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Morphometric Analysis of L1-L5 Pedicles: Evaluation
of Sexual Dimorphism and Bilateral Asymmetry
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SUMMARY: To conduct a comprehensive morphometric analysis of lumbar pedicle dimensions (L1-L5) in a Turkish population
using a linear mixed-effects model (LMM) to establish a reliable anatomical baseline and investigate the impact of sephizhaiamat
bilateral asymmetry. This retrospective study analyzed high-resolution computed tomography (CT) scans of 129 healthyfedalss(70
59 males; mean age 47.83817.13 years). Pedicle diameter, length, and transverse angle were measured from L1 to L5. An LMM was
employed to account for within-subject dependencies, treating sex and side as fixed effects and subject ID as a rarnsigmifeféett.
sexual dimorphism was observed, with males generally exhibiting larger pedicle calibers. For L1 diameter, significantctaaireedffe
found for sex (p = 0.028) and side (p = 0.001), with left-side measurements being significantly higher in both sexesngtdiembnstrated
a consistent left-side dominance across most levels (L1-L5, p < 0.05). A significargidexnteraction was observed in pedicle transverse
angles, particularly at L4 (p = 0.007). In females, the left L4 pedicle angle tended to be greater than the right (pwsh@&8@8)n males,
the right-side angle was significantly greater than the left (p = 0.041). Lumbar pedicle morphology in the Turkish papgtatenéd by
complex interactions between genetic sex and directional asymmetry. The distinct left-side dominance in length and tinguliaui caindf
at L4 diverge from findings in other ethnic cohorts. These population-specific nuances are critical for preoperative pthtih@rsgkection
of optimal screw dimensions. Integrating these variations into surgical practice is essential to enhance the precisipedmfuteains
instrumentation and minimize neurovascular risks.
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INTRODUCTION

The lumbar region represents the most dynamic ahambar stability in cases involving trauma, infection, and
mobile segment of the human vertebral column, degenerative disorders (Roy-Camille & Saillant, 1972). In
characteristic that inherently renders it highly susceptible tmntemporary spinal surgery, this methodology has evolved
biomechanical instability. Spinal stability can be compromisedto routine clinical practice and is widely recognized as
by a diverse array of pathological factors, including highthe “gold standard” for vertebral stabilization (Jutte &
energy trauma (e.g., motor vehicle accidents and extref@astelein, 2002). Structurally, the vertebral pedicle
sports), mechanical strain, congenital defects, metastafimctions as a critical anatomical “bridge” situated at the
lesions, and age-related degenerative conditions (Chawjlanction of the anterior, posterior, and lateral columns. This
2013). As global life expectancy increases, the prevalencestfategic positioning allows transpedicular instrumentation
spinal degenerative diseases is rising, further intensifying the provide rigid, multi-columnar fixation, facilitating
demand for durable and reliable surgical interventions.  superior load-sharing across the vertebral column.

Since its inception in 1963, transpedicular screw Despite its widespread application, the complex
fixation has served as a foundational technique for restoringatomical architecture of the lumbar region poses
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formidable challenges for surgeons. Inaccurate screResearch Gap and SignificanceAlthough lumbar pedicle
trajectory or sizing represents a substantial clinical riskhorphometry has been described in various populations,
potentially resulting in devastating neurovasculadata specific to the Turkish population are limited, and
complications or mechanical hardware failurdilateral asymmetry has not been systematically analyzed
(Gurumurthyet al,, 2022). Furthermore, the safety margirusing robust statistical models. Understanding these
for instrumentation is exceptionally narrow, as the pediclefsopulation-specific anatomical characteristics is critical for
cortical boundaries must be respected to avoid neurologiealhancing the safety and efficacy of transpedicular screw
deficits. Extensive research has demonstrated that pedi@iation. By applying a linear mixed-effects model to
morphology exhibits significant variation influenced byaccount for within-subject variability, the present study aims
age, sex, and ethnicity (Maaly & El-Rakhawy, 2010to establish a reliable anatomical baseline, clarify patterns
Chawla, 2013; Gurumurthst al, 2022). Notably, literature of bilateral asymmetry, and provide evidence-based
consistently indicates marked sexual dimorphism, withuidance for optimal screw selection in the Turkish
males generally possessing larger pedicle dimensions thmopulation.

females (Gurumurthegt al, 2022; Dizkaliet al, 2015).

However, data regarding bilateral asymmetry—the subtle This study aims to investigate the detailed
differences between right and left pedicle dimensiomaorphometric characteristics of lumbar vertebral pedicles
within the same individual—remain inconsistent an@L1-L5) within the Turkish population. By establishing a
require further investigation. Consequently, aeliable anatomical baseline and utilizing a linear mixed-
comprehensive understanding of these morphometieffects model to account for within-subject dependencies,
nuances is essential for precise screw positioning anaég aim to facilitate the selection of optimal screw
minimizing perioperative risks (Chadha al, 2003; dimensions and enhance the safety and efficacy of
Dizkaliret al, 2015). transpedicular stabilization procedures.

While direct intraoperative visualization is MATERIAS AND METHOD
fundamental, radiographic data serve as the primary
navigation tool for the surgical team (Maaly & EI-RakhawyStudy Design and Ethical Approval
2010). Plain radiographs frequently provide insufficient
resolution regarding the internal dimensions and three- This retrospective, cross-sectional morphometric
dimensional angulation of the pedicle; therefore, multi-slicetudy was conducted using computed tomography (CT)
computed tomography (CT) is regarded as the superianages of adult individuals who presented to the Adana
modality for characterizing these intricate features (Cheumy. Turgut Noyan Application and Research Center for
etal, 1994; Chawla, 2013). CT-based morphometry enablearious clinical indications between 1990 and 2023. The
high-fidelity assessment that is critical for preoperativetudy protocol was reviewed and approved by the Bas, kent
templating. Although general anatomical trends ardgniversity Non-Interventional Clinical Research Ethics
documented in Western and East Asian cohorts, localizégipmmittee (14.02.2024- project number: KA24/87). All
population-specific data—particularly regarding bilatergbrocedures were performed in strict accordance with the
asymmetry—are essential for optimizing surgical outcomeghical principles of the Declaration of Helsinki.
in specific ethnic groups.

Participant Selection and Criteria

Despite the clinical importance of vertebral
symmetry, data regarding bilateral asymmetry remaif total of 129 individuals (70 females, 59 males) were
notably inconsistent across different populations anidcluded in the final analysis. All subjects were assessed
methodologies. For instance, while Arockiaedjal, for the absence of structural spinal pathologies.
reported a high degree of symmetry in the lumbar pedicles
of a Saudi cohort, indicating no significant differencefnclusion Criteria: Healthy adult individuals (aged 20—
between right and left dimensions, other researchers su@&hyears) with high-resolution CT scans of the lumbar spine.
as Maaly and El-Rakhawy identified a distinct left-side
dominance in pedicle length within an Egyptian populatiorzxclusion Criteria: Individuals with a documented history
Furthermore, some studies suggest that while pediaévertebral column disease, prior spinal surgery, congenital
diameter remains symmetrical, length and angulaticspinal malformations, primary or metastatic spinal tumors,
exhibit significant lateralization. This lack of consensus ior any radiologically identified pathology (e.g., severe
the global literature underscores the necessity falegenerative changes, fractures, or scoliosis) that could
population-specific investigations. interfere with precise morphometric measurements.
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Radiological Assessment and Morphometry

All CT images were archived in a Picture Archiving
and Communication System (PACS). Morphometri
evaluations were performed under the supervision of a se
radiologist with over 10 years of experience i
musculoskeletal imaging. To ensure measurement reliabil
and minimize intra-observer variability, all linear and angula
parameters were measured twice by the same investiga
and the mean values were recorded for final analysis.

All measurements were performed on LI-L
vertebral levels on right and left sides. Parameters w¢
measured and evaluated according to gender.

Pedicle width (cm): It is measured at harrowest poi

on the axial section, perpendicular to the pedicle ax
(Maaly2010) (Fig. 1).

Fig. 2. Pediculus arcus vertebrae transverse diameter.

Statistical Analysis

Statistical analyses were performed using IBM
SPSS Statistics for Windows, Version 30.0 (Armonk, NY:
IBM Corp). Descriptive statistics are reported as mean

non-normal distribution. Data normality was rigorously

of histograms.

Mann-Whitney U test was utilized for comparisons

Fig. 1. Pediculus arcus vertebrae width (A), Pediculus corpus lendgthear mixed-effects model (LMM) was employed. In this

standard deviation (SD) for normally distributed variables
and as median (minimum—maximum) for variables with

assessed using the Shapiro-Wilk test and visual inspection

For variables violating normality assumptions, the

between independent groups. To account for the correlated
nature of the data, specifically the repeated measurements
(right and left sides) obtained from the same individual, a

(B). model, Sex (male vs. female) and Side (right vs. left) were
defined as fixed effects. Their interaction term (sex x side)
Pedicle-corpus distance (cm): The length betweatas included to evaluate whether the effect of side varied

the most posterior point of the pedicle and the anteriBetween sexes. Subject ID was incorporated as a random

margin of the body of the vertebra is measured along tR#ect to account for within-subject dependency.

longitudinal axis (Duizkalir, 2015) (Fig. 1).
For significant main effects or interactions, post-

Pedicle transvers angle (°): The angle between thec pairwise comparisons were conducted with Bonferroni

line between the most anterior point of the vertebral bod@@rrection to control for Type | error inflation. Results are

and the most posterior point of the spinous process ai@ported as Mean Differences (MD) with associated p-

the pedicle longitudinal axis is measured (Gurumurthyalues. The level of statistical significaneas set at a =
2022) (Fig. 2). 0.05.
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RESULTS significance only in females (p = 0.010, MD = -0.038) and
was not significant in males (p = 0.137, MD =-0.024) (Fig.
Demographic Data 3). Finally, L5 diameter measurements were similar between

sides (p = 0.503), however, significant sex-based differences
The study cohort comprised 129 individuals, withwere observed (p < 0.001).
females representing 54.26 % (n=70) of the population. TI
mean age of the participants was 4439 .13 years (range: - Female
20-84 years). Notably, the mean age of male participar
was significantly higher than that of females (p = 0.032).

115

Pedicle Diameter

an L4 Diameter

For the L1 level, analysis revealed significant maig
effects for both sex (p = 0.028) and side (p =0.001). The s
¥ side interaction was not statistically significant (p = 0.876
indicating that the influence of sex remained consiste
across both sides. Post-hoc analyses demonstrated that
side measurements were significantly higher than right-si side
measurements in both females (p = 0.013, MD = -0.02 Error bars: 95% Gl
and males (p = 0.038, MD =-0.019).

95

Right Left

Fig. 3. Interaction between sex and side (right/left) in relation to
L4 diameter.

As presented iffable I, regarding L2 diameter, no
significant differences were observed between the right aB%dicle Length
left sides (p = 0.373), however, significant sex-based
differences were observed (p = 0.011). Measurements were At the L1 level, significant main effects were found
statistically comparable between sides for both females (qo:r bo '

0.347, MD = -0.01) and males (p = 0.729, MD = -0.004 th sex and side (p < 0.001 for both). The sex ¥ side
N o i p=0.r29, A ihteraction was non-significant (p = 0.218). Post-hoc
For the L3 level, neither main effects nor interaction effects . .

%nalyses indicated that left-side measurements were

reached statistical significance. At the L4 level, althoug . . . . )
) : : significantly higher than right-side measurements in both
left-side measurements were higher than rlght-smfgmales (p < 0.001, MD = -0.112) and males (p = 0.027

measurements in both sexes, this difference reachlgI - 0.064).

Table I. Effects of Sex and Side on L1-L5 Morphometric Measurements (Linear Mixed-Effects Model).

Parameter Female(Mean+ SD) R/ L Male (Mean £ SD) R /L Sex p (MD) Side p (MD) Sex x Side p
L1 Diameter 0.57+0.10/0.59+£0.10 0.61+0.12/0.63+£0.12 0.028 (-0.041) 0.001 (-0.020) 0.876
L1 Length 5.24+0.36 /5.36+0.38 5.56+0.48 /5.62+051 <0.001(-0.290) <0.001 (-0.088) 0.218
L1 Angle 9.57+1.34 /9.69+157 9.84+1.32/10.09+1.44 0.160 (-0.336) 0.029 (-0.183) 0.410
L2 Diameter 0.69+0.12/0.70£0.12 0.75+£0.15/0.75+£0.15 0.011 (-0.059) 0.373 (-0.007) 0.703
L2 Length 5.37+0.28 /5.42+0.28 553+0.38 /5.61+0.36 0.001 (-0.178) <0.001 (-0.061) 0.533
L2 Angle 11.13+1.79/11.58+1.94 11.46+154/11.65+1.42 0.477 (-0.205%0.001 (-0.319) 0.139
L3 Diameter 0.83+0.22 /0.82+0.16 0.87+0.16 /0.86+0.14 0.150 (-0.041) 0.200 (0.014) 0.878
L3 Length 5.26+0.39 /5.35+0.43 5.41+0.37 /5.52+0.37 0.015 (-0.164) <0.001 (-0.097) 0.588
L3 Angle 13.69+1.59 / 13.95+1.72 14.06+1.60/13.87+1.73 0594 (-0.145) 0.753 (-0.036) 0.051
L4 Diameter 1.01+0.20/1.04+£0.19 110+0.19/1.12+019 0.010 (-0.085) 0.005 (-0.031) 0513
L4 Length 491+0.45/5.03£0.45 5.09+0.55/5.23+t054 0.029 (-0.187) <0.001 (-0.127) 0.630
L4 Angle 15.63+£1.48/15.86+1.49 15.85+1.74 / 15.56+1.71 0.889 (0.037) 0.779 (0.027) 0.007
L5 Diameter 1.30+0.21 /1.30+£0.18 1.43+0.22 /1.40+£0.20 <0.001 (-0.114) 0.503 (0.009) 0.356
L5 Length 4.85+0.42 /4.98+044 5.04+0.46 /5.12+0.39 0.027 (-0.161) <0.001 (-0.100) 0.380
L5 Angle 22.19+250/ 22.25+2.32 21.77+237/21.70+t236 0.234 (0.483) 0.961 (0.006) 0.584

Values are presented as messtandard deviation (right / left). MD = estimated mean difference (Female - Male or Right - Left).p values were obtained
from a linear mixed-effects model including fixed effects of sex, side, and their interaction. Significant results (pre 8By in bold. Bonferroni
correction was applied for pairwise comparisons.
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For L2, L3, and L4 lengths, the effect of sex wakigher tharthe left (p = 0.041, MD = 0.289) (Fig. 5). For
consistent across both sides (interaction p = 0.533, 0.58% L5 angle, side-based differences were not statistically
and 0.630, respectively). Left-side length measuremersignificant for either females or males (p = 0.712, MD = -
were significantly higher in both females (p = 0.040, M®.061 and p = 0.686, MD = 0.073, respectively).
= -0.050; p < 0.001, MD = -0.087; p < 0.001, MD = -

0.117, respectively) and males (p = 0.007, MD =-0.072" »

< 0.001, MD = -0.107; p < 0.001, MD = -0.13¢ e
respectively) (Fig. 4). Similarly, for L5 length, th: = —- — el
interaction effect was non-significant (p = 0.380), and le

side measurements were significantly higher in both se . ==

(females: p < 0.001, MD =-0.121; males: p = 0.023, N '
= -0.080) \

Mean L4 Angle (°)

1550

540

Female
— Male

530

15.00

Right Left
Side
Error bars: 95% CI
500 Fig. 5. Interaction between sex and side (right/left) with respect to
the L4 angle.

Mean L4 Length

DISCUSSION
Right Left
Side The primary objective of this study was to provide
Enror bars: 95% CI a comprehensive morphometric analysis of the lumbar
Fig. 4. Interaction between sex and side (right/left) for L4 lengttpedicle dimensions (diameter, length, and transverse angle)
from L1 to L5. By utilizing a linear mixed-effects model,
Transverse Angle we accounted for within-subject dependencies, offering a
statistically reliable perspective. Our findings reveal a
For the L1 angle, the main effect of sex was nordlistinct lateralization in pedicle morphology, characterized
significant (p = 0.160), while the main effect of side waby significantly higher values in left-side measurements
significant (p = 0.029). The sex ¥ side interaction did n@&cross most lumbar levels, particularly regarding pedicle
reach significance (p = 0.410). While side-baselgngth. While sexual dimorphism was evident in certain
differences were not significant in females (p = 0.308, MParameters, most notably in L1, L4 and L5 dimensions,
= -0.114), the left-side angle was significantly higher ithe interaction between sex and side was particularly
males (p = 0.041, MD = -0.251). striking in pedicle angles. Specifically, at the L4 level,
females exhibited higher left-side angles while males
Regarding the L2 angle, although both sexedemonstrated significantly higher right-side angles. While
exhibited higher values on the left side, this difference wéle interaction effect for the L3 transverse angle
significant only in females (p < 0.001, MD = -0.448). Fodlemonstrated a borderline trend, it did not meet the formal
the L3 angle, the interaction between sex and side did rsiteria for statistical significance. This finding should be
reach statistical significance, although a marginal trend weerpreted with caution, potentially suggesting a
observed (p = 0.051). In females, the left angle was higHeansitional morphological pattern that warrants further
than the right (p = 0.093, MD = -0.263), whereas in male#\vestigation in larger cohorts. These results suggest that
the right angle was higher than the left (p = 0.263, MD kimbar pedicle morphology is governed by complex
0.190). interactions between genetic sex and biomechanical
asymmetry, which may have profound implications for the
Notably, the sex side interaction for the L4 angle precision and safety of transpedicular instrumentation.
was statistically significant (p = 0.007). In females, the
left angle was higher than the right (p = 0.070, MD = - Moreover, our findings regarding sexual
0.235), while in males, the right angle was significantigimorphism align with data reported in Mexican
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populations, where males exhibited significantly greater In addition to these findings, a comparative analysis
pedicle width and length. Additionally, while the Mexicarreveals that the transverse pedicular angle progressively
study emphasizes that agegatively impacts pedicle heightincreases from L1 to L5, aligning with Eastern Indian data
and angle, our data further clarifies the role of lateralizatioRyiya et al (2023). However, while Priyat al (2023),
revealing a distinct left-side dominance in pedicle lengtheported the widest width at L3, our Turkish cohort
Interestingly, both studies underscore the necessity @aémonstrated a linear increase toward L5, highlighting
population-specific morphometric data. Furthermore, owthnic variations in growth patterns. Conversely, unlike
use of a linear mixed-effects model provides a moymmetry models often assumed in avian morphometrics,
nuanced understanding of the interaction between sex andt human subjects exhibit pronounced directional
side, particularly the unique angular shifts observed at tagymmetry (Glizadt al, 2025). Moreover, while Ebraheim
L4 segment. Consequently, integrating these anatomiedlal (1997), focused on dried bone symmetry, our use of
variations into preoperative planning is critical foralinear mixed-effects model allows for a clinically focused
enhancing surgical precision across different ethnic grougetection of asymmetry in living subjects. Consequently,
(Moncada-Habiket al.,2025) our results reinforce the conclusion that localized data is
indispensable for the success of free-hand pedicle screw
Considering the findings from previous literaturejnsertion. Our analysis reveals that while commercially
our results demonstrate both significant parallels aralailable lumbar stabilization screws, typically ranging
noteworthy divergences. Consistent with studies on Saddim 4.5 to 7.5 mm in diameter, align with the general
and spinal stenosis populations, our data confirmsdimensions of the Turkish population, their application
substantial sexual dimorphism where males generaligquires careful consideration of the specific lateralization
exhibit larger pedicle dimensions (Arockiaedjal,2025; and sexual dimorphism identified in this study.
Abbaset al, 2020). However, a critical point of discrepancy
arises in symmetry; while Arockiaret al, reported no Notably, the distinct left-side dominance in pedicle
significant differences between sides, our study identifiddngth suggests that utilizing identical screw lengths
a clear lateralization (Arockiaraf al,2025;). Moreover, bilaterally may significantly increase the risk of anterior
while Abbaset al (2020), concluded that dimensions areortical perforation on the shorter (right) side. This is a
independent of age, our findings suggest that specificitical finding, as such perforations can lead to major
parameters, particularly the L4 transverse angle, involvevascular injury or visceral damage. Furthermore, the unique
complex sex-side interaction not consistently observesgx-side interaction observed at the L4 transverse angle
in more homogenous cohorts. These discrepanciesphasizes that a "one-size-fits-all* approach to screw
underscore that while the transition from narrow L1 ttrajectory is insufficient. Failing to account for this gender-
wider L5 pedicles follows a universal trend, the degree specific lateralization could result in medial or lateral wall
bilateral asymmetry is highly influenced by ethnidreaches, compromising the safety of the procedure.
variations. Therefore, for optimal lumbar stabilization in our population,
we recommend that preoperative planning should not only
Additionally, in comparison with international rely on vertebral level but also strictly account for gender
datasets, our results contribute to the growing evidenceasfd inherent bilateral asymmetry to ensure precise screw
lumbar diversity. Consistent with large-scale American artcajectory and maximum pull-out strength. Integrating these
Turkish studies, our data reaffirms that male subjecpopulation-specific variations into preoperative CT
possess significantly larger pedicle calibersdival,2015; templating or robotic-assisted techniques is essential to
Bozdag & Karaman, 2021). Notably, Bozdag & Karamaminimize the risk of iatrogenic neurovascular complications.
(2021) utilized L1 morphometry for sex estimation with
72.6 % accuracy, echoing our findings of significant sex- However, this study has limitations. Firstly, it is a
based differences at the L1 level. Nevertheless, our stugingle-center retrospective design, which may limit
offers a unique perspective on bilateral asymmetry. Whiggeneralizability. In this context, the integration of
Yu et al (2015) suggests that race and age do not influer@etomated or Al-based measurements represents a
dimensions significantly; our findings reveal a left-sidg@romising future direction to enhance objective
dominance that necessitates careful consideration duriggantification and further reduce the inherent variability
surgery. Furthermore, while we observed the standaadsociated with manual morphometric assessments among
cranio-caudal increase in pedicle width (peaking at L5¢genters. Secondly, we did not include anthropometric data
we emphasize that the transverse angle interaction withch as BMI, which may influence caliber. Finally, as a
gender is a critical, population-specific variable for th€T-based study, these results do not fully capture
Turkish population. intraoperative soft tissue complexities.
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