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SUMMARY: Sex estimation from skeletal remains, particularly incomplete or fragmented ones, is crucial for forensic anthropology.
This study aimed to investigate the morphometric characteristics of the lumbar vertebrae and their potential for sex istimeation
Northeastern Thai population. A cross-sectional study was conducted using 1000 identified dry lumbar vertebrae (L1-Ldb)rctikecte
Unit of Human Bone Warehouse for Research, Department of Anatomy, Faculty of Medicine, Khon Kaen University, Thailand. Eight
morphometric parameters were measured using a digital Vernier caliper. The independent t-test and discriminant funcsieveemalysi
performed to evaluate sexual dimorphism and generate equations. The results showed that most parameters on all lumiatdevels of
were significantly greater than those of females (p < 0.05). Discriminant function analysis revealed that L2 had theassooig¢isin
between the discriminant function and sex groups. The correct classification rates determined by sex estimation equétioos range
77.80 % to 85.00 %. Interestingly, the highest accuracy rate was achieved by the equation for L1 (85.00 %). Among ak jratzotieter
males and females, the width of the pedicle isthmus and the distance from the junction of the superior facet and trasesgetedhEo
anterior cortex on the right side at L1 were systematically selected to be used in the equation of sex classificatidghfesttberrect
classification rate. This present study also attempted to compare sex estimation accuracy among populations as previentslgl dadum
showed that the upper lumbar vertebrae had higher reliability. These findings have contributed to the knowledge of ppgcifitisaxs
estimation methods for applying dry lumbar vertebrae as a reliable skeletal element for sex determination in forensic contexts.
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INTRODUCTION

The primary identification of human skeletal remainsighlighted the reliability of the skull and pelvic bones in
in forensic contexts is an important task, particularly whefletermining sex through both morphological and quantitative
the forensic scientist is dealing with cases involving masghalyses (Duriet al, 2005; Frankliret al, 2012). Since the
disasters, severe body damage, or criminal dismembermgifidence of torso murders with dismemberment has recently
(Kranioti & Paine, 2011). The challenges posed by thended to increase, sex identification from other bones is very
decomposition of soft tissues and the fragmentation of skeléiigiportant to be documented as individual knowledge for each
elements require the use of surviving skeletal structures gepulation. Therefore, sex estimation from other skeletal
reconstruct the biological profile of the individual deceaseglements, including the upper limb bones (eeal, 2014),
body (Krishanet al, 2016). Previously, many studies havaower limb bones (Ahmed, 2013), and lumbar vertebrae,
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particularly the first lumbar (L1) vertebra (Zhesteal, 2012; 1. The length of the accessory process (AP)
Bozdag & Karaman, 2021), has been demonstrated 2n The width of the pedicle isthmus (L)
individual populations. 3. The diameter of the pedicle isthmus (M)

4. The distance from the tip of the accessory process to the

Based on a literature review, the basic data on using medial margin of the pedicle isthmus (DM)

the morphological characteristics from the lumbar vertebr&e The distance from the tip of the accessory process to the
(L1-L5) for sex identification has never been reported, lateral margin of the pedicle isthmus (DL)
particularly in the Northeastern Thai population, which is thé. The distance from the junction between the superior facet
largest region in Thailand. In addition, the study of the and transverse process to the anterior cortex on the right
association between the accessory process and pedicle of theide (C)
lumbar vertebrae in our population is still limited. The7. The width of the pedicle isthmus on the right side (P)
relationship between such accessory process and lumBaiThe height of the pedicle isthmus on the right side (D)
pedicle may suggest some advantages for use in basic
estimation. It will provide additional parameters for
determining sex in vertebrae when certain lumbar process
are incomplete or fragmented. Such anatomical landmar
are also well-defined and easily measurable, facilitating rag
initial screening. The integration of data from many referenc
points on lumbar vertebrae can enhance the accuracy of
determination. Finally, population-specific studies cal
generate tailored morphological data that may improve tl
precision of sex dimorphism. Therefore, the present stu
aimed to investigate the anatomical and morphologic
features of the dry lumbar vertebrae (L1-L5) in the A ~— L ——
Northeastern Thai population to apply this advancement
sex estimation techniques in Thai forensics.
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MATERIAL AND METHOD

Sample collection and ethicsltn this cross-sectional study,
a total of 1000 dry human lumbar vertebrae (L1-L5) wer
kindly provided by the Unit of Human Bone Warehouse fa
Research (UHBWR), 7th floor, Preclinical building,
Department of Anatomy, Faculty of Medicine, Khon Kaer
University, Thailand. The lumbar vertebral columns (L1-5) C
belonging to males (n = 100) and females (n = 100), wekg. 1. Showing 8 parameters used for measurements on lumbar vertebra.
randomly collected from the identified skeletons of individuald) 'ength of the accessory process, width of the pedicle isthmus, diameter

who have donated their bodies for medical and paramedi?é[he pedicle isthmus. b) distance from the tip of the accessory process
0,the medial margin of the pedicle isthmus, distance from the tip of the

studies and researches. The agg range of V,ert?brae Samﬂg sory process to the lateral margin of the pedicle isthmus, distance
was from 20 to 90 years. The inclusion criteria for thesgom the junction of the superior facet and transverse process to the
vertebrae were completeness, good preservation, and dierior cortex on the right side. c) width of the pedicle isthmus on the
obvious abnormalities or signs of deformity. The study hagght side. d) height of the pedicle isthmus on the right side.
been approved for human ethics by the Ethics Committee of
Khon Kaen University (code number HE661389). Statistical analysis:Statistical analyses were performed using
SPSS version 23.0. Descriptive statistics, including mean,
Points and parameters used for morphometric standard deviation (SD) and box plots, were calculated and
measurementsMorphometric measurements on each lumbaxpressed for each parameter. An independent t-test was
vertebra point were performed with different internal anémployed to compare the means of each parameter between
external observers by using a digital Vernier caliper (Digimatimales and females. A statistically significant difference
caliper, model No. CD-8CSX, Mitutiyo Corp., Kawasaki,between sexes was set up when the p value was < 0.05.
Japan). A total of eight parameters were determined aB8dbsequently, discriminant function analysis was used to
measured as shown in Figure 1 and they are describedgeserate equations for sex estimation, and the accuracy rate
followings: of the equations was also evaluated.
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RESULTS The discriminant function analysis generated the
equations for sex estimation by using morphometric
The results showed that the mean values of mogarameters of the lumbar vertebrae. Initially, the discriminant
parameters including AP, DL, DM, P, L, M, C, and D measurestores of lumbar vertebrae morphometric parameters were
in males were significantly higher than those of females (pealculated for both males and females at L1-L5. As shown in
0.05) as shown in Table I. However, it was found that onlye Figure 3, the discriminant scores indicated that such scores
the D parameter (the height of the pedicle isthmus on tleé females were dominated by those of males at all lumbar
right side) at the L4 had no significant difference betwedavels. Furthermore, the analysis using the normality curve
sexes (p = 0.48). revealed that the discriminant scores of both sexes followed
the normal distribution, which meets the preliminary
In Figure 2, the box plot illustrated the distribution ofassumptions for discriminant function analysis (Fig. 3).
the data for the eight parameters measured on all lumbar levels.
The plot clearly showed that all data follow a normal The statistical values obtained from the analysis in Table
distribution with no significant skewness or kurtosis beyont showed that the second lumbar vertebra (L2) had the strongest
the specified thresholds. Many parameters including D, P, Dassociation between the discriminant function and sex groups,
DM, and M exhibited relatively narrow ranges, indicating avith the highest canonical correlation (0.711) and eigenvalue
higher concentration of data as compared to other paramet@d§22). The Wilks' lambda values for all lumbar vertebral levels
such as L and AP (Fig. 2). In addition, the outliers for eaalanged from 0.495 to 0.608, and the chi-square values were
parameter were within acceptable limits and predominantstatistically a significant difference (p < 0.01), indicating the

observed in both L1 and L2 vertebrae. high discriminatory power of the morphometric parameters.
The firstlumbar vertebra (vertebra L1) The second lumbar vertebra (vertebra L2) The third lumbar vertebra (vertebra L3)
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Fig. 2. Box plot illustrating the distribution of all morphometric parameters measured on L1-L5 between males and females.
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Table I. Comparison of morphometric parameters between males and females on the lumbar vertebrae (L1-L5).

Parameters Lumbar Overal Male Female t Sig
Level Mean SD  Mean SD Mean  SD '
1 41.05 357 4237 3.69 39.76 295 558 0.00
2 4273 349 44.04 3.78 41.45 262 5.76 0.00
AP 3 46.57 446 4822 469 4495 355 5.60 0.00
4 52.39 5.95 55.47 5.62 49.37 457 8.39 0.00
5 59.19 5.66 61.25 5.79 57.18 475 542 0.00
1 34.87 3.06 36.50 254 33.25 2.65 8.86 0.00
2 35.83 3.23 37.75 2.76 33.90 243 10.47 0.00
L 3 39.14 405 41.17 358 37.12 345 8.14 0.00
4 43.09 407 4532 359 40.86 3.23 9.22 0.00
5 52.84 470 55.22 419 50.46 3.92 8.30 0.00
1 21.38 145 2173 152 21.02 1.29 357 0.00
2 2175 1.73 22.26 201 21.25 1.20 434 0.00
M 3 22.09 159 2262 1.72 2157 1.26 493 0.00
4 2295 2.08 23.66 2.26 22.24 159 5.14 0.00
5 25.84 240 26.81 242 24.88 1.96 6.19 0.00
1 17.56 242 18.48 242 16.66 2.06 587 0.00
2 17.27 221 18.23 231 16.33 1.65 6.79 0.00
DM 3 1851 2.38 19.56 2.28 17.48 2.00 6.85 0.00
4 19.08 291 20.29 274 17.89 257 6.36 0.00
5 19.54 293 20.27 2.88 18.82 282 357 0.00
1 17.84 244 1856 2.60 17.13 2.04 438 0.00
2 17.21 2.34 18.04 240 16.39 197 540 0.00
DL 3 17.75 257 18.47 2.84 17.05 2.06 416 0.00
4 15.98 2.64 16.38 2.82 15.59 2.39 2.17 0.03
5 16.13 2.85 16.52 3.18 15.76 244 1.88 0.06
1 52.09 427 54.80 3.60 49.43 3.02 11.45 0.00
2 52.65 432 55.58 3.77 49.78 252 12.68 0.00
C 3 53.34 436 55.77 407 50.96 3.16 9.39 0.00
4 52.05 455 54.34 4 45 4981 340 8.13 0.00
5 50.74 437 53.00 382 4853 3.70 8.38 0.00
1 6.92 1.49 743 1.23 640 155 523 0.00
2 7.28 155 8.04 1.46 6.52 1.23 795 0.00
P 3 8.88 1.80 9.69 1.80 8.06 1.39 717 0.00
4 10.84 191 1156 1.90 10.13 1.63 572 0.00
5 15.41 231 15.96 2.38 14.86 212 343 0.00
1 15.21 141 15.82 147 14.61 1.06 6.68 0.00
2 14.31 1.40 14.71 151 13.92 117 417 0.00
D 3 13.88 133 14.22 152 1354 1.02 3.72 0.00
4 12.97 144 13.04 1.71 1290 111 071 048
5 13.73 1.84 14.28 1.77 13.18 1.75 442 0.00

Table Il. Statistical values obtained from the discriminant function analysis of morphometric parameters

(L1-L5).

levels of Canonical Eigenvalue Wilks' lambda Chi-square Sig.

Lumbar correlation
1 0671 0.820 0549 117963 0.00
2 0.711 1.022 0.495 138.712 0.00
3 0647 0.720 0.581 106576 0.00
4 0.640 0.692 0591 103.384 0.00
5 0.626 0.645 0.608 96.780 0.00
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Fig. 3. Discriminant scores of lumbar vertebrae morphometric parameters between males and females at each level ofénehraar v

The sex classification equations for each lumbahe highest correct classification rate at approximately 85.00
vertebral level derived from the stepwise method. The8g, followed by that of L2 equation (C+P) with a correct
equations incorporated many combinations oflassification rate of 84.50 % (Table Ill). The equations for
morphometric parameters (Table Ill). These parametdr8, L4, and L5 yielded the correct classification rates of
included the width of the pedicle isthmus (L), the diamet&0.50 %, 80.50 %, and 77.80 %, respectively. These results
of the pedicle isthmus (M), the distance from the junctiohighlighted the potential utility of lumbar vertebral
of the superior facet and transverse process to the anterrmrphometric parameters in estimating sex, particularly
cortex (C), the width of the right pedicle isthmus (P), andthen other primary indicators were unavailable or
the length of the accessory process (AP), respectivelyintomplete, with the first and second lumbar vertebrae
was found that the equation of L1 (L+C), which achieveihdicated the highest reliability in Thai population.

Table lll. Sex classification equations for each lumbar vertebral level derived using the stepwise method and their cggrespondi
correct classification rates.

levels of Equation of sex classification C_:prre_ct
Lumbar Male Female Class'fl(%z;'on rate
1 3.807 L+ 4.088 C- 182.141 3486 L+ 3676 C - 149.503 85.00
2 5269 C+2.895 P - 158.589 4744 C+ 2213 P-125984 84.50
3 8.204 M+ 3.267 C+ 3.887 P -203.408 7894 M+2949 C+ 3276 P-174.162 80.50
4 0733 AP+ 2675L +2.775C-157.008 0.620AP+ 2425 +2566 C-129.460 80.50
5 1.898 L+ 3.727 M + 3.176 C - 187.367 1.709 L+ 3496 M + 2911 C - 157.931 77.80
DISCUSSION

This current study has demonstrated the potentiadl males as compared to those of females on all lumbar
parameters on the lumbar vertebrae to be developed aredtebral levels were corroborated with previous
applied as a primary method for sex estimation in thexplanations on hormonal and genetic factors influencing
Northeastern Thai population for the first time. Consistentijgone growth and development (Ruff, 2002; Spradley & Jantz,
the higher mean values of most morphometric paramet&@11; Krisharet al, 2016). Therefore, the sexual dimorphism
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observed in the Thai lumbar vertebrae could be attributedftamework for conducting similar investigations in different
such factors. This basic knowledge is pivotal for forensigopulations. The development of population-specific sex
anthropologists to understand the expected differencestimation equations is important in forensic anthropology
between male and female skeletal remains, aiding in the it has been reported to account for the variation in skeletal
accurate assessment of biological sex (Spradley & Janmtzorphology across different ancestral groups (Iscan, 2005).
2011). Another critical aspect to consider was the variatiofi$is study focused on the need of region-specific studies in
in the discriminatory power of different lumbar vertebraphysical anthropology, contributing to a more comprehensive
levels for sex estimation. Herein, the first lumbar vertebranderstanding of human skeletal diversity (Pietrusewsky,
(L1) showed the highest accuracy in sex classification (85.2008; Ubelaker & DeGaglia, 2017). Comparison of the sex
%), followed by the second one (L2) with an accuracy afstimation accuracy from lumbar vertebrae of the different
approximately 84.50 % as compared to that of the lowpopulations may reveal interesting patterns and the
levels (L3-L5). Our findings suggest that the upper lumbamportance of population-specific studies in forensic
vertebrae may be used for more reliability for sex estimatioanthropology. The present study on the Northeastern Thai
This could be attributed to the greater mechanical loadipgpulation using dry bone samples has provided the accuracy
and stress experienced from the upper lumbar region, leadiates ranging from approximately 77.8 % to 85.0 %, which
to more pronounced sexual dimorphism in the morphometnias the highest in the L1 and the lowest in the L5 . Such
parameters as previously described (Pal & Routal, 198Tgsults were comparable to those findings previously reported
Further studies could explore the functional anth Spanish (Azofra-Monge & Aleman Aguilera, 2020), South
biomechanical factors that may contribute to the varyingfrican (Ostrofsky & Churchill, 2015), and some Northern
levels of sexual dimorphism across the lumbar vertebraeThai populations (Malatonet al, 2023). Interestingly, the
has been suggested to provide the valuable insights into #tecuracy demonstrated from the Northeastern Thai
adaptive changes in the human skeleton and theiopulation was slightly lower as compared to that of the
implications for forensic and physical anthropology (RuffSpanish and South African populations (Ostrofsky &
2002). We found that the equations derived from each lumb@hurchill, 2015; Azofra-Monge & Aleman Aguilera, 2020).
vertebral level were incorporated with various parametef@ken together, it was suggested that parameters on lumbar
including the width and diameter of the pedicle isthmus, theertebrae have the population-specific variations in sexual
distance from the junction of the superior facet and transveidienorphism. Interestingly, a study on the North American
process to the anterior cortex, and the length of the accessoopulation (Deckeet al, 2019) observed from CT scans
process. It was demonstrated that the integrations of multipkas similar to the accuracy of our present study, indicating
parameters within the equations have underscored tthe potential comparability of results obtained from CT scans
importance of considering the interplay between differemnd dry bone samples as compared in Table IV.

anatomical features with sexualdimorphism assessment. This

approach was aligned with the recommendations of a In conclusion, the present study has demonstrated the
previous study, emphasizing the value of combining multipjgotential parameters on the lumbar vertebrae to be used in
skeletal elements and measurements to enhance the accutlagysex estimation equations for the significant sexual
of sex estimation (Krishaet al, 2016). By incorporating a estimation in Northeastern Thai population. This study did
holistic analysis of the lumbar vertebrae, this current stuahot only provide the additional knowledge for the field of
contributed to the development of more robust and reliabierensic anthropology but also provided the insights into the
sex estimation methods in the forensic anthropology (Bidméactors influencing lumbar vertebral variation in human
et al, 2010). The population-specific nature of this studpopulations. Further study needs to explore the factors
was also noteworthy. The equations generated were tailohtributing to population differences and investigate the
to the Northeastern Thai population, which may limit theipotential parameters in combinations of lumbar vertebral
direct applicability to other populations. However, theneasurements with other skeletal elements to enhance sex
methodology employed in our study could serve asestimation accuracy and validity.

Table IV. Comparison of sex estimation accuracy from lumbar vertebrae across different populations.

Populations Method and Correction classification rate of lumbar vertebra (%)
samples used L1 L2 L3 L4 L5
South African (Ostrofsky & Churchil, 2015) Dry bone 87.1 83.0 85.9 80.2 76.8
North American (Deckeetal, 2019) CT scans 831 81.0 85.1 825 81.2
Spanish (Azofra-Monge & Aleméan Aguilera, (2020) Dry bone 90.1- 94.5 85.4-89.4 85.3-88.3 85.3-88.2 80.0- 85.3
Northern Thai (Malatonget al, 2023) Dry bone 79.5-82.7 78.2-82.7 77.3-80.0 76.8-77.3 75.9-791
Northeastern Thai (Boonthait al, present study) Dry bone 85.0 84.5 80.5 80.5 77.8
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