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ORIGINAL ARTICLE

Sex- and Age-related Differences in Spinal Degeneration:
An Anatomical and Magnetic Resonance Imaging Study of
the Human Spine

Takahiro Asai, MD, PhD ? Eisuke Sakuma, MD, PhD #" Tetsuya Mizutani, RT ? Yohei Ishizaka, RT ?

Koji Ori, RT ? and Takatoshi Ueki, PhD P

Objectives: A precise anatomical understanding of the morphology of the spine is indispensable
for neck and low back pain therapy including rehabilitation. However, few studies have directly
addressed spinal morphology with a focus on the height of the vertebral body and discs. The
aim of the current study was to analyze sex- and age-related changes in the spine by measuring
the distance between adjacent centers of the intervertebral disc spaces from the posterior aspect
in cadavers and by using magnetic resonance imaging (MRI) measurements at the cervical and
lumbar vertebral levels. Methods: In the cadaveric study, the posterior distance between the
adjacent centers of the disc spaces was measured for 58 spinal canals. The equivalent distances
were examined using MRI in 370 and 660 subjects who presented with neck pain and back pain,
respectively. Results: The distance between the adjacent centers of the intervertebral disc spaces
in male cadavers was larger than that in female cadavers from C3 to L5/S1. The MRI results
showed that the distance between the adjacent centers of the intervertebral disc spaces decreased
with age in all spinal areas in men and women. Cadaveric values were significantly lower than the
MRI values in men, whereas in women, no significant differences were observed. Conclusions:
These results suggest that age-related changes in the cervical and lumbar spine are associated
with differences between men and women in the degrees of progressive vertebral body and disc

degeneration.
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INTRODUCTION

The Global Burden of Disease data for noncommunicable
diseases indicate that spinal pain has been the leading cause
of global disability since 1990.D Neck and low back pain are
the two largest causes of musculoskeletal disability among
complaints of spinal pain.? The prevalence of conditions
involving chronic pain is higher among women and older
persons.”) Many studies have investigated spinal degenera-
tion with aging by using diagnostic imaging and histochemi-
cal studies. The general consensus is that the pathological
and morphological changes involved in intervertebral disc

degeneration include decreases in proteoglycan level, de-
creases in water content in the nucleus pulposus, and reduced
disc height.*~® As suggested in the 1962 study by Naylor,
the intervertebral discs have been shown to undergo an
age-related process of degeneration as early as the second
decade of life. The nucleus pulposus undergoes transition
from a watery gel to a fibrous solid, which reaches a peak
in the fourth decade of life.”) Degenerative changes in the
discs are always accompanied by osteophyte formation on
the margins of the vertebral bodies and arthritic changes
in the facet joints. A direct relationship exists between the
degree of disc degeneration, marginal osteophyte formation
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on vertebral bodies, and facet joint changes, which suggests
that disc degeneration is the primary event that leads to
the clinical condition of degenerative spondylosis.® Good
mobility of the intervertebral disc and the pair of left and
right facet joints facilitates free movement of the spine.
Experiments using cadaveric lumbar spine specimens
revealed that intervertebral disc space constriction caused
a significant increase in the peak pressure across the facet
joints. Therefore, decreased disc height leads to worse facet
osteoarthritis.” In a healthy spine, only 5%-10% of the load
is transmitted through the posterior vertebral arch, includ-
ing the facet joint; however, the presence of degenerative
discs increased the percentage to 40%.!% Using a poroelastic
three-dimensional finite element model of the cervical spine,
the dimension that most strongly correlated with stress on
the facet joint was suggested to be the posterior height of the
intervertebral disc and not the anterior height.') However, it
is possible that both the posterior height of the intervertebral
disc and the posterior height of the vertebral body have a
strong correlation with facet joint load.

The vertebrae are commonly believed to lose some of their
mineral content with age, making each bone thinner, and the
spinal column becomes curved and compressed.!” A corre-
lation study between vertebral body morphology obtained by
computed tomography scans and bone mineral density mea-
sured by dual-energy X-ray absorptiometry showed that the
age-related lumbar bone mineral density loss was associated
with a significant decrease in the posterior height of the ver-
tebral body in both sexes.'? Although the total length of the
spine has been shown to decrease with age, the exact degree
of change and any sex-related differences remain elusive.'*!>)

The present study focused on the height of the vertebral
body, including the thickness of half of the disc above and
below the vertebral body. This height was measured posteri-
orly, which is presumed to be more strongly correlated with
intervertebral arthropathy. By using magnetic resonance im-
aging (MRI) and cadaveric measurements at the cervical and
lumbar vertebrae levels, we statistically analyzed sex- and
age-related changes in the spine, focusing on the distance
between the adjacent centers of the intervertebral disc spaces
from the posterior aspect.

MATERIALS AND METHODS

Cadaveric Measurements
Subjects

The present study was conducted within the parameters
of the written permissions we received from the donors and

their surviving relatives, and the present work conformed
to the provisions of the Declaration of Helsinki in 1995 (as
revised in Edinburgh in 2000). This study was approved by
the Institutional Review Board of Nagoya City University
Graduate School of Medical Sciences in accordance with the
Ethical Guidelines for Epidemiological Research (Approval
No. 1156).

A total of 65 adult cadavers (32 male and 33 female) with
no known pathological conditions of the spine were exam-
ined during educational dissection at Nagoya City University
Medical School in 2016-2018. All the cadavers had been
perfused with a fixative (10% formalin solution) through
the femoral artery, and percolation by 85.5% ethanol solvent
(Solmix AP-7, Japan Alcohol Trading, Tokyo, Japan) was
achieved through body surfaces via immersion in a solvent
pool for >2 weeks. The cadavers were then preserved in a
natural posture in the usual manner. The mean age at death
was 85.7 years (range, 64—102 years) for the men and 84.8
years (range, 61-101lyears) for the women. Adequate data
could not be obtained from seven specimens because of the
poor condition of the spine. After exclusion of those seven
cases (three male and four female cadavers), 58 spinal canals
(29 male and 29 female) were analyzed.

Design and Procedure

The posterior aspect of the vertebral column was exposed
between C3 and L5/S1 by dissection of the postvertebral
muscles. The posterior spinal elements were then transected
and removed to study the vertebral bodies and interverte-
bral disc spaces within the spinal canal. After complete
dissections of the posterior surface of each intervertebral
disc space, morphometric measurements were taken. The
distance between the adjacent centers of the intervertebral
disc spaces, i.e., the vertebral body and half adjacent disc
height (VBAD height), was measured using a Vernier caliper
(KSM-15FF, Nakamura Mfg., Tokyo, Japan) at all vertebral
and disc levels from C3 to L5/S1 (Fig. 1).

Magnetic Resonance Imaging
Subjects

This study was approved by the Institutional Review
Board of the participating facility (Approval No. 001). The
participants were 370 patients (196 men and 174 women)
who presented with neck pain and 660 patients (315 men
and 345 women) who presented with low back pain in the
Kouyu Orthopaedic Clinic between 2014 and 2020 (Tables
1 and 2). Patients with vertebral body abnormalities or gross
spinal pathologies, including spondylolisthesis and disc
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Fig. 1. The distance between the adjacent centers of the intervertebral disc spaces [(i.e., the vertebral body and half adja-

cent disc height (VBAD height)] was measured as shown.

space collapse, were excluded. Furthermore, patients who
had undergone a previous cervical spine operation or lumbar
fixation were excluded from the analysis.

MRI Protocol

All T2-weighted sagittal MRI images were obtained
with a 1.5-T superconducting imager (Brivo MR355, GE,
Healthcare, Milwaukee, W1, USA) using a fast-recovery fast
spin-echo. Imaging protocols for cervical spine MRI were as
follows: repetition time (TR)/echo time (TE), 3400/120; echo
train length, 19; slice thickness, 4 mm; slice gap, 0.8 mm;
field of view, 24 cm; matrix size, 352/0/0/224; number of ex-
citations, 3. Imaging protocols for lumbar spine MRI were as
follows: TR/TE, 3400/85; echo train length, 21; slice thick-
ness, 4 mm,; slice gap, 0.8 mm; field of view, 30 cm; matrix
size, 320/0/0/224; number of excitations, 2.

Measurements
The distances between the superior and inferior vertebral
discs were measured posteriorly from C3 to C7 and from

Thll to L5, i.e., the distances between the adjacent centers of
the intervertebral disc spaces. The posterior vertebral body
height was measured, including one-half of the height of
each of the two adjacent intervertebral discs (Fig. 1).

Statistical Analysis

The sex-related differences in MRI measurements were
individually analyzed at each vertebral level from C3 to C7
and from Thll to L5 by using Student’s #-test. The differenc-
es between MRI measurements of the aged patients (80—89
years of age) and cadaveric measurements of aged samples
(mean age at death was 85.7 years for the male cadavers and
84.8 years for the female cadavers) were individually ana-
lyzed at each vertebral level from C3 to C7 and from Thll to
L5 by using Student’s #-test.

RESULTS

Cadaveric Findings
We found no peridural adhesions while removing the

Copyright © 2022 The Japanese Association of Rehabilitation Medicine
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Table 1. Cervical spine: age and number of subjects undergoing MRI analysis

Age (years) Men Mean+SD Women Mean+SD
30-39 21 33.7+3.89 20 33.7+2.64
40-49 67 45.0+2.74 50 44.6+£2.93
50-59 34 54.0+2.37 28 53.7£2.81
60—-69 30 64.3+2.92 25 64.94+3.17
70-79 31 74.9+3.18 38 74.442.49
80-89 13 80.7+1.38 13 84.1+2.33

MRI measurements of the cervical spine were performed in 370 patients (196 men and 174 women)

with neck pain.

Table 2. Lumbar spine: age and number of subjects undergoing MRI analysis

Age (years) Men Mean+SD Women Mean+SD
30-39 41 33.3+3.44 40 33.0+2.52
40-49 67 44.0+2.26 50 43.5+2.40
50-59 50 53.6+£2.59 56 53.8+£2.64
60—-69 47 63.942.22 69 63.94+2.71
70-79 55 74.3+3.00 55 73.6+2.41
80-89 55 82.3+2.16 75 84.4+3.39

MRI measurements from the lower thoracic vertebrae to the lumbar vertebrae were performed in 660
patients (315 men and 345 women) with low back pain.

posterior spinal elements such as the laminae, pedicles, and
spinous processes to expose the dural sac and dissecting the
dura to expose the surface of the posterior longitudinal liga-
ment. For example, the anterior meningeal ligament (a small
string diagonally connecting the dura mater and posterior
longitudinal ligament) could be easily identified and dis-
sected at each attachment point to the posterior longitudinal
ligament during the actual process. Because of the old age
at death of all cadavers, the intervertebral discs bulged and
were convex from the posterior aspect in all samples; in con-
trast, the surfaces of the vertebral bodies appeared flat. Trial
vertebral disc position punctures with a scalpel occasionally
resulted in strong resistance, which often indicated partial
calcification of the posterior longitudinal ligament at that
disc level. We analyzed the measurements and found that
the mean VBAD heights were statistically greater in men
than in women from C3 to L5/S1. However, no significant
differences in VBAD height were found at the C7 and Th12
levels (Fig. 2).

MRI Findings

In the cervical spine, C6 had the smallest VBAD heights in
men aged 30—79 years, and the VBAD height decreased with
age at all sites from C3 to C7. However, in men aged 80—89

years, C5 had the lowest VBAD height, but the C6 height
was very similar (Fig. 3). In women, C6 had the minimum
VBAD heights in all age groups other than those aged 40—49
years; for all age groups, the C5 and C6 VBAD heights were
similar and were close to the minimum value. Moreover,
the minimum value at C6 decreased rapidly with age (Fig.
4). For the thoracic and lumbar spine, the maximum values
were found at L2 or L3 in all age groups in both men and
women, and the VBAD heights for all vertebrae from Thll
to L5 decreased with age (Fig. 5, 6). In women, the values
at L3 decreased rapidly with age. MRI measurements indi-
cated sex-related differences in that the mean VBAD height
was greater in men than in women in almost all parts of
the cervical spine for all age groups. However, C5 and C6
values in those aged 80—89 years, the C4 value in those aged
7079 years, and C5 and C6 values in those aged 30-39 years
showed no significant sex-related differences (Fig. 3, 4). For
the lower thoracic vertebrae and the lumbar vertebrae, the
mean VBAD heights were significantly greater in men than
in women for all age groups (Fig. 5, 6).

Comparison of the Cadaveric and MRI Mea-
surements
Comparing the data from the cadaveric samples with the

Copyright © 2022 The Japanese Association of Rehabilitation Medicine



Prog. Rehabil. Med. 2022; Vol.7, 20220011

35 -
Cadaver Measurements

30 -

25

——Male

-m-Female

VBAD height (mm)

10 -

Fig. 2. In cadaveric measurements, the mean VBAD height was statistically greater
(P<0.05) in men than in women from C3 to L5/S1; the exceptions were the C7 and Th12
vertebrae, for which there was no difference. Means and SEs are indicated.
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Fig. 3. MRI measurements of the VBAD height of cervical
spines in women with neck pain. Means and SEs are indi-
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Fig. 7. Comparison of the cadaveric and MRI VBAD
heights of the cervical spine. Means and SEs are indicated.

outpatient MRI measurements for subjects aged 80—89 years,
the VBAD height from cadaveric samples was significantly
larger than the MRI value only at the C5 level for men. For
women, no significant difference was observed at C3, C4,
C5, or C6 between the cadaveric and MRI data, whereas at
C7, the cadaveric samples showed slightly higher values than
those measured using MRI (Fig. 7). From the lower thoracic
vertebrae to the lumbar vertebrae in men, the cadaveric mea-

surements were significantly lower at Thll, Thl12, LI, L2,

Fig. 8. Comparison of the cadaveric and MRI VBAD
heights from the lower thoracic vertebrae to the lumbar ver-
tebrae. Means and SEs are indicated.

and L35. In contrast, for women, no significant difference was
observed at any thoracic or lumbar vertebral level between
the cadaveric and MRI data (Fig. 8).
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DISCUSSION

Age-related disc degeneration and subsequent vertebral
body degeneration have been studied using various methods
and indicate some sex-related differences.!®'” Among the
previous findings from Japan, one investigation reported that
from the second to the eighth decades of life, nearly all de-
velopmental spinal canal dimensions were smaller in women
than in men. Radiographic data from Japanese people (1230
asymptomatic volunteers with at least 100 men and 100
women in each decade of life between the third and eighth
decades) showed that the central vertebral body height of men
was larger than that of women between the C3 and C7 levels.
The disc height in men was also higher than that in women
between the C2/C3 and C5/C6 disc levels from the second
to the eighth decades of life.!”) Lumbar spine radiography
has indicated that disc space narrowing proceeds to a greater
degree in women than in men, based on the investigation of
the prevalence of lumbar disc space narrowing in elderly
(age >65 years) Chinese men and women.!” By using MRI,
Teraguchi et al. reported the prevalence and distribution of
intervertebral disc degeneration over the entire spine (975
participants; 324 men, mean age of 67.2 years; 651 women,
mean age of 66.0 years) and focused on the sex-related dif-
ferences. That study revealed that the prevalence of disc
degeneration was highest at C5/C6 (men: 51.5%, women:
46%), T6/T7 (men: 32.4%, women: 37.7%), and L4/L5 (men:
69.1%, women: 75.8%).'"® Migkisiak et al. reported that the
vertebral body height decreases whereas the vertebral disc
height increases with age. This finding was based on the ret-
rospective analysis of collected computed tomography (CT)
data of the lumbar spine from 31 men aged 2073 years and
31 women aged 2078 years.")

Many studies have investigated the sex- and age-related
differences in spinal degeneration, focusing on the poste-
rior vertebral body height; we identified studies that used
direct measurements from plain X-ray radiographs,’-*)
CT scans,?? MRI scans,?*2 adult human cadavers,?> and
vertebral samples of a human osteological collection.”® By
using data obtained from cervical spine X-ray radiographs
of 120 adults (69 men and 51 women; age range, 20—80
years), Liguoro et al. reported that the posterior vertebral
body height was higher in men than in women.?” Focusing
on postmenopausal effects, Diacinti et al. reported measure-
ments from lumbar spine X-ray radiographs from 50 healthy
premenopausal and 76 healthy postmenopausal women (age
range, 39-74 years) and found that the posterior vertebral
body height decreased significantly in postmenopausal

women.”) On the basis of lumbar spine CT image data of 126
patients who presented with low back pain (55 men, mean
age 50£13.60 years; 71 women, mean age 49+12.04 years),
Zhou et al. reported that the posterior height of the vertebral
discs was higher in men than in women.??

Other studies used MRI measurements.?>>* For example,
Hong et al. used MRI to investigate the intervertebral spaces
of relatively young patients. From their MRI measurements
of subjects with the chief complaint of lumbar pain (138 men,
mean age 20.51 years; 40 women, mean age 21.38 years),
Hong et al. found that the size of the posterior interverte-
bral space was larger in women than in men.?® Hegazy and
Hegazy reported that the mean MRI-measured posterior
height of vertebral bodies from L1 to LS was greater in men
than in women. Moreover, they also reported that the mean
posterior disc height at L1/L2 was greater in women than
in men, whereas those from L2/L3 to L5/S1 were greater in
men than in women.”” Twomey and Taylors’ study of 206
cadavers showed that, in most individuals, small decreases
in marginal intervertebral disc height (anterior and posterior)
were countered by an increase in central height. Young adults
of both sexes were, on average, taller than the old adults.>

One report analyzed 4080 thoracic and lumbar vertebrae
obtained from 240 normal complete spines in adult human
skeletons that were part of the Hamann—Todd Human Osteo-
logical Collection housed at the Cleveland Museum of Natu-
ral History, Cleveland, OH, USA. The data obtained from
lumbar spine skeletal specimens indicated that the posterior
vertebral body height was larger in men than in women.>®)

For the cervical spine, the present study found that C6 had
the smallest VBAD height in all age groups for men and
that the VBAD height at C6 rapidly decreased with age in
women. Regarding the lumbar spine, both men and women
had maximum VBAD heights at L2 or L3 for all ages, but
in the women, the L3 and L4 values rapidly decreased with
age. These MRI results suggest some possible differences
between men and women in age-related changes in both cer-
vical and lumbar vertebrae. The present study confirmed the
previous findings that nearly all developmental spinal canal
dimensions were smaller in women than in men, taking into
account age-related changes.

We also compared the MRI data from elderly patients
(those aged 80—90 years) with the direct measurements on
cadavers with a similar age at death. Treatment with formalin
and ethanol is considered to result in atrophy of the vertebral
body and intervertebral disc tissue. Despite the lifelike ap-
pearance of cadavers treated using this method, preservation
has a major drawback. Fixation in ethanol causes shrinkage

Copyright © 2022 The Japanese Association of Rehabilitation Medicine
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of bone tissue specimens,?”) and all preservation methods
cause some morphological, biomechanical, and histologi-
cal changes in soft tissue such as vertebral discs, including
shrinkage effects.”® Ten percent formalin solution has been
commonly used as a fixative solution since 1893 without
much modification.?” Formaldehyde is an excellent fixative,
disinfectant, and preservative; however, its use is generally
associated with extreme rigidity.?) In the embalming setting,
ethanol is also widely used as an alcoholic solvent and anti-
infective agent. In addition, some authors have suggested
that excess formaldehyde can be washed away by ethanol"

In the present study, the cadaveric measurements of
VBAD height were significantly smaller than the MRI
measurements in men at Thll, Th12, LI, L2, and L5. In
women, no significant differences were found at any level
of the thoracic or lumbar spine. From these findings, the
most noteworthy observation was that a sharp decrease in
VBAD height compared with the MRI measurements, which
could be attributed to postmortem fixation, was observed at
the lower thoracic and upper lumbar levels in men but not in
women. Considering that fixation causes the spinal structure
to shrink, areas that have significantly lower values than that
indicated by MRI data may not yet have much degeneration
of the vertebral body and disc tissue in vivo. These results
are likely to indicate that lower thoracic and upper lumbar
spinal mobility is more restricted in aged women. Therefore,
care must be taken not to use excessive dynamic exercise
during rehabilitation, and older female patients may require
more gentle manipulation procedures.

CONCLUSIONS

We statistically analyzed the sex- and age-related changes
of the posterior VBAD height of the spine. By using cadav-
eric and MRI measurements, the present study suggested
that age-related changes of the cervical and lumbar spine are
associated with differences between men and women in the
degrees of progressive vertebral body and disc degeneration.
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