter-
observer reliability between the principal researcher
and co-researcher was assessed. Weighted kappa
(Kw) using quadratic weight was applied to evaluate
intra- and inter-observer agreement.

Results

In this study, 181 patients were recruited,
consisting of 107 males and 74 females. In 21 out of
181 cases (11.6%), two or more visits to the hospital
with repeated radiological examination were found.
As a result, a total of 217 ankle radiographs were
eligible for the study. As shown in Table 1, the
distribution of the subjects by age and sex is present.

Stage 0

Stage 1

Stage 3

Figure 2. Ossification stages of the distal fibula.
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Table 1. The distribution of the radiographic samples by gender and age (n=217).

Age (years) Number (%) Total (%)
Female Male
<1199 44(45.4) 45(375) 89(41.0)
12-12.99 5(.2) 5@2) 10(4.6)
13-13.99 4(4.1) 5@2) 9(4.1)
14-14.99 4(4.1) 4(3.3) 8(3.7)
15-15.99 4(4.1) 6(5.0) 10(4.6)
16-16.99 9(9.3) 10(8.3) 19(8.8)
>17 27(27.8) 45(37.5) 72(33.2)
Total 97 120 217

There were 43 subjects, including 16 males and
27 females, with both sides of ankle radiographs in
the same visit. There was no statistically significant
difference in maturation of data from left and right
sides of tibia (P =0.9) and fibula (P = 1). Therefore,
the right ankle radiographs were selected to be
representative of the population studied.

Tables 2 and 3 present the developmental status
of epiphyseal union for each ossification stage divided
by sex. In the female group, the complete union of
the distal tibia (stage 5) and fibula (stage 3) can be
found as early as the age of 12 years, and those findings

can be found in all the female subjects in the age group
15.0 — 16.0 years. The male subjects, however, have
a different developmental timetable comparing with
the female group. The distal epiphyses of the tibia
and fibula of male adolescents have a slower rate of
maturation. The complete union of distal tibial and
fibular epiphysis was first achieved at the age of
13 years, and those findings can be found in all the
male subjects in the age group 15 and 16 years,
respectively. In both sexes, stage 1 was first noted
during the first year of age. Developmental differences
were also observed during early stage of distal tibial

Table 2. Comparison of staging of the distal tibia by age and gender.

Staging of tibia
Gender Age (years) n 0 1 2 3 4 5
0-0.99 2 1(50.0) 1(50.0) - - - -
1-9.99 33 - 33(100.0) - - - -
10-10.99 6 - 5(83.3) 1(16.7) - - -
11-11.99 3 - 2(66.7) - 1(33.3) - -
= 12-12.99 5 - 1(20.0) 1(20.0) 1(20.0) - 2(40.0)
% 13-13.99 4 - - - - 2(50.0) 2(50.0)
= 14-14.99 4 - - - - 1(25.0) 3(75.0)
15-15.99 4 - - - - - 4(100.0)
16-16.99 9 - - - - - 9(100.0)
>17 27 - - - - - 27(100.0)
0-0.99 6 2(333) 4(66.7) - - - -
1-8.99 24 - 24 (100.0) - - - -
9-9.99 6 - 5(83.3) 1(16.7) - - -
10-10.99 5 - 5(100.0) - - - -
=2 11-11.99 4 - 3(75.0) 1(25.0) - - -
= 12-12.99 5 - 5(100.0) - - - -
13-13.99 5 - 2(40.0) 1(20.0) 1(20.0) - 1(20.0)
14-14.99 4 - 2(50.0) 1(25.0) - 1(25.0) -
15-15.99 6 - - - - - 6(100.0)
16-16.99 10 - - - - - 10(100.0)
>17 45 - - - - - 45(100.0)
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Table 3. Comparison of staging of the distal fibula by age and gender.

Staging of fibula

Gender Age (years) n 0 1 2 3
0-0.99 2 2(100.0) - - -
1-11.99 %) - 42(100.0) - -

° 12-12.99 5 - 2(40.0) 2(40.0) 1(20.0)

= 13-13.99 4 - - 3(75.0) 1(25.0)

é 14-14.99 4 - - 1(25.0) 3(75.0)
15-15.99 4 - - - 4(100.0)
16-16.99 9 - - - 9(100.0)
>17 27 - - - 27(100.0)
0-0.99 6 5(83.3) 1(16.7) - -
1-1.99 1 1(100.0) - - -
2-12.99 43 - 43(100.0) - -

= 13-13.99 5 - 3(60.0) 1(20.0) 1(20.0)

= 14-14.99 4 - 4(100.0) - -
15-15.99 6 - - 1(16.7) 5(83.3)
16-16.99 10 - - - 10(100.0)
>17 45 - - - 45(100.0)

and fibular epiphyseal union. In female subjects,
the minimum age for the distal tibial epiphyseal
developmental stage 2 was noted at 10 years old, in
male subjects at 9 years. In contrast, the minimum
age of the distal fibular epiphyseal development
stage 5 was 12 years in female subjects and 13 years
in male subjects. Outliers with the extreme age
were observed in male subjects. There was significant
difference in male and female data at any
maturation stage of distal tibia (P=0.02702) and fibula
(P =0.0002). In addition, Chi-square test for linear-
by-linear association was shown to be significant
(P<0.001) and indicated that epiphyseal plate closure
tended to rise with the increasing age.

After each stage of the epiphyseal union has been
staged accordingly, the scores are combined to
create a composite score. Descriptive analyses for
age variation within composite scores for male and
female radiographs were shown in Tables 4. Both
sexes displayed the overall trend of increasing
composite score with increasing age. A score of 8
indicated the complete union of both distal tibia and
fibula, and was first present in 12 years and 13 years
in the female and male subjects, respectively. All the
female and male subjects showed complete epiphyseal
union of both distal tibia and fibula in 15 and 16 years,
respectively.

To determine intra- and inter-observer reliability
in grading of distal tibia and fibula, 22 ankle radiographs

were re-evaluated and analyzed. The weighted kappa
(K,) for intra- and inter-observer reliability of
both distal tibia and was 1.00 and 0.98, respectively.
The weighted kappa for intra- and inter-observer
reliability of distal fibula was 1.00. To conclude, the
evaluation of the growth plate closure by the same
researcher and between the principal researcher
and co-researcher was excellent reliability (K =0.81
- 1.00).

Discussion

Age estimation of the living has several indicators
used to evaluate an age range for a person being
investigated. The study focusing on the radiographic
evaluation of epiphyseal plate development is
considered to be used toward facilitating an age
estimation by the court of law all over the world.
This study was conducted to investigate the
chronological age of epiphyseal union at the ankle joint.
Studies carried out previously are also discussed
belOW.(14 - 18, 21)

The key in age estimation is to assess the age-
related to the legal background. In Thailand, the age
of 15 years is identified as the age at which a person
is considered to engage in a certain legal activity such
as marriage, testament and criminal responsibility. In
the female subjects in this study, the complete union
of all epiphyseal plate of distal tibia and fibula was
reported in the age group of 15 - 16 years, whereas
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in the male subjects 100.0% of distal tibia and 83.3%
of distal fibula showed the union of their epiphysis in
the age group of 15 - 16 years. Therefore, to decide
whether or not a Thai adolescent is more than 15 years
old, the radiographs of the ankle joint could be helpful.
Several studies investigated the fusion of the
epiphyseal plate of the distal tibia and fibula relate to
radiographs of living persons with known age.*- '
The same age range of 15 - 16 years was also observed
in the complete fusion of the distal tibia and fibula in
the female subjects of Central India.'” However,
the study in the Indian population conducted by
Banerjee KK, et al." revealed that their results
were 1 - 3 years later compared to this study. An
American research by Crowder C. and Austin D.(
demonstrated that the mean age of complete fusion
of the distal tibia was 16 years in female subjects and
19 years in male subjects. Hoerr NL. and Pyle SI.¢"
investigated more than 4,500 plain ankle radiographs
of the Americans, and they found that all-female
subjects showed complete fusion of the distal tibia at
the mean age of 14.4 years old. By the mean age of
16.4 years, all-male Americans showed complete
fusion of the distal tibia. In sum, the age of fusion of
the distal epiphyses of the leg is between 14 - 18 years
old in females and between 15 - 19 years old in
males.®? Ethnicity, gender, socioeconomic status and
method of examination are factors that play a crucial
role in the skeletal maturation.?>-*» The epiphyseal
centers in female subjects mature 1 - 2 years earlier
than in male subjects. We also noted that the age range
for reaching each developmental stage was more
advanced for females than for males. These findings
are consistent with the previous studies on different
periods of bone maturation between males and
females, with females usually grow more advanced
than males by several months to 1 - 2 years.!- %22
These results could explain by the influence of sex
hormones. Another factor, which may provide this
discrepancy, is the different generations of people
used in this study. A secular trend in growth and
development resulting in the tendency to mature earlier
and an increase in height and weight.*-29
Determination of age-at-death by radiographic
examination may be used to compare with
macroscopic examination when maceration
is unavailable.®” However, there is a lack of a
standardized methodology to compare gross
morphological and radiographic evaluation. A
difference between the macroscopic and radiographic
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examination of the epiphyseal fusion has been explored
in the previous study.?® Radiographic pictures of
epiphysis may display a fusion line several months to
years before a naked eye can identify it. In addition,
an epiphyseal scar of complete fusion on a radiograph
can be mistaken for a less advanced stage than that
determined by gross morphological technique. Besides,
standardized methods using for radiographic and
macroscopic examinations cannot be applicable to
computed tomographic or magnetic resonance imaging
(MRI). The study conducted by Saint-Martin P,
et al. "™ used MRI to investigate the fusion time of
epiphyseal plates of distal tibia and calcaneus. They
found a more advanced mean age of complete fusion
of distal tibial epiphysis, occurring at 20 years for
females and 22 years for males. Theoretically, MRI
provides more informative thin slices comparing with
a plain radiograph. Therefore, it can detect a tiny area
of incomplete fusion of an epiphyseal plate, whereas
the study using a plain radiograph cannot detect it.

Some topics should be considered in using a
radiographic dataset. The integrity of the radiographic
imaging and the experience of the radiographer is
important.®-'> Proper radiological equipment such as
the film type utilized and the radiographic machine’s
condition is essential to high-quality radiographs. Even
though radiographic settings such as the subject position
and radiographic exposure are standardized, the
individual variability in soft tissue thickness and
bone density of the subjects can affect the quality of
radiographs.

It is possible to predict the approximate age of a
subject by a composite score. The major strength of
the composite score is the inclusion of morphological
findings of both tibia and fibula into the scores and
this score is therefore effective to give an age range
of the subject. Our data demonstrate that age is
correlated with the composite scores. For example,
the composite score of 8§ points means that the female
and male subjects are at least 12 and 13 years old,
respectively. In addition, the score is found in all
females at the age of 15 years and all males at the
age of 16 years.

The limitation of this study was also recognized.
First, there was a lack of precise information, such as
socioeconomic status of the subjects. Next, a limited
number of subjects led to a relatively small sample
size, and this study was only limited to the area of
Bangkok. Subsequently, the results may not represent
the data of the general Thai population. A multicenter
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study with a larger sample size and subjects from
different parts of Thailand is necessary. Further studies
are needed to address these limitations.

Conclusion

The epiphyseal fusion of the distal tibia and
fibula presented in this study essentially appears to be
a suitable technique for age estimation in the living as
well as in an unidentified corpse. A forensic practitioner
can use the result of this study to assess age in Thai
people. On radiographic examination of the ankle joint,
the age of complete fusion of the distal tibia epiphysis
of all subjects is 15 years for females and males, and
the age of complete fusion of the distal fibula epiphysis
of all subjects is 15 years in females and 16 years in
males. The earliest age of complete epiphyseal union
of tibia and fibula epiphyses occurs at 12 years in
female subjects and 13 years in male subjects.
Together with the other age assessment methods,
this study constitutes part of a basis for the
recommendation of how age estimation should be
carried out in Thailand. Finally, for maximum
efficiency, the authors recommended that it is
advantageous in conjunction with other standardized
age assessment methods.
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