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Abstract

Background/Objectives: Methods of estimating the biological profile in forensic anthro-
pology must meet criteria set forth by standards for admissibility in legal proceedings.
Subadult biological profile methods have not been as extensively validated due to lim-
ited sources of subadult skeletal reference data. Methods: Data for the contemporary
Japanese validation sample were collected from full-body, postmortem computed tomog-
raphy (PMCT) scans (1 = 118). Ten subadult age and stature estimation methods using
long bone lengths were validated for accuracy, precision, and bias. The methods included
both linear and nonlinear regression. Results: Nonlinear regression methods yielded high
validation accuracy and precision for age (>90%; <2.5 cm) and stature (>95.89%; <17 cm)
and performed better than linear regression methods. Most methods do not meet criteria
set by the American Academy of Forensic Sciences (AAFS) Standards Board (ASB) or the
American National Standards Institute (ANSI). Conclusions: As skeletal data become in-
creasingly accessible, it is important to continue to validate currently available methods for
estimating aspects of the subadult biological profile while also prioritizing the creation of
new population-specific and generic methods applicable for forensic casework. Particular
focus should lie on improving reference skeletal material variation, appropriate statistical
modeling, and adherence to standards in forensic anthropology. Recommendations for
choosing the most appropriate method, given a subadult forensic case, are provided.

Keywords: validation study; subadult; age estimation; stature estimation; Japanese

1. Introduction

Age and stature estimation are two aspects of the subadult biological profile that
are strongly related to growth and development [1-5], making them useful in forensic
anthropological casework, as they can achieve the high accuracy and precision expected in
medicolegal settings [6,7]. When considering which methods to use for a biological profile
report, including for subadults, methods should meet a certain set of standards set within
the field of forensic anthropology by the American Academy of Forensic Sciences (AAFS)
Standards Board (ASB) as well as the American National Standards Institute (ANSI)—these
include high testing or cross-validated accuracy, high precision, and validation [8-10].
A lack of subadult representation in currently available skeletal collections has not only
restricted the creation of contemporaneous methods for estimating the subadult biological
profile [11,12] but also hindered the validation of pre-existing methods for use in current
forensic anthropological casework [13]. As a result, few methods [14] are currently available
that meet the standards.
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An additional layer of complexity is the homogeneity of skeletal collections often
used for creating methods in forensic anthropology [15], thus necessitating targeted vali-
dations of methods for individuals who are not from the same geographic region as the
reference sample. Asians are considered one of the fastest-growing minorities in the United
States [16], further justifying the importance of considering which methods are applicable
for Asian remains. While population-specific methods for Japanese adult individuals are
numerous [17-22], the same cannot be said for the subadult biological profile. Differences
in the trajectories of growth and development between Japanese and European individuals,
for example, have been previously reported [23-26]. Until population-specific subadult
methods can be created for Japanese individuals, it is important to assess which methods
are most applicable for forensic anthropological casework in Japan or for individuals from
similar geographic regions.

Virtual anthropology has created a new avenue for diversifying skeletal reference data
for method creation and validation, including for subadults [12,27-30]. Biological data on
shape and size, such as linear measurements, macroscopic observations, and landmark
configurations derived from three-dimensional (3D) computed tomography (CT) scans,
are comparable to those obtained from physical specimens, making them an accurate
and precise substitute for acquiring skeletal reference data [27,31-36]. As such, virtual
anthropology is not only an alternative source for skeletal reference material for research,
but also an alternative means of forensic anthropological application for disaster victim
identification, trauma analysis, and generating a biological profile [29,32,37-39].

The current study aims to validate ten known subadult age and stature estimation
methods utilizing long bone lengths on a contemporary Japanese sample obtained from
postmortem CT (PMCT) images. Methods using only the long bones are specifically
validated here, as their shafts tend to preserve better compared to epiphyses and are
easier to recover than dentition [40—42]. Validation accuracy and precision of each method
will be evaluated, and recommendations for which methods are appropriate for use in
forensic anthropological casework are provided. Current standards for estimating age [43]
and stature [44] from skeletal remains (henceforth “Standards”) are set by the Academy
Standards Board of the American Academy of Forensic Sciences and are used to evaluate
the applicability of different methods in forensic anthropology.

2. Materials and Methods
2.1. Samples

In collaboration with the Education and Research Center of Legal Medicine at Chiba
University, PMCT scans were analyzed for a sample of 118 Japanese individuals (51 females
and 67 males) aged between birth and 25 years (Figure 1). The upper age range was chosen
with the consideration that maturity of the full skeleton (i.e., when growth and development
stop) is reached around 25 years with the fusion of the medjial clavicle [45] and obliteration
of epiphyseal growth lines [46]. Specifications for imaging protocols have been described
elsewhere [18,20]. For each individual, available demographic information included biolog-
ical sex, age at death, and cadaveric stature, which were all collected per intake procedures
at Chiba University. PMCT images were processed using 3D Slicer [47] to generate 3D
models of the humerus, radius, ulna, femur, tibia, and fibula. Using Amira-Avizo3D™
software (version 2024.2), developed by ThermoFisher Scientific (Waltham, MA, USA), each
long bone was virtually measured using the protocol established by Stull and Corron [48].
These measurements included diaphyseal lengths, following the protocol for measuring
using Amira™ by Stull and Corron [48], or maximum lengths, following definitions for
dry bone measurements from Langley and colleagues [49]. Descriptive statistics on all
measurements used in this study are provided in the Supplementary Material Table S1.
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Figure 1. Age distribution and sample size of the Japanese validation sample, separated by sex.

2.2. Subadult Age and Stature Estimation Methods

Ten methods were validated using the contemporary Japanese sample in this
study [1,13,50-56]. All methods differ in reference sample age range, sample size by sex,
and population (Table 1). Both linear and nonlinear regression are featured among the
methods. All methods using linear regression follow a simple format:

y=mx+b, @

where y is either the estimated age or stature, m is the slope, b is the intercept, and
x is the long bone length. Methods that provide interval estimates using linear equa-
tions all use the standard error of the estimate to calculate varying levels of confidence
intervals [1,13,14,50,57]. The two methods that use nonlinear regression do so in different
ways. The age estimation method from Stull and colleagues [56], also known as MCP-S-Age,
uses a mixed cumulative probit algorithm that follows a Bayesian framework for estimating
an age posterior density distribution [58]. The point estimate for age is reported as the mean
of the distribution, and MCP-5-Age also returns a 95% credible interval, a Bayesian version
of a prediction interval [59], of the density distribution [56,58]. The stature estimation
method from Chu and Stull [51], otherwise known as KidStats: Stature (KS: Stature), uses a
three-parameter asymptotic exponential equation to estimate stature and provides a 95%
prediction interval. Finally, the method from Brits and colleagues [1] is unique in that they
provide two different equations for each long bone: one using diaphyseal lengths and one
using maximum lengths. This approach allows for better coverage for estimating stature
in the (older) transitioning ages (e.g., 10-17 years) where the epiphyses are fusing to the
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diaphysis [1]. In contrast, KS: Stature allows for either type of measurement to be used
in their models and does not differentiate between measurement types [51]. Four out of
the ten methods [1,13,51,56] were created using virtual samples, whereas the others were
created using dry bone reference samples [14,50,52-55]. Additionally, stature estimation
methods vary on whether living stature [1,14,55] or cadaveric stature [13,51] is being es-
timated. Prior research has demonstrated large differences (4.3 cm) between living and
cadaveric statures [60]; however, as stature is typically reported as an estimated range, it is
expected that the range covered by methods that provide methods for estimating stature
intervals should encompass both living and cadaveric statures.

Table 1. Summary of methods validated in the present study. Methods that provide interval estimates

“u

are indicated with an “x”.

Reference Sample Provides
Reference Sample Reference Sample .
Method Age Range . . Regression Type Interval
. Size by Sex Populations .
(in Years) Estimates
Age Estimation methods
0-13 F:72 Portuguese .
Cardoso et al. [50] M- 122 and English Linear X
.. . F:70 . .
Facchini & Veschi [52] 0-12 Italian Linear
M: 79
. F: 26 Portuguese .
Lépez-Costas et al. [53] 0-17 M: 31 and English Linear
Portuguese,
. F: 52 English, .
Rissech et al. [54] 0-16 M: 35 Spanish, Linear
and Scottish
Stull et al. [56]/ F: 405 . .
MCP-S-Age 0-16 M: 526 American (U.S.) Nonlinear X
Stature Estimation Methods
. F: 30 Black South .
Brits et al. [1] 10-17 M: 29 African Linear X
Chu & Stull [51]/ F: 401 . Linear and
KS: Stature 0-20 M: 589 American (U.S.) Nonlinear X
F:79 . .
Murray et al. [13] 0-12 M: 73 American (U.S.) Linear X
20
Robbins Schug et al. [55] 0.5-11.5 individuals, American (U.S.) Linear
sex unknown
. F: 36 . .
Smith [14] 3-10 M: 31 American (U.S.) Linear X

Validation of each method first used applicable subsets of the contemporary Japanese
sample in accordance with the age ranges used by each method (Table 1). For example, the
first validation of Smith [14] only included n = 17 Japanese individuals aged between 3 and
10 years. Second, age and stature were also estimated for the full Japanese validation sample
(aged 0-25 years) to evaluate the applicability of these methods when age is unknown or
must be estimated. The rationale for the use of a sample age range that extends beyond the
lower and/or upper bounds of each method is to provide consistency in the sample size
and evaluation of method performance. It is difficult to truly compare different methods
when, as previously mentioned, the truncated sample size for evaluating Smith [14] is
n =17, whereas the truncated sample size for evaluating Murray and colleagues [13] is
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n = 53. Age and stature ranges were calculated when guidance on how to calculate intervals
was provided, which included six out of ten methods (see Table 1). Sex-specific models
were not validated in this study, as sex estimation of subadult remains has only recently
become accurate for limited age ranges [61-65].

2.3. Method Comparisons

The applicability of each method for use on Japanese subadult remains was evaluated
using different measures of accuracy and precision for both the truncated age ranges (i.e.,
reference sample age ranges) and the full validation sample. Compiling the results from all
tests provides guidance for recommendations on which methods are most appropriate for
use in forensic anthropological casework involving Japanese subadults. All analyses were
conducted using R version 4.4.1 [66] and RStudio version 2023.06.1+524 [67].

Validation accuracy was calculated as the proportion of individuals whose known
age or stature fell within the estimated interval provided by each method. The breadth
of the range estimates produced by each method was evaluated to provide additional
context for validation accuracy. For example, a method could be 99% accurate but produce
forensically uninformative age estimates, where the predicted range of an individual aged
3 is estimated to be between 2 and 12 years. While technically accurate, an age estimate
spanning 10 years would not assist in narrowing the number of potential missing persons
reports [56].

Precision was evaluated in two ways, as each provides varying insights on how point
estimates compare to known information. Mean squared error (MSE), which is the average
squared distance the point estimate is from the known age or stature, is used to evaluate
the overall error of a method and has been previously recommended for validating age
estimation methods for adults [10]. While it is useful to evaluate the general amount of
error produced by a method, it does not provide any guidance on whether there is any bias
in the estimates. Patterns of bias (i.e., whether a method over- or underestimates age or
stature) were visualized using Bland—Altman plots [68,69].

3. Results

Validation accuracy and precision of each method in this study are summarized for
age (Table 2) and stature (Table 3). Methods reporting high validation accuracy and lower
MSE values (i.e., higher precision) were considered better performing and more applicable
to the Japanese validation sample.

Table 2. Validation of age estimation methods using long bone length. Validation accuracy could
only be calculated for Cardoso and colleagues [50] and Stull and colleagues [56]. Validation accuracy
could not be calculated for the remaining methods because methods for calculating interval estimates
were not provided. Mean squared error (MSE) is the average squared distance between the point
estimate and the known age.

Truncated o MSE Full o MSE
Method Long Bone Sample Size Accuracy (%) (in Years) Sample Size Accuracy (%) (in Years)
Humerus 55 94.55 1.23 117 55.56 17.60
Radius 55 92.73 1.78 115 60 14.28
Ulna 55 96.36 1.62 116 59.48 15.65
Cardoso et al. [50]
Femur 55 90.91 1.59 117 52.99 17.12
Tibia 55 89.09 1.92 115 54.78 14.97
Fibula 55 90.91 1.80 114 56.14 15.05
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Table 2. Cont.
Truncated o MSE Full o MSE
Method Long Bone Sample Size Accuracy (%) (in Years) Sample Size Accuracy (%) (in Years)
Humerus 53 0.95 117 28.40
Radius 53 2.12 115 17.36
Facchini & Ulna 53 ) 1.89 116 ) 20.23
Veschi [52] Femur 53 1.16 117 27.65
Tibia 53 1.46 115 22.04
Fibula 53 1.70 114 21.59
Lopez-Costas -
etal. [53] Tibia 64 - 1.82 115 - 16.38
Rissech et al. [54] Femur 60 - 3.19 117 - 17.23
Humerus 61 93.44 1.50 117 71.79 12.18
Radius 60 85.00 2.10 115 66.96 11.72
Stull et al. [56]/ Ulna 60 91.67 1.54 116 69.83 13.28
MCP-3-Age Femur 60 88.33 1.40 117 63.25 13.23
Tibia 61 90.16 1.35 115 61.74 14.97
Fibula 61 96.72 1.44 114 70.18 14.22
Table 3. Validation of stature estimation methods using long bone length. Validation accuracy could
not be calculated for Robbins Schug et al. [55] because a method for calculating interval estimates
was not provided. Mean squared error (MSE) is the average squared distance between the point
estimate and the known stature.
Truncated o MSE Full o MSE
Method Long Bone Sample Size Accuracy (%) (in cm) Sample Size Accuracy (%) (in cm)
Femur 15 26.67 38.14 117 53.85 20.96
Brits et al. [1] Tibia 16 43.75 33.14 115 45.22 37.57
Diaphyseal L
ower
(Femur + Tibia) 15 26.67 35.19 114 56.14 16.41
Femur 15 0.00 167.90 117 6.83 108.20
Brits et al. [1] Tibia 16 0.00 163.59 115 20.00 117.84
Maximum L
ower
(Femur + Tibia) 15 0.00 175.61 114 8.77 114.20
Humerus 73 91.78 29.52 117 94.02 28.81
Radius 72 95.83 30.33 115 97.39 26.42
Ulna 73 95.89 25.33 116 97.41 24.49
U
Chu & Stull [51]/ (Humerulszi{a dius) 72 94.44 27.62 115 95.65 23.62
KS: Stature
Linear Femur 73 98.63 19.76 117 99.15 17.91
Tibia 73 97.26 25.48 115 98.26 2321
Fibula 73 98.63 22.59 114 98.25 20.32
(FemLu‘;‘Xe;ibia) 72 98.61 21.42 114 99.12 18.32
Humerus 73 95.89 15.10 117 94.87 18.15
Radius 72 97.22 16.85 115 98.26 14.96
Ulna 73 98.63 12.57 116 98.28 14.36
U
Chu & Stull [51]/ (Humemf;}’f%a dius) 72 98.61 1334 115 98.26 13.62
KS: Stature
Nonlinear Femur 73 95.89 12.71 117 96.58 13.21
Tibia 73 97.26 15.85 115 97.39 15.75
Fibula 73 98.63 12.70 114 98.25 12.63
Lower 72 98.61 12.22 114 97.37 1230

(Femur + Tibia)
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Table 3. Cont.

Truncated o MSE Full o MSE
Method Long Bone Sample Size Accuracy (%) (in cm) Sample Size Accuracy (%) (in cm)
Humerus 53 94.34 12.85 117 73.50 49.51

Radius 53 96.23 16.11 115 71.30 64.56

Murray et al. [13] Ulna 53 100.00 11.31 116 81.90 40.47
Femur 53 92.45 15.09 117 69.23 44.48

Tibia 53 96.23 16.45 115 78.26 36.79

Robbins

Schug et al. [55] Femur 37 - 15.92 117 - 29.38
Humerus 17 82.35 24.54 117 75.21 25.84

Radius 17 82.35 19.27 115 7217 31.40

Ulna 17 82.35 15.24 116 81.03 20.51

Smith [14] Femur 17 52.94 28.04 117 78.63 17.57
Tibia 17 64.71 21.29 115 57.39 30.38

Fibula 17 58.82 22.23 114 49.12 32.86

Lower 17 47.06 2247 114 61.14 20.12

(Femur + Tibia)

3.1. Age Estimation Methods

Estimates provided by linear equations from Cardoso and colleagues [50] using the
truncated sample resulted in validation accuracies ranging from 89.09 to 96.36% and MSE
values ranging from 1.23 to 1.92 years. Estimates using the full sample showed lower
accuracies of 52.99-60.00% and increased MSE ranging from 14.28 to 17.60 years. The
average generated 95% confidence interval for both the truncated and overall samples was
4.59 years. The MCP-5-Age method by Stull and colleagues [56] produced validation accu-
racies of 85.00-96.72% and MSE ranging from 1.35 to 2.10 years using the truncated sample.
The average 95% credible interval for the truncated sample was 3.18 years. The full sample
yielded lower accuracies of 61.74-71.79% and increased MSE values of 11.72-14.97 years.
The average generated 95% credible interval for the full sample was 5.18 years. Validation
accuracy could not be evaluated for the remaining three methods, as they did not provide
guidance for calculating age intervals. However, for Facchini & Veschi [52], linear equation
estimates produced MSE values ranging from 0.95 to 2.12 years for the truncated sample
and 17.36-28.40 years for the full sample. The tibia length equation from Lépez-Costas and
colleagues [53] produced an MSE of 1.82 years for the truncated sample and 16.38 years
for the full sample. Finally, the femur length equation from Rissech and colleagues [54]
produced an MSE of 3.19 years for the truncated sample and 17.23 years for the full sample.
On average, the linear methods provided by Cardoso and colleagues [50] produced a
validation accuracy of 92.43% and MSE of 1.66 years for the truncated sample (n = 55;
0-13 years) and a validation accuracy of 47.49% and MSE of 15.78 years for the full sample.
The nonlinear methods provided by MCP-S-Age [54] produced an average validation accu-
racy of 90.87% and MSE of 1.55 years for the truncated sample (1 = 60 or n = 61; 0-16 years)
and a validation accuracy of 67.29% and MSE of 13.27 years for the full sample.

Bias in the age estimates generated by each method for the full Japanese validation
sample is presented as Bland—Altman plots in Figure 2. A general trend of initial under-
estimation (trending above zero) followed by overestimation (trending below zero) and
then again underestimation of age is observed by most methods. However, the degree and
timing of over- and underestimation vary by method. MCP-5-Age [56] point estimates
maintain the least amount of bias in age for the longest time, demonstrating a trendline
hovering around zero until age five, before overestimating age from five to 17 years and
then underestimating age until 25 years. All methods produce age estimates within two
to three years of known age until age 10 and within five years of known age until age 20.
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Residuals (years)

From ages 20-25, all methods underestimate age by five or more years, with increasing bias
as age increases. Results suggest that the application of age estimation using long bone
lengths may be extended beyond the current 12-17 age restriction of all methods to about
20 years, with expectations of lower precision.

Cardoso et al. (2014)

Facchini & Veschi (2004) Stull et al. (2022) Rissech et al. (2008) Lopez-Costas et al. (2012)

sniawnyH

snipey

euin

nwa4

eiqiL

enqiy

Known Age (years)

Figure 2. Bland-Altman plot demonstrating bias in predicted age generated by each method
(columns) and by each long bone (rows) for the entire Japanese validation sample. Female = blue-
filled circles. Male = orange-filled circles. A LOESS trendline (black solid line) is used to demonstrate
the pattern of bias across known age (x-axis). Residuals (y-axis) were calculated as predicted age
subtracted from known age. Age is overestimated when the trendline falls below zero and is underes-
timated when the trendline is above zero [50,52-54,56].

3.2. Stature Estimation Methods

Stature estimation methods by Brits and colleagues [1] use either diaphyseal or maxi-
mum length measurements of the lower limb. Diaphyseal linear models using the truncated
sample ranged from 26.67 to 43.75%, and MSE values ranged from 33.14 to 38.14 cm. The full
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sample resulted in accuracies of 45.22-56.14% and MSE values ranging between 16.41 and
37.57 cm. The maximum length linear models produced 0.00% accuracy for all models
using the truncated sample, with MSE values ranging from 163.59 to 175.61 cm. The full
sample resulted in accuracies of 6.83-20.00% and MSE ranging from 108.20 to 117.84 cm.
The KS: Stature method by Chu and Stull [51] estimates stature using either linear or
nonlinear regression. Linear estimates using the truncated sample resulted in validation
accuracies ranging from 91.78 to 98.63% and MSE values ranging from 19.76 to 30.33 cm.
The full sample resulted in improved accuracies ranging from 94.02 to 99.15% and lower
MSE ranging from 17.91 to 28.81 cm. Nonlinear models using the truncated sample resulted
in validation accuracies ranging from 95.89 to 98.63% and MSE values ranging from 12.22 to
16.85 cm. The full sample produced accuracies ranging from 94.87 to 98.28% and MSE
values of 12.30-18.15 cm. For Murray and colleagues [13], linear models using the truncated
sample resulted in accuracy ranging from 92.45 to 100% and MSE values ranging from
11.31 to 16.45 cm. The full sample resulted in accuracies ranging from 69.23 to 81.90% and
MSE ranging from 36.79 to 64.56 cm. For Smith [14], linear models using the truncated
sample produced accuracies ranging from 47.06 to 82.35% with MSE values ranging from
15.24 t0 28.04 cm. The full sample produced validation accuracies of 49.12-81.03% and MSE
values of 17.57-32.86 cm. Validation accuracy could not be evaluated for the femur method
by Robbins Schug and colleagues [55]. However, the method yielded an MSE of 15.92 cm
for the truncated sample and 29.38 cm for the full sample. On average, the linear methods
(see Table 3) produced a validation accuracy of 68.26% and MSE of 40.02 cm for the trun-
cated sample and a validation accuracy of 69.19% and MSE of 38.95 cm for the full sample.
The nonlinear methods provided by Chu and Stull [51] produced an average validation
accuracy of 97.59% and MSE of 13.92 cm for the truncated sample and a validation accuracy
of 97.41% and MSE of 14.36 cm for the full sample. Among all methods, stature estimates
from linear regression equations by Brits and colleagues [1] and Chu and Stull [51] are the
only cases of improved performance when transitioning from truncated sample metrics
and full sample metrics, which explains the marginal improvement of the global linear
method validation accuracy and precision observed for the full sample compared to the
truncated sample.

Bias in the stature estimates generated by each method using the full Japanese sample
is presented using Bland—Altman plots (Figure 3). Each method generates a different trend
in estimation bias and varies in timing. Nonlinear equations from KS: Stature [51] generate
relatively little bias in stature estimates (trends hovering around zero) for the entire Japanese
validation sample. Linear equations by KS: Stature [51] demonstrate an underestimation of
stature by 5 cm until age 12, followed by relatively low levels of bias from 12 to 25 years.
Stature estimates from Smith [14] initially overestimate stature from birth until two years,
followed by an underestimation of stature that either stabilizes around 5 cm or falls back
around zero bias from 15 to 25 years. Murray and colleagues’ [13] and Robbins Schug
and colleagues’ [55] equations both initially show little bias in stature estimates from
birth until five years, followed by an overestimation of stature of around 5-10 cm from
5 to 25 years. Finally, Brits and colleagues’ [1] equations using diaphyseal lengths show
different patterns based on long bone length. Trendlines for estimates from the femur and
lower limb (femur + tibia) follow similar patterns, with greater underestimation of stature
from birth to 10 years and then relatively low levels of bias, with the trendline hovering
around zero for ages 10-25. The trendline for estimates from the tibia shows an initial
overestimation of stature until age five and then an underestimation of stature, stabilizing
around 5 cm from ages 5-25. All estimates generated by maximum length equations from
Brits and colleagues [1] show an underestimation of stature of greater magnitude than most
other methods, with trendlines hovering around 10 cm. All methods tend to generate point
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estimates with greater bias for males (orange-filled circles) than females (blue-filled circles),
with few exceptions (Figure 3).

Ch(l%g‘zgull Ch(lég‘zfs,)tull Smith Murray et al. Br(i;%?;?l' Br(i;%;e;)al. Robb‘ier;smSchug
Linear Nonlinear (2007) (2028) Diaphyseal Maximum (2013)
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Figure 3. Bland-Altman plot demonstrating bias in predicted stature generated by each method
(columns) and by each long bone (rows) for the entire Japanese validation sample. Female = blue-
filled circles. Male = orange-filled circles. A LOESS trendline (black solid line) is used to demonstrate
the pattern of bias across known age (x-axis) to show bias in stature estimates as age increases.
Residuals (y-axis) were calculated as predicted stature subtracted from known stature. Stature is
overestimated when the trendline falls below zero and is underestimated when the trendline is above
zero [1,13,14,51,55].
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4. Discussion

The present study is the first to validate ten selected age and stature estimation
methods utilizing long bone lengths on a Japanese subadult sample. In some cases, this
study is the first instance of method validation [1,50-52,55,56], moving these methods
one step closer to inclusion in forensic anthropological casework in line with current legal
standards [6,7,9,43,44]. The Japanese sample used in this study serves two functions: (1) as a
validation sample completely distinct from the reference samples from which each method
was trained, and (2) to evaluate which methods are most applicable to forensic casework
regarding Japanese individuals until population-specific or global methods can be created
(Figure 4). Methods were evaluated in terms of validation accuracy, precision, and bias of
generated output, both for the truncated ages following reference sample age ranges from
each method and the entire Japanese validation sample.

High Validation High Validation Provides Prediction
Accuracy Precision Interval

Stull et al. (2022) / MCP-S-Age

Subadult Age

Cardoso et al. (2014)

Chu & Stull (2025) / KS: Stature

Subadult Stature

Murray et al. (2024)

Figure 4. Recommended methods for subadult age (purple) and subadult stature (yellow) estimation
for cases regarding Japanese individuals. Methods were chosen based on validation accuracy,
validation precision, and meeting the standards outlined by the ASB/ANSI [13,43,44,50,51,56].

4.1. Subadult Age Estimation

Five subadult age estimation methods using long bone lengths were validated in
this study. The published standard regarding age estimation in forensic anthropological
casework only mentions the use of diaphyseal dimensions (i.e., lengths and breadths)
for infant and child age estimation [43] (p. 3) and does not provide specific citations for
appropriate methods. It is therefore up to the practitioner to decide which methods to apply
to a subadult case. Age-related guidelines for age estimation methods are cyclical in nature,
as it is difficult to know whether diaphyseal dimensions and/or methods should be used
for age estimation without already estimating a general age based on other factors, such as
dental development or epiphyseal fusion [3,70-73]. While the five age estimation methods
validated in this study include individuals beyond infancy and childhood (see Table 1),
they all have a restricted age range in consideration of epiphyseal fusion [50,52-54,56].

All methods demonstrated a marked improvement in precision of age estimates,
changing from a maximum MSE of 28 years to a maximum MSE of three years when
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restricting the Japanese validation sample to ages matching reference data age ranges
(Table 2). Results confirm that methods are more precise when used within the confines of
reference sample demographics, which should be considered when selecting a method [43];
however, this again poses a cyclical issue of knowing age before applying an age estimation
method. This study therefore also evaluated the applicability of subadult age estimation
methods beyond the age ranges of the reference samples, as is more realistic in forensic
casework where age is unknown. As demonstrated in Figure 2, all methods were still
able to produce age estimates within five years of known age until 20 years, pointing to
the potential of long bone measurements to contribute to age estimation beyond younger
(<12) age ranges. Understanding the utility of long bones in the subadult biological
profile is important because long bones are more likely to be recovered from forensic
contexts [40]. Still, subadult age estimation methods using dentition and epiphyses are
far more numerous in the literature [2,74]. These findings suggest that the utility of long
bone lengths for subadult age estimation may extend beyond the start of epiphyseal fusion
and that maximum length measurements should also be considered for integration in
future methods.

Validation accuracy could only be calculated for two out of five methods, Cardoso and
colleagues [50] and MCP-S-Age [56], as they are the only two that provided guidance on
how to calculate age ranges using their method (Table 3). Methods that do not provide a
means for calculating age intervals, and therefore accuracy, do not meet the criteria of the
current standards [43]. While both methods failed to reach above 80% validation accuracy
for the entire Japanese validation sample, they achieved 88% validation accuracy or better
when considering only the age ranges used in the reference samples. These findings indicate
that methods for subadult age estimation using long bone lengths are most applicable to
individuals aged from birth to 16 years. The Bland—-Altman plot (Figure 2) suggests that
extending the applicable age range of these methods to 20 years does not significantly
impact the precision of the point estimates, and therefore estimated age ranges, keeping
the bias within 2.5 years.

In general, Cardoso and colleagues [50] achieved an average truncated validation
accuracy of 92.43% for individuals aged from birth to 13, while MCP-S-Age [56] achieved
an average truncated validation accuracy of 90.89% for individuals aged from birth to 16.
In method evaluation, it is also important to reiterate that the approaches for calculating
age ranges also differ between the methods. Cardoso and colleagues [50] calculate 95%
confidence intervals by multiplying the mean standard error for each equation by two and
adding or subtracting that value from the point estimate generated by the linear equation.
While confidence intervals are noted as acceptable means for calculating age ranges for
forensic anthropology casework [43], others have noted that confidence intervals are only
applicable to the reference sample and should not be applied to new data [56,57,74]. This
recommendation should be taken into consideration by practitioners, especially when faced
with unknown individuals who may not fit the same demographics as a method’s reference
sample, as is the case in the current study. Stull and colleagues [56] provide a 95% credible
interval, which is akin to a prediction interval but using a Bayesian framework [58,59],
which also meets the criteria set forth by Standards [43].

When evaluating precision, bias, and validation accuracy, the authors recommend
using MCP-5-Age [56] for subadult age estimation using long bone lengths, especially when
a general age below 12 years cannot be ascertained using other developmental indicators.
However, it should be noted that the equations from Cardoso and colleagues [50] may also
be used in forensic casework once guidance for calculating a prediction interval is provided.
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4.2. Subadult Stature Estimation

Five subadult stature estimation methods using long bone lengths were validated in
this study. Published standards regarding stature estimation in forensic anthropological
casework provide only one recommendation for subadult stature estimation [44], which is
Smith [14]. The reference sample age range for Smith [14] is from three to 10 years, making
it unclear whether stature should be estimated for individuals outside that age range (e.g.,
from birth to three years or 10-25). All other stature estimation methods validated in
this study (see Table 1) include age ranges outside of that of Smith [14]. To the author’s
knowledge, Smith [14] has only been validated one other time by Cardoso [75] in com-
parison to other stature estimation studies from archeological and historic samples [76,77].
Cardoso found that of the three methods, Smith’s [14] method produced the smallest
residual, meaning the smallest distance between known stature and estimated stature. As
the current study focuses on contemporary forensic casework, methods provided by Telkka
and colleagues [77] and Feldesman [76] were not validated in the present study because
their samples are incompatible. The research presented here is also important as the first
validation of four of the five stature estimation methods tested here.

All methods demonstrated a marked improvement in precision (between 3.66 cm and
32.90 cm MSE) of subadult stature estimation for truncated age ranges compared to full
age ranges, except for estimates produced by KS: Stature [51] and Brits and colleagues [1].
Improved precision using the full sample for KS: Stature [51] is most likely because while
the reference age range extends from birth to 20 years, there does not appear to be any
additional bias for stature estimates from 20 to 25 years (Figure 3). Further investigation of
the stature estimates produced by Brits and colleagues [1] revealed that while most stature
estimates yielded low residuals (differences between estimated stature and known stature),
there were a few individuals whose stature was estimated to be 10 cm or larger than their
known stature—therefore compounding the amount of error observed in the MSE value.
Additionally, the age range of the maximum length reference sample (10-17 years) still
showed significant underestimation of stature for the Japanese sample, while younger ages
(<5) actually revealed less bias in stature estimates, especially when using the diaphyseal
length equations (Figure 3). While fluctuations in bias (over- and underestimation) in stature
estimates are observed for all methods (Figure 3), a general stabilization or reduction in
bias occurs around age 12; thus, it does not appear that stature estimates become worse
as age increases after 12 years. These findings suggest that all stature estimation methods
validated in this study may be applied to individuals outside the reference sample age
range, to individuals as old as 25 years.

Validation accuracy could be calculated for all methods except for Robbins Schug and
colleagues’ [55] femur method. Again, KS: Stature [51] methods were able to achieve a
validation accuracy of 91.78% or greater for both the truncated and full Japanese valida-
tion samples, whereas Murray and colleagues [13] and Smith [14] achieved a maximum
of 81.89% validation accuracy for the full sample. However, when evaluating only the
truncated age range, Murray and colleagues’ [13] methods achieved 92.25% or greater
validation accuracy, and Smith’s [14] methods achieved a maximum validation accuracy of
82.35%. In contrast, Brits and colleagues’ [1] estimates yielded low (0.00-56.14%) validation
accuracy. These results suggest that there may be significant differences in the relationships
between long bone length and stature for the Smith [14] sample (i.e., the Denver Growth
Study) versus the more contemporary samples for Murray and colleagues [13] and KS:
Stature [51]. In fact, there may be some overlap in reference individuals between Murray
and colleagues [13] and KS: Stature [51], which both use data from the New Mexico Dece-
dent Image Database [78,79]. Beyond the fact that the validation sample is of Japanese
origin, which does not match the reference samples used for the stature estimation methods,
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stark differences in the accuracy of stature estimates between methods also suggest secular
change in overall stature [80-83]. Previous research into the secular change in Japanese
individuals has also demonstrated similar limb-to-stature ratios but differences in absolute
stature when compared to individuals from the United States [24,25,84].

Evaluating the precision and accuracy of stature estimates also extends beyond refer-
ence age ranges. For example, the large MSE values from Brits and colleagues’ [1] methods
suggest that the reference sample of Black South African individuals is not as appropriate
for stature estimation of Japanese individuals compared to the largely Western European
samples represented by the other stature estimation methods (see Table 1). Stature estimates
from Brits and colleagues [1] also had the lowest accuracy rates, suggesting that the differ-
ence in proportions between Black South African individuals and Japanese individuals is
much more pronounced than that of individuals from the United States or Western Europe.

As is true with subadult age estimation, the subadult stature estimation methods
differed in their calculation of a stature interval. Smith [14] and Murray and colleagues [13]
both recommend calculating a 95% confidence interval by either multiplying the standard
error of estimate by two or 1.96, respectively, and adding or subtracting that value from
the point estimate. These resulted in estimated intervals ranging between 7.88 cm and
12.64 cm for Smith [14] and intervals ranging from 14.62 cm to 17.44 cm for Murray and
colleagues [13]. Similarly, Brits and colleagues [1] recommend adding or subtracting the
standard error of estimate from the point estimate. However, no additional multiplication is
recommended, meaning that the estimated intervals only capture 47.50% of the distribution
instead, resulting in much narrower ranges (between 6.32 cm and 7.54 cm). Standards
recommend the reporting of a 90% (or higher) prediction interval and make no mention
of confidence intervals [44]. KS: Stature [51] equations provide 95% prediction intervals,
ranging from 16.9 cm to 18.90 cm for nonlinear models and 20.4 cm to 24.5 cm for linear
models. While the ranges provided by KS: Stature [51] and Murray and colleagues [13]
are much wider compared to those from Smith [14], prediction intervals are always larger
than confidence intervals to account for variation in a population that is not captured by a
reference sample [75]. Still, as Smith [14] also notes, to what extent is stature estimation
helpful in narrowing missing persons reports for subadults when the estimated stature
range covers half to almost an entire foot? The standard for stature estimation includes
a caveat that stature estimation should never be the sole criterion for exclusion when
narrowing missing persons reports [44], suggesting that stature is not the most identifying
aspect of the adult or subadult biological profile.

When evaluating precision, bias, and validation accuracy, the authors recommend
using KS: Stature [51] for subadult estimation using long bone lengths. Not only did KS:
Stature [51] produce the highest validation accuracy, but it also demonstrated the least
amount of bias (Figure 3) across the full validation sample age range, especially when using
the nonlinear models. However, it should be noted that the equations provided by Murray
and colleagues [13] also produced high validation accuracies that show their ability to
accurately estimate stature for Japanese individuals. However, Murray and colleagues [13]
do not provide a means of calculating a 95% prediction interval, which is the required
criterion for standards [44].

4.3. Recommendations

When considering which methods to use for forensic anthropological analysis and
subsequent reporting, it is important to consider several factors. Results of this study
suggest that the best-performing methods for use in Japanese forensic anthropological
casework regarding subadults are the MCP-5-Age method from Stull and colleagues [56]
for age estimation and the nonlinear KS: Stature methods from Chu and Stull [51] for stature
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estimation. These conclusions were not made solely based on high accuracy and precision
for the Japanese validation sample but also due to additional context and considerations—
applicable to all cases of subadult remains, regardless of presumed geographic origin—that
are outlined below.

1.  Appropriate reference samples

Table 1 demonstrates the prevalence of methods for estimating the subadult biological
profile trained on WEIRD (“Westernized, Educated, Industrial, Rich, and Democratic”) ref-
erence data—a common theme in forensic anthropology as a discipline [15] but also preva-
lent in other fields [85-87]. Poor stature estimates produced by Brits and colleagues’ [1]
equations on the Japanese validation sample further the dialog on the importance of
diversifying skeletal reference material for the applicability of non-WEIRD individuals,
either through population-specific methods or moving towards global models that capture
greater variation. Different aspects of the subadult biological profile may require differ-
ent considerations. Research has demonstrated that generic equations may outperform
population-specific equations for estimating adult stature [88]. As demonstrated in this
study, however, reference sample demographics do not consist only of geographic origin or
genetic history but also temporality. For example, patterns of growth and development
have been shown to vary by location, socioeconomic status, and secular change [23,89,90].
It is therefore important to continue to strive for more diverse and contemporaneous
sources of subadult skeletal reference data to (1) create and test generic subadult meth-
ods against population-specific ones and (2) verify that current methods of estimating
the subadult biological profile are accurate for groups that differ geographically from the
reference samples. The methods developed by Stull and colleagues [56], Chu and Stull [51],
and Murray and colleagues [13] were all trained on subsets of the New Mexico Decedent
Image Database [78,79], which is more diverse and temporally relevant to the Japanese
validation study.

2. Statistical methods that reflect biology

Growth and development are not a linear process. However, subadult methods have
only recently begun to incorporate nonlinear statistical approaches to estimating aspects of
the biological profile [71,91,92]. The subadult biological profile methods validated in this
study rely on the strong relationship between long bone length and chronological age or
stature. Neither of these relationships is linear (Figure 5), which is supported by the fact
that the two nonlinear methods, MCP-5-Age [56] and KS: Stature [51], outperformed the
linear methods validated in this study when evaluating the full Japanese validation sample.
While linear methods validated in this study did perform with high validation accuracy
and precision for their respective truncated samples (Tables 2 and 3), they are restricted to
the narrow age ranges for which the methods can be applied. As previously mentioned,
this also requires the practitioner to make prior assessments on whether the age of the
unknown individual falls within a method’s reference sample age range before utilizing a
method. In addition, the rigidity of linear regression is prone to over- and underestimating
age and stature at different points over the process of growth and development (i.e., age), as
is observed in Figures 2 and 3. As age increases, the relationships modeled by subadult age
and stature methods using long bone lengths change (Figure 5). However, linear regression
assumes an infinitely continuous process, which is why a marked increase in the amount
of bias for all linear methods was observed in the present study (Figures 2 and 3) and the
marked decrease in validation accuracy and precision when comparing performance using
the truncated and full samples (Tables 2 and 3). The validation of KS: Stature [51] provides
a stark demonstration of the difference in performance between linear and nonlinear
stature estimation equations, as the method provides both. While validation accuracies
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for the linear and nonlinear equations produced by KS: Stature were similar for both the
truncated and full samples, precision improved by roughly 5-15 cm when comparing linear
to nonlinear point estimates (Table 3).

200 300 400 500
Femur Length (mm)

160

120

Stature (cm)

80 -

200 300 400 500
Femur Length (mm)

Figure 5. Relationship between femur length (x-axis) and age (top, y-axis) or stature (bottom, y-axis).
A LOESS line (black solid line) was fit to each relationship for combined sex. A linear regression
(red dashed line) was also fit to each relationship for combined sex. Females = blue-filled circles.

Males = orange-filled circles.

3.  Consult Standards

The role of published standards is to provide best-practice guidelines for all practi-
tioners of forensic anthropology [9,93,94]. It is important to follow recommendations for
method selection, such as the choice of appropriate reference materials, but also how to
report estimates for the biological profile, which may differ based on age, sex, stature, or
population affinity. For example, the Standard for Age Estimation in Forensic Anthropology
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is more relaxed in their recommendations, only specifying the following: “An age estimate
shall be reported as an interval, per method specification (e.g., 95% confidence interval, 95%
prediction interval, two-standard deviation range, posterior probabilities) [emphasis added]. . .the
point estimate shall not be used in isolation without consideration of the interval (e.g., to
answer the question of whether an individual has attained the age of majority)” [43] (p. 4).
In contrast, the Standard for Stature Estimation in Forensic Anthropology is more specific in
their recommendation: “...a 90% (or greater) prediction interval [emphasis added] should be
reported” [44] (p. 3). Many of the methods validated in this study do not meet the current
guidelines set by their respective standards, as they either (a) do not provide a means for
calculating an interval (for age estimation) or (b) do not provide a means for calculating
a prediction interval (for stature estimation). Practitioners should consider these factors
when selecting methods for forensic anthropological casework.

While results of this validation study present MCP-5-Age [56] and KS: Stature [51]
as the most appropriate for the Japanese validation sample, it is important to also note
the other now-validated methods that may still be considered for forensic anthropological
casework. The age estimation method from Cardoso and colleagues [50] still produced high
validation accuracy for individuals between birth and 13 years, making it an appropriate
method for practitioners who believe the unknown individual to fall within that age
range and specific reference population. Stature estimates produced by Murray and
colleagues’ [13] equations also produced high validation accuracy for individuals within
their reference demographic age range (birth to 12 years), suggesting the applicability of
the method in forensic anthropological casework. While the current method from Murray
and colleagues [13] only provides guidance for calculating the 95% confidence intervals,
which is not in line with published standards, methods for reporting a prediction interval
from pre-existing equations can be explored. In the case where the demographics of the
reference data used by Cardoso and colleagues [50] and Murray and colleagues [13] may
be more appropriate, the authors also recommend that their methods be considered.

4.4. Limitations, Considerations, and Future Directions

Limitations of this study include the geographic distance of Japan from the rest of
the countries/populations used as reference data for each method and the small sample
sizes of the Japanese sample per age cohort. However, the present validation sample size
(n = 118) is larger than the reference sample sizes of some of the methods in this study
(Table 1) and other subadult validation studies [13,75]. Another consideration in the design
of this project is the choice of including ages ranging from birth to 25 years. As observed by
all methods validated in this sample, the designation of “subadult” appears to terminate
around 18 years, with the exception of KS: Stature [51], which terminates at 20 years. While
18 years is a common legal age of majority, this cut-off point for distinguishing subadults
from adults is arbitrary in biology, as there is no biological basis for establishing 18 years
as a boundary for adulthood. For this project, the validation sample age range extended
beyond 18 years to 25 years, following the concept that adulthood begins at the cessation
of skeletal growth and development. As such, 25 years was chosen because it coincides
with the final stages of medial clavicle fusion [45] and obliteration of epiphyseal growth
lines [46], which would suggest that the period of skeletal growth and development has
subsided. The inclusion of validation individuals beyond the legal age of majority cut-
off also allows for variation (e.g., potential acceleration or deceleration) in the trajectory
of growth and development of Japanese individuals compared to the method reference
populations. Finally, with ever-increasing diversity and prevalence of subadult skeletal
reference data through virtual anthropology [12,29,30], future validation samples may
better reflect reference sample demographics for a more comprehensive study. Additionally,
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increasing subadult Japanese reference data may result in population-specific methods of
age and stature estimation, with the final goal of incorporating all data into global models
where geographic origin is not considered an a priori requirement [51,56,88].

5. Conclusions

The goal of the present study was to validate subadult age and stature estimation
methods commonly found in the literature on a contemporary Japanese sample to broadly
establish method applicability in forensic casework for subadults and, specifically, to pro-
vide recommendations for methods most applicable for Japanese individuals. For nine out
of the ten methods explored in this study;, this is the first instance of method validation,
which is an important step in meeting the criteria for medicolegal casework [6,7,43,44].
Methods that utilized reference data that were more demographically diverse and pro-
duced wider interval estimates performed better in terms of point estimate precision and
validation accuracy. Secular change appears to have a more nuanced effect on stature
estimation than age estimation, and nonlinear regression generally outperformed linear re-
gression. Method validation remains an important, but often overlooked, aspect of forensic
anthropological research. It is therefore imperative that validation studies continue to test
the applicability of methods on diverse demographic samples and, until more comprehen-
sive methods can be created and validated, explore the extent to which methods may be
applied to individuals falling outside the demographic boundaries of the reference sample.
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size of one.
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