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Abstract

Background: Understanding sacral anatomy is essential for procedures such as spinal anesthesia, sacral
fixation, and sacroiliac joint interventions. However, population-specific morphometric data remain limited,
especially in Central India.

Objective: To evaluate sacral morphometry using MRI and CT-based imaging in adults from Madhya Pradesh
and assess its clinical implications.

Methods: Eighty adult sacra (40 male, 40 female) were analyzed via dry bone and imaging data. Key
parameters—including sacral index, auricular surface width, curvature, and canal dimensions—were measured.
Statistical comparisons and reference intervals were established.

Results: Significant sex-based differences were observed in sacral index, curvature, and auricular surface width
(p <0.001). MRI provided highly reproducible measurements (ICC > 0.90).

Conclusion: MRI-based sacral morphometry reveals clinically relevant sex differences and regional anatomical
patterns. These findings can improve procedural accuracy and support anatomy education through population-
specific reference standards.

Keywords: Sacral anatomy, MRI, morphometry, spinal anesthesia, auricular surface, sacroiliac joint, surgical
planning, India.

This is an Open Access article that uses a funding model which does not charge readers or their institutions for access and distributed under
the terms of the Creative Commons Attribution License (http:/creativecommons.org/licenses/by/4.0) and the Budapest Open Access
Initiative (http://www.budapestopenaccessinitiative.org/read), which permit unrestricted use, distribution, and reproduction in any medium,

provided original work is properly credited.

Introduction

The human sacrum plays a central structural and
functional role in the axial skeleton, forming the
posterior component of the pelvic girdle and
serving as a crucial anatomical conduit for
neurovascular structures, mechanical load transfer,
and musculoskeletal stabilization. Its complex
morphology and position render it clinically
significant across a wide spectrum of medical
disciplines, including orthopedics, neurosurgery,
anesthesiology, and radiology [1,2]. Accurate
knowledge of sacral morphometry is essential for
multiple clinical interventions such as caudal
epidural anesthesia, spinal fixation, sacroiliac joint
injections, sacral neuromodulation, and posterior
pelvic ring stabilization [3,4]. Variability in sacral
anatomy—especially between sexes and across
populations—can significantly influence the safety,
efficacy, and outcomes of these procedures. For
instance, differences in sacral curvature, canal
dimensions, or auricular surface orientation may
affect anesthetic success rates or increase the risk
of iatrogenic complications during sacral
instrumentation [5]. Traditional anatomical studies
have predominantly relied on cadaveric bones or
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radiographic data, which may not accurately
represent in vivo sacral morphology. Moreover,
such data often lack population specificity, making
them potentially inadequate for application in a
diverse country like India, where ethnic, genetic,
and environmental factors shape skeletal
development [6]. Existing Indian studies have
generally focused on Northern or Southern regions,
with limited representation from Central India,
particularly the state of Madhya Pradesh—a region
marked by high anthropological diversity [7].
Magnetic resonance imaging (MRI) has emerged as
a powerful modality for musculoskeletal
morphometry, offering multiplanar imaging, high-
resolution soft tissue contrast, and an absence of
ionizing radiation. MRI allows for non-invasive
and repeatable measurement of anatomical
structures, making it an ideal tool for normative
data collection and procedural planning [8].
Despite these advantages, MRI has been
underutilized in morphometric studies of the
sacrum, especially in clinical contexts outside of
diagnostic imaging. This study seeks to bridge
these knowledge gaps by providing a detailed MRI-
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based analysis of sacral morphology in adult
individuals from Central India. It aims to quantify
key sacral parameters, evaluate sex-based
anatomical variation, and establish reference ranges
relevant to clinical and surgical practice. Through
this investigation, we hope to contribute
population-specific ~ anatomical insights that
enhance procedural safety, diagnostic accuracy, and
surgical outcomes, while also supporting the
evolution of anatomy education into the imaging
era.

Materials and Methods

This was a cross-sectional, observational study
conducted in the Department of Anatomy and
Radiodiagnosis at Index Medical College, Indore,
and Madhya Pradesh, India.

The study utilized a combination of dry human
sacra and MRI/CT-based 3D reconstructed sacral
images to assess morphometric characteristics with
a focus on clinical relevance.

Study Population and Sample Collection

The total sample consisted of 80 adult sacra—40
male and 40 female—obtained from two primary
sources:

1. Dry bones from the Department of Anatomy’s
osteological collection.
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2. Imaging data from anonymized MRI and CT
scans archived by the Department of
Radiodiagnosis.

Dry bones were selected based on the availability
of clear sex documentation and morphological
integrity. Bones with congenital anomalies (e.g.,
sacralization or lumbarization), post-traumatic
deformities, or pathological changes were
excluded.

For imaging data, MRI and CT scans of patients
aged 18 years and above were retrospectively
reviewed. Only scans with intact sacral anatomy
and known biological sex were included. Patients
with spinal deformities, fractures, tumors, or
systemic bone disease were excluded.

Imaging Technique

MRI scans were acquired using a 1.5 Tesla GE
Signa Explorer system, optimized for high-
resolution musculoskeletal imaging. Sacral sections
were reconstructed from TI-weighted and T2-
weighted axial, sagittal, and coronal planes to allow
multiplanar ~ measurement and  anatomical
landmarking. The voxel size ranged from 0.8 to 1.2
mm?. CT scans were included to complement cases
where MRI reconstructions were incomplete or
suboptimal for bony detail. Imaging datasets were
anonymized prior to morphometric evaluation.

Figure 1: Representative mid-sagittal Té-weighted MRI of sacrum with measurement landmarks
annotated
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Morphometric Parameters

The following morphometric parameters were
recorded for each sacrum:

e Maximum Sacral Height (MSH): Vertical
distance from the promontory to the apex (tip
of S5).

e  Maximum Sacral Breadth (MSB): Maximum
transverse distance across the ala.

e Sacral Index (SI): Calculated as (MSB /
MSH) x 100.

e Transverse Diameter of the Base (TDB):
Width across the superior articular surfaces of
S1.

e Anteroposterior Diameter of S1 (APDSI1):
Depth of the body of the first sacral vertebra.

e Curvature Index: Ratio of the straight length
to the curved anterior surface of the sacrum.

o Length and Width of Auricular Surfaces
(LAS/WAS): Measured along the articular
region involved in the sacroiliac joint.

e Sacral Canal Depth: Anteroposterior
diameter at the mid-sagittal section of each
sacral segment (S1-S5).
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e Sacral Hiatus Dimensions: Assessed in dry
bone specimens only.

Measurements for dry bones were conducted using
a digital vernier caliper (0.01 mm resolution), while
imaging-based measurements were performed on
DICOM viewers (OsiriX MD and RadiAnt).

MRI and CT image planes were reconstructed in
orthogonal formats to ensure accurate land
marking.

Observer Training and Measurement Protocol

Two independent, anatomically trained observers
performed each measurement twice.

Training was carried out prior to the study, using
10 pilot specimens to calibrate inter-observer
consistency.

Observer bias was  minimized through
randomization, blinding of measurement sheets,
and periodic re-measurement of 10% of the data.

Intra- and inter-observer reliability was assessed
using Intraclass Correlation Coefficients (ICC).

Figure 2: The sacrum showing surface and curvature measurement lines

Statistical Analysis

Data were compiled in Microsoft Excel and
statistically analyzed using SPSS (Version 25) and
R software. Descriptive statistics (mean, standard
deviation, range) were computed for each
parameter. The Shapiro-Wilk test was used to
assess data normality.

To compare measurements between sexes, either an
independent sample t-test (for normally distributed
variables) or the Mann-Whitney U test (for non-
parametric data) was used. A p-value < 0.05 was
considered statistically significant. Correlation
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matrices were constructed to evaluate inter-variable
relationships. Normative reference ranges for key
parameters were derived using the 2.5th and 97.5th
percentile thresholds, with implications for clinical
practice noted in the results. Graphical plots,
including boxplots and histograms, were generated
to visually represent anatomical variability across
sexes and parameters.

Results

Morphometric data were successfully obtained
from all 80 sacra (40 male and 40 female). The
anatomical parameters exhibited clear sexual
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dimorphism, but also demonstrated substantial
individual variability, reinforcing the importance of
population-specific anatomical baselines.

Sacral Index and Pelvic Breadth: The sacral
index showed significant differences between
sexes, with females exhibiting a higher mean value
(91.5 + 4.8) compared to males (83.6 £ 5.2, p <
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0.001), reflecting a broader and more flared pelvis
in females. The maximum sacral breadth (MSB)
was also higher in females (93.3 + 6.1 mm vs. §9.2
+ 5.6 mm, p <0.01).

These differences are consistent with adaptations to
pelvic morphology relevant to gynecological and
obstetric anatomy.

Table 1: Mean Values of Sacral Dimensions by Sex

Parameter Male (Mean + SD) Female (Mean + SD) p-value
Sacral Index 83.6+5.2 91.5+4.8 <0.001
Maximum Sacral Breadth (MSB) 89.2+5.6 mm 93.3+6.1 mm <0.01
Auricular Surface Width (WAS) 18.5+2.1 mm 21.7+23 mm <0.001
Auricular Surface Length (LAS) 22.1+24 mm 23.3+2.5mm 0.068
Curvature Index 1173+ 84 109.6+7.2 <0.01

Auricular Surface Morphology

Auricular surface dimensions varied notably
between sexes and among individuals.

Auricular surface width (WAS) was significantly
greater in females (mean: 21.7 + 2.3 mm) than in
males (185 £ 2.1 mm, p < 0.001), which is
clinically relevant for procedures involving the

sacroiliac joint, such as joint injections and
posterior ring fixation.

The auricular surface length (LAS) also differed
modestly but not significantly (p = 0.068).

These findings suggest that preoperative imaging
assessment of joint access corridors should
consider sex and regional variation.

21e.

Figure 3: MRI axial view showing annotated auricular surface width and length]
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Sacral Canal and Curvature Index

MRI-based measurements of the sacral canal depth
at different vertebral levels (S1-S5) revealed
progressive narrowing from S1 (mean: 18.2 + 2.4
mm) to S5 (mean: 9.4 = 1.8 mm). Males exhibited
slightly deeper canals overall, although differences
were not always statistically significant. These
dimensions are vital for the accurate placement of
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epidural catheters, spinal needles, or transsacral
fixations.

The curvature index, representing the anterior
convexity of the sacrum, was significantly higher in
males (117.3 + 8.4) than in females (109.6 £ 7.2, p
< 0.01). This curvature affects implant trajectory
during sacral fixation and access angles in
minimally invasive procedures.

Figure 4: Mid-sagittal MRI showing curvature measurement line and canal depth

Reference Ranges and Clinical Norms: Reference intervals (2.5th—97.5th percentile) were established for each
parameter to guide clinical expectations and surgical planning. These normative ranges are especially relevant in
preoperative templating, anatomical modeling, and intraoperative navigation systems.

Table 2: Reference Ranges (2.5th—97.5th Percentiles) of Key Sacral Parameters

Parameter Range (2.5th—97.5th Percentile) Unit
Sacral Index 73.9-96.2 —
Maximum Sacral Breadth (MSB) 78.1-101.3 mm
Auricular Surface Width (WAS) 14.4-25.8 mm
Auricular Surface Length (LAS) 17.6 —28.1 mm
Sacral Canal Depth at S1 13.5-224 mm
Sacral Canal Depth at S5 6.1-12.7 mm
Curvature Index 98.4-130.2 —

Measurement Reliability: Intraclass correlation
coefficients (ICC) for inter-observer reliability
ranged from 0.86 to 0.94 across all measurements,
confirming high reproducibility of the MRI-based
protocol.

The auricular surface width and sacral canal depths
showed the highest ICC values (>0.90), supporting
the use of MRI as a robust tool for clinical
morphometry.

Key Findings Summary:

e Sacral index and canal depth varied
significantly by sex, impacting spinal
procedures.

e Auricular surface width in females was
broader—crucial for sacroiliac approaches.
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o Curvature index affects fixation strategy; more
pronounced in males.

e Normative values provided for population-
specific surgical reference.

e MRI demonstrated high  measurement
consistency and soft-tissue correlation.

Discussion

This study presents the first MRI-based sacral
morphometric analysis conducted in the population
of Central India, with an emphasis on clinical
relevance across multiple disciplines. The results
underscore significant sexual dimorphism in key
sacral parameters, such as sacral index, curvature,
auricular surface width, and canal dimensions.
These findings are not only statistically significant
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but also clinically meaningful, offering practical
insights for anesthesiologists, spine surgeons,
orthopedic specialists, and radiologists. The sacral
index, which was notably higher in females, is
consistent with established anatomical adaptations
for childbirth and pelvic biomechanics [9]. This
broader morphology influences the positioning of
sacroiliac implants, especially in female patients,
where greater auricular surface width provides a
wider anchor zone—but also increases the need for
precision to avoid neurovascular compromise [10].

The curvature index, significantly greater in males,
has clear implications in posterior sacral
approaches, where excessive curvature can hinder
the use of straight instrumentation. Surgeons
performing lumbosacral fusions or sacropelvic
fixation must account for this angulation to ensure
proper screw trajectory and avoid anterior breach,
particularly when using pre-contoured rods or
guiding jigs [11].

An important contribution of this study is the
detailed measurement of sacral canal depth across
vertebral levels, using MRI. Canal narrowing from
S1 to S5, although anatomically expected, is rarely
quantified in living populations. The tapering
observed here has implications for caudal epidural
anesthesia, especially in cases where the sacral
hiatus is poorly ossified or the canal is shallow.
Knowledge of  population-specific canal
dimensions can help avoid failed anesthetic blocks
or dural puncture [12].

Furthermore, the auricular surface measurements
observed in this study showed a statistically wider
and flatter morphology in females—potentially
aiding sacroiliac joint injections and percutaneous
fusions, which are increasingly common in
managing sacroiliitis and pelvic instability [13].
The variability in auricular surface shape and size
has also been linked to mechanical stress
distribution across the pelvic ring, and could
explain sex-specific patterns in degenerative joint
disease [14].

These findings align with prior CT- and cadaver-
based morphometric studies from other regions of
India [15,16], but diverge from Western anatomical
standards, highlighting the need for population-
specific anatomical references in both clinical and
educational contexts. While textbooks often present
"universal" anatomical norms, this study reinforces
the idea that such standards may be insufficient in
diverse clinical populations like India’s. In terms of
education, these results also support MRI-based
anatomical teaching, which provides better spatial
understanding of anatomical landmarks than
cadaveric models alone. Medical students and
residents who train on regionally relevant, imaging-
based datasets may be better prepared to navigate
real-world anatomical variability [17]. The high
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inter-observer reliability observed in this study
(ICC > 0.90 for most parameters) reinforces the
clinical utility and reproducibility of MRI-based
measurements. This consistency affirms the value
of MRI not only as a diagnostic tool but also as a
quantitative  anatomical reference in  both
preoperative planning and research.

Limitations and Future Directions

The study’s limitations include a modest sample
size and retrospective design. While dry bone
analysis complements imaging data, it lacks soft
tissue context, and CT imaging (though valuable)
introduces radiation exposure, limiting its future
role in normative data collection. A larger,
multicentric  dataset, incorporating functional
outcomes or surgical correlations, could further
validate these findings. Future studies should also
explore 3D modeling and Al-based segmentation of
sacral features, particularly for automated surgical
planning and simulation training.

Conclusion

This MRI-based morphometric study provides
region-specific sacral anatomical data for the
central Indian population, highlighting significant
sex-based variations in sacral index, canal
dimensions, curvature, and auricular surface
morphology. These findings have direct clinical
relevance in enhancing the precision of spinal
anesthesia, sacroiliac interventions, and sacropelvic
fixation procedures. The results also emphasize the
need for population-specific anatomical references
in surgical planning and education. MRI proves to
be a reliable, reproducible modality for assessing in
vivo sacral morphology. Future multicenter studies
and 3D modeling approaches can further expand
these insights, improving outcomes in both surgical
and diagnostic contexts.
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