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Abstract

Background: Sex estimation from skeletal remains is important for forensic identification,
but many methodologies focus on complete elements despite high fragmentation rates
in operational contexts. The aim of this study was to develop and validate discriminant
function equations for sex estimation between complete and fragmented Thai femora.
Materials and Methods: A total of 560 adult femora (280 males and 280 females) were
used for measurements of eight osteometric variables. Then, discriminant function analysis
was applied to complete femora and anatomically isolated segments, including proximal,
diaphyseal, and distal, with leave-one-out cross-validation. Results: All measurements
showed significant sexual dimorphism, with percentage differences ranging from 6.56%
to 42.27%. Complete femur stepwise analysis achieved 90.47% accuracy by using four
optimally selected variables, performing comparably to eight-variable models. Isolated
segment accuracies varied substantially: proximal segments achieved 89.64% accuracy,
differing by only 0.83 percentage points from complete performance; distal segments
demonstrated 86.25% accuracy from bicondylar width alone; and diaphyseal segments
achieved 80.88%. Combined segment approaches demonstrated synergistic effects ap-
proaching complete femur performance. Conclusions: These population-specific equations
provided validated methodologies for sex estimation from complete and fragmentary Thai
femora. Anatomical region selection still maintained high classification accuracy despite
skeletal incompleteness, in line with the fragmentary conditions commonly encountered in
forensic and archeological contexts.

Keywords: sex estimation; femur; fragmentary remains; discriminant function analysis;
Thai population

1. Introduction

A biological profile provides basic information for the identification of unknown
human skeletal remains in forensic anthropological practice, including estimations of sex,
age at death, stature, and population affinity [1]. Among those parameters, sex estimation
is paramount as it immediately reduces potential identities by approximately half and
provides critical context for subsequent biological profile components. While the pelvis
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and cranium are commonly used as the primary indicators due to their noticeable sexual
dimorphism, these elements are often absent or poorly preserved in forensic contexts [2].
Therefore, alternative skeletal elements are being elucidated. As demonstrated previously,
the femur, combining considerable sexual dimorphism with robust preservation charac-
teristics, can be a valuable alternative for sex estimation when primary indicators are
unavailable [3,4].

Previous studies across diverse populations have revealed the reliability of femoral
osteometric analysis for sex estimation, with high accuracies between 80% and 95% ob-
served for complete elements [5-7]. It is known that the many anatomical parts of the
femur can exhibit sexually dimorphic characteristics, including the proximal, midshaft, and
distal regions [3,5,7]. Discriminant function analysis has remained the predominant ana-
lytical approach for developing sex classification equations, valued for producing explicit
mathematical functions directly applicable to forensic casework [8,9]. However, despite
consistent validation of femoral metrics across populations, published methodologies have
overwhelmingly focused on the complete, intact specimens examined under controlled
laboratory conditions [10,11]. While this study similarly employs complete femora to
establish baseline standards, it extends analysis to isolated anatomical segments to address
the fragmentary conditions commonly encountered in forensic practice.

In general, bone fragmentation can occur through perimortem trauma, postmortem
carnivore activity, environmental degradation, and extended taphonomic processes, which
are routinely encountered in forensic recovery contexts [12-15]. Although the complete
femora demonstrate high classification accuracy, the performance of sex estimation meth-
ods applied to systematically isolated anatomical segments remains under characterized.
Previously, Ranaweera and coworkers [16] examined multiple segments in a Sri Lankan
population. In Thailand, such systematic evaluation with rigorous cross-validation across
all femoral regions needs to be elucidated because population-specific morphological
variations may influence discriminatory capacity.

This study attempted to address this gap by systematically evaluating sex classification
performance across isolated femoral segments using discriminant function analysis. It was
applied separately to proximal, diaphyseal, and distal measurements in comparisons with
complete femur models.

2. Materials and Methods
2.1. Samples and Ethical Considerations

This cross-sectional study examined 560 adult human femora (280 male, 280 female)
from the Unit of Human Bone Warehouse for Research (UHBWR), Department of Anatomy,
Faculty of Medicine, Khon Kaen University, Thailand. All specimens were obtained from a
documented body donation unit with confirmed sex, age, and population affinity infor-
mation. Individuals ranged in age from 20 to 80 years at death. Inclusion criteria required
complete skeletal maturity, known biological sex, and absence of pathological conditions or
traumatic damage affecting the femur. Specimens with visible pathological alterations were
excluded during visual inspection. Data collection and osteometric measurements were
conducted between October 2024 and April 2025. This research received ethical approval
from the Center for Ethics in Human Research, Khon Kaen University (approval number
HE671557) 2 October 2024.

2.2. Measurements and Metric Analyses

Seven standard osteometric variables (Figure 1) and the weights of femurs were
recorded from each sample following established anatomical landmarks and measure-
ment protocols.
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Figure 1. Femoral osteometric measurements. FHD: femoral vertical head diameter, FMC: femoral
midshaft circumference, FML: femur maximum length, APD: anteroposterior midshaft diameter,
FNC: femoral neck circumference, FPL: femur physiological length, FBW: femoral bicondylar width.

1.  Femur maximum length (FML) was measured as the greatest distance from the most
superior point of the femoral head to the most inferior point of the condyle.

2. Femur physiological length (FPL) represented the distance from the most superior
point of the femoral greater trochanter to the inferior margin of the intercondy-
lar notch.

3. Femur weight (FW) was measured using a digital precision scale.

4. Anteroposterior midshaft diameter (APD) was recorded as the maximum anteropos-
terior diameter at the femoral midpoint.

5. Femoral midshaft circumference (FMC) was obtained at the midpoint location using a
flexible measuring tape.

6.  Femoral vertical head diameter (FHD) was defined as the maximum superior—inferior
diameter of the femoral head measured with digital calipers.

7. Femoral neck circumference (FNC) was measured at the narrowest point of the femoral
neck using a flexible measuring tape.

8.  Femoral bicondylar width (FBW) represented the maximum mediolateral distance
across both condyles measured with the posterior condylar surfaces.

All measurements were performed by two trained observers with prior experience
in osteometric data collection. Each specimen was measured twice by each observer on
separate occasions to assess both inter-observer and intra-observer measurement reliability.
Linear dimensions were recorded to the nearest 0.01 mm using digital sliding calipers,
while circumferences were measured to the nearest millimeter using a flexible measuring
tape, and weight was recorded to the nearest gram.

2.3. Statistical Analyses

Measurement reliability was evaluated using the technical error of measurement
(TEM), relative technical error of measurement (rTEM), and coefficient of reliability (R) for
both inter-observer and intra-observer assessments. Acceptable reliability thresholds were
set at 'TEM < 5% and R > 0.95. Descriptive statistics (mean and standard deviation) were
calculated for each variable by sex, and sexual dimorphism was assessed using indepen-
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dent samples t-tests. Discriminant function analysis (DFA) was performed to develop sex
classification equations for seven models. For the complete femur model, two approaches
were employed: the stepwise method using Wilks” lambda and the direct entry method in-
corporating all eight variables simultaneously. DFA was also applied to proximal (femoral
vertical head diameter and femoral neck circumference), diaphyseal (anteroposterior mid-
shaft diameter and femoral midshaft circumference), and distal (femoral bicondylar width)
segments, as well as combined segment models (proximal-diaphyseal, proximal-distal,
and diaphyseal—-distal). All analyses were performed in IBM SPSS Statistics version 26.0.
Classification accuracy was assessed using leave-one-out cross-validation with equal prior
probabilities. Statistical significance for t-tests and Wilks’ lambda was set at o« = 0.05.

3. Results
3.1. Measurement Reliability

All osteometric variables demonstrated high measurement reliability (Table 1). Intra-
observer assessment showed excellent consistency, with rTEM below 1% and R values
exceeding 0.99 for all parameters. Inter-observer reliability remained acceptable, with rTEM
ranging from 0.48% to 2.83% and R values above 0.88. Femoral head diameter exhibited
the highest inter-observer variability (rTEM = 2.83%) but remained within acceptable
thresholds. All variables met the predetermined reliability criteria (fTEM < 5%, R > 0.95 for
intra-observer; R > 0.85 for inter-observer), confirming adequate measurement precision for
discriminant function analysis. Femur weight was not included in reliability assessment
as measurements were obtained using a calibrated digital precision scale with automated
recording, eliminating observer-dependent variability.

Table 1. Intra-observer and inter-observer measurement reliability.

Intra Inter
Parameter
TEM (mm) 1TEM (%) R TEM (mm) rTEM (%) R

FML 2.00 0.48 0.993 2.03 0.48 0.993
FPL 1.17 0.29 0.997 2.25 0.57 0.990
APD 0.22 0.80 0.994 0.53 1.92 0.963
FMC 0.34 0.41 0.997 0.86 1.02 0.984
FHD 0.23 0.55 0.996 1.20 2.83 0.886
ENC 0.44 0.47 0.997 1.34 1.43 0.973
FBW 0.22 0.28 0.998 0.64 0.84 0.987

Note: TEM: technical error of measurement; rTEM: relative technical error of measurement; R: coefficient of
reliability; FML: femur maximum length; FPL: femur physiological length; APD: anteroposterior midshaft
diameter; FMC: femoral midshaft circumference; FHD: femoral vertical head diameter; FNC: femoral neck
circumference; FBW: femoral bicondylar width.

3.2. Sexual Dimorphism

Descriptive statistics for all osteometric variables are presented in Table 2. Male femora
consistently exhibited larger dimensions than female femora across all parameters, with
all differences being statistically significant (p < 0.01). The sexual dimorphism magnitude,
expressed as percentage difference, ranged from 6.56% to 42.27%. Femur weight demon-
strated the highest dimorphism (42.27%), followed by femoral neck circumference, femoral
vertical head diameter, and femoral bicondylar width. Linear length measurements showed
lower dimorphism, and t-values ranged from 15.51 to 26.84, with femoral bicondylar width
(t = 26.84), femoral vertical head diameter, and femoral neck circumference demonstrating
high discriminatory capacity, indicating substantial potential for sex classification.
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Table 2. Descriptive statistics and sexual dimorphism of femoral measurements.
Male Female
Parameter % Diff t-Score p-Value
Mean SD Mean SD
FML (mm) 433.61  21.18 405.35  19.21 6.97 16.54 <0.01*
FPL (mm) 408.39 1954 383.26  18.78 6.56 15.51 <0.01 *
FW (g) 336.05  62.89 236.19  46.64 42.27 21.34 <0.01*
APD (mm) 29.05 2.40 25.95 2.05 11.95 16.46 <0.01*
FMC (mm) 87.29 5.73 79.51 5.15 9.78 16.90 <0.01 *
FHD (mm) 45.08 247 40.00 222 12.70 25.49 <0.01*
FNC (mm) 99.76 6.21 88.23 5.34 13.07 23.54 <0.01*
FBW (mm) 80.72 3.87 72.31 3.49 11.63 26.84 <0.01 *

Note: % Diff: percentage difference calculated as [(Male mean — Female mean)/Female mean] x 100. * Significant
difference between sexes (p < 0.01).

3.3. Discriminant Function Analysis for Sex Estimation
3.3.1. Discriminant Function Statistics

Discriminant function statistics revealed varying discriminatory capacity across analyt-
ical approaches (Table 3). Complete femur models demonstrated the strongest performance,
with direct entry and stepwise methods achieving canonical correlations of 0.790 and 0.787,
respectively. Among isolated segments, proximal and distal regions exhibited comparable
discriminatory power (canonical correlations: 0.747 and 0.752), substantially exceeding
that of the diaphyseal segment (0.590). Combined segment models showed intermediate
performance, with the proximal-distal combination yielding the highest canonical correla-
tion (0.771) among combined approaches. All discriminant functions demonstrated highly
significant group separation (Wilks” A = 0.376-0.652, p < 0.01), with eigenvalues ranging
from 0.534 to 1.657 reflecting varying degrees of sex differentiation capacity.

Table 3. Discriminant function statistics for sex classification models.

Analysis Method Canonical R Eigenvalue Wilks’ Lambda  Chi-Square df p-Value
Complete analyses

Direct entry 0.790 1.657 0.376 532.661 8 <0.01
Stepwise 0.787 1.626 0.381 528.019 4 <0.01
Segment analyses

Proximal 0.747 1.266 0.441 453.205 2 <0.01
Diaphyseal 0.590 0.534 0.652 238.417 2 <0.01
Distal 0.752 1.305 0.434 460.464 1 <0.01
Combined analyses

Prox. + Dia. 0.752 1.300 0.435 460.617 4 <0.01
Prox. + Dis. 0.771 1.470 0.405 494951 3 <0.01
Dia. + Dis. 0.754 1.319 0.431 463.107 3 <0.01

Note: Canonical R: canonical correlation, df: degree of freedom, Prox.: proximal, Dia.: diaphyseal, Dis.: distal.

3.3.2. Classification Accuracy Performance

Cross-validated classification accuracies varied considerably across models (Table 4).
Complete femur approaches achieved the highest performance, demonstrating that four
optimally selected variables perform comparably to all eight parameters. Among isolated
segments, proximal segments achieved 89.64% accuracy, followed by distal and diaphyseal seg-
ments. Female specificity consistently exceeded male sensitivity across all approaches. Com-
bined segment models demonstrated synergistic improvements, with proximal-diaphyseal
and proximal—distal combinations approaching complete femur performance.
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Table 4. Discriminant function coefficients and classification accuracy for sex estimation models.

Analysis Method Variable Unstan(.la.rdlzed GrouP Original Accuracy (%) Cross-Validated Accuracy (%)
Coefficients Centroids  Male Female Overall Male Female Overall
Complete analyses
Direct entry FML —0.015 M: 1.278 90.36 92.86 91.61 90.00 92.50 91.25
FPL 0.010 F: —1.292
APD 0.047
FMC —0.043
FW 0.008
FHD 0.097
FBW 0.134
FENC 0.046
(Constant) —16.134
Stepwise FMC —0.030 M: 1.266 89.29 93.21 91.25 88.93 92.00 90.47
FW 0.008 F: —1.280
FBW 0.151
FNC 0.062
(Constant) —17.232
Segment analyses
Proximal FHD 0.289 M:1.121 88.57 90.71 89.64 88.57 90.71 89.64
FNC 0.068 F: —1.125
(Constant) —18.693
Diaphyseal APD 0.187 M: 0.730 80.00 82.14 81.07 80.00 81.76 80.88
FMC 0.113 F: —0.730
(Constant) —14.564
Distal FBW 0.271 M: 1.136 86.07 87.14 86.61 85.36 87.14 86.25
(Constant) —20.744 F: —1.144
Combined analyses
Prox. + Dia. APD 0.052 M: 1.136 89.64 91.79 90.72 89.64 9143 90.54
FMC 0.014 F: —1.140
FHD 0.249
FNC 0.064
(Constant) —19.283
Prox. + Dis. FHD 0.121 M: 1.203 88.57 91.79 90.18 88.57 91.42 90.00
ENC 0.044 F: —1.217
FBW 0.154
(Constant) —21.092
Dia. + Dis. FBW 0.258 M: 1.142 88.21 88.57 88.39 87.14 88.21 87.68
APD 0.083 F: —1.151
FMC —0.017
(Constant) —20.585

Note: M: Male; F: Female.

4. Discussion

This study has developed discriminant function equations for sex estimation from
Thai femora. This approach is similar to previous reports demonstrating methodological
robustness through high measurement reliability and rigorous cross-validation [5,6,17].
Complete femur stepwise analysis achieved 90.47% accuracy using four optimally selected
variables, performing comparably to eight-variable models (91.25%), supporting parsimony
in forensic applications [18]. This study addressed an important methodological area by
systematically and comprehensively evaluating isolated femoral segments despite the high
prevalence of fragmentary remains in forensic contexts [19-21]. Segment-specific accuracies
ranged from 80.88% to 89.64%, with proximal and distal regions demonstrating superior dis-
criminatory capacity consistent with established sexual dimorphism patterns in long bones.
Combined segment models demonstrated synergistic effects, with proximal-diaphyseal
and proximal-distal combinations approaching complete femur performance. Female
specificity consistently exceeded male sensitivity, likely reflecting greater morphological
homogeneity in female dimensions [22,23]. These findings validate the femur as a reliable
element for sex estimation in Thai populations, providing population-specific equations
applicable to both complete and fragmentary remains.

This study employed leave-one-out cross-validation (LOOCYV), a rigorous internal
validation approach that systematically tests each femur against a discriminant function
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developed from all other specimens [5,9]. LOOCV minimizes overfitting and produces un-
biased accuracy estimates when independent datasets are unavailable. The cross-validated
accuracies of 90.47% for complete femora and 89.64% for proximal segments demonstrate
robust classification performance within the studied population characteristics. The negli-
gible reduction from original accuracies (less than 1 percentage point) demonstrates that
the equations maintain consistent performance and are not overfitted to the training data,
confirming the stability and predictive reliability of the developed discriminant functions.
While external validation using independent Thai samples represents a necessary valida-
tion benchmark [11] and would further strengthen generalizability, the current LOOCV
results provide strong evidence of equation reliability for forensic applications.

Sexual dimorphism analysis revealed that Thai male femora consistently exceeded
female dimensions across all parameters, with percentage differences ranging from 6.56 to
42.27%. The magnitude of dimorphism directly influenced segment-specific discriminatory
capacity, with proximal and distal measurements demonstrating substantially higher dimor-
phism than diaphyseal dimensions. Femoral vertical head diameter exhibited the highest
discriminatory power. Such a result might reflect its biomechanical role in transmitting hip
joint reaction forces of 2-5x body weight, which scale with body mass and sex-specific
loading patterns [24-26]. Femoral neck circumference similarly revealed high dimorphism
through integration of structural reinforcement against habitual mechanical stresses as pre-
viously described [27]. These highly dimorphic measurements contributed to the superior
accuracy of the proximal segments. The distal bicondylar width achieved discriminatory
capacity through sensitivity to pelvic morphology and lower limb biomechanics. The
distal segment’s high performance could have resulted from a single measurement [28].
Conversely, diaphyseal measurements showed lower dimorphism, as midshaft dimen-
sions respond primarily to mechanical loading rather than sex-specific developmental
patterns [27], producing high within-sex variability that diminished segment accuracy to
80.88%. Femur weight demonstrated exceptionally pronounced dimorphism, substantially
exceeding dimensional differences and likely amplified by age-related bone loss. This is re-
flected in the sample’s mean age (64.83 years), which encompasses postmenopausal females
who experience cumulative bone mineral density decline of 15-30%, while males exhibit
gradual and substantially slower decline [29-31]. However, preservation requirements
and taphonomic alterations severely limit weight-based applications in fragmentary re-
mains. Taphonomic processes, including soil infiltration and weathering, substantially alter
bone mass, obscuring sex differences. Incomplete recovery and postmortem modifications
such as burning or aquatic submersion create unpredictable mass changes, while weight
requires complete structural integrity rarely achieved in forensic contexts. Therefore, femur
weight should only be used with complete intact femora showing minimal taphonomic
alteration, whereas linear and circumferential measurements should be prioritized for most
forensic cases.

Fragmentary bone analysis represents an essential consideration in forensic anthro-
pology, as skeletal fragmentation is commonly encountered with differential preservation
favoring denser regions [32-34]. Proximal segments achieved 89.64% accuracy, differing
by only 0.83 percentage points from complete femur performance despite utilizing two
measurements; this indicates that these fragments are effective complete specimen sub-
stitutes [35,36]. Distal segments demonstrated remarkable efficiency, achieving 86.25%
accuracy from the bicondylar width alone by integrating multiple biomechanical factors
into a single dimension [28,37]. Diaphyseal segments yielded lower accuracy (80.88%)
due to reduced sexual dimorphism in midshaft dimensions. This lower dimorphism re-
sults from midshaft dimensions responding primarily to mechanical loading [27], which
produces high variability within each sex rather than between sexes [16]. While this
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study used systematic segmentation, the equations remain applicable when fragments
preserve sufficient anatomical landmarks. For practical implementation, practitioners
should identify preserved regions and select appropriate equations: for complete femora
use the four-variable equation, for proximal fragments use the two-variable equation, for
distal fragments use bicondylar width, and use diaphyseal segments when alternatives are
unavailable. Combined segment equations should be prioritized when multiple fragments
are available. This extends sex estimation capability beyond complete-bone-only methods,
though validation with naturally fragmented cases represents an important next step.

Previous Thai studies have demonstrated high sex discrimination accuracies from
complete femora, with Monum et al. [4] and Boonthai et al. [7] achieving 81.7-91.0% sex
classification rates using intact specimens. However, systematic evaluation of fragmentary
femora for sex discrimination has not been conducted in Thai populations despite the
prevalence of skeletal fragmentation in forensic contexts. Comparative evaluation of frag-
mentary femur performance with international studies demonstrates population-specific
variation in segment-specific sex estimation accuracies. (Table 5). European [35,38—41]
and American [42] populations have been shown to achieve high accuracies, with Chilean
samples [36] reaching exceptional performance at 95.7%—the highest reported accuracy—
while Asian populations exhibit greater variability, as evidenced by lower Sri Lankan [16]
accuracies observed across segments. The current study conducted in a Thai population
has similar results within this context, substantially exceeding Sri Lankan performance
across all segments. This superior performance likely reflected methodological advantages,
including larger sample size, enhanced measurement precision, and population-specific
characteristics. Notably, Thai distal segment accuracy substantially exceeds Sri Lankan
distal performance by 15.8 percentage points and approaches European proximal segment
accuracies, demonstrating that bicondylar width maintains robust discriminatory capacity
comparable to traditionally favored proximal measurements.

Table 5. Comparative accuracy of femoral segment-specific sex estimation methods across populations.

Author (Year) Population No. of Samples Segment Analysis Method Analysis Accuracy (%) 2
Albanese et al., 2008 [42] American N:300° Proximal LR 89.4
du Jardin et al., 2009 [41] French M: 38, F: 38 Proximal LR 89.5
DFA 88.2
Neural network 93.4
Clavero et al., 2015 [40] Spanish M: 56, F: 58 Proximal LR 93.0
Curate et al., 2016 [38] Portuguese M: 138, F: 114 Proximal LR 85.7
Colman et al., 2018 [35] Dutch M: 57, F: 57 Proximal LR 90.0
Carvallo & Retamal, 2020 [36] Chilean M: 100, F: 100 Proximal LR 95.7
Ranaweera et al., 2022 [16] Sri Lankan M: 48, F: 38 Proximal DFA and LR 75.6
Diaphyseal 76.9
Distal 70.5
Wysocka et al., 2023 [39] Polish M: 137, F: 115 Proximal DFA 92.3
Poodendaen et al. (This study) Thai M: 280, F: 280 Proximal DFA 89.6
Diaphyseal 80.1
Distal 86.3

Note: N: number of samples, M: male, F: female, LR: logistic regression, DFA: discriminant function analysis.
Results showing only the highest accuracy rate; P reports from the overall sample.

5. Conclusions

This study has developed population-specific discriminant function equations for sex
estimation from Thai femora with high measurement reliability and validation, achieving
80.88-91.25% accuracy across complete and fragmented femora. Systematic segment evalu-
ation provided utility (80.88%) despite limitations. Combined approaches demonstrated
synergistic effects approaching complete femur accuracy. These validated methodologies
for forensic and archeological contexts contribute to Thai osteometric data, demonstrating
that strategic region selection maintains high accuracy despite skeletal incompleteness.
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Limitation of Study

The femur weight is only applicable to intact specimens unaffected by taphonomic
alteration or soil infiltration, making it unreliable in environmentally compromised contexts.
Substantial elderly representation (mean age: 64.83 years) may amplify sexual dimorphism in
weight-related parameters through age-related bone loss. Caution is advised when applying
equations incorporating femur weight to younger populations. Diaphyseal measurements
require midshaft identification, which is only feasible when terminal ends exhibit minor
damage, limiting their utility in severely fragmented remains. In addition, the systematic
segmentation approach establishes population-specific equations that remain applicable
when fragmentary remains preserve identifiable anatomical landmarks, providing forensic
practitioners with validated tools despite skeletal incompleteness. Future validation with
naturally fragmented specimens would further enhance real-world applicability.
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