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Abstract
Background Context—Few studies have directly evaluated the association of lumbar lordosis
and segmental wedging of the vertebral bodies and intervertebral disks with prevalence of spinal
degenerative features.

Purpose—To evaluate the association of CT-evaluated lumbar lordosis, segmental wedging of
the vertebral bodies and that of the intervertebral disks with various spinal degeneration features.

Study design—This cross-sectional study was a nested project to the Framingham Heart Study.

Sample—A random consecutive subset of 191 participants chosen from the 3590 participants
enrolled in the Framingham Heart Study who underwent multi-detector CT to assess aortic
calcification.

Physiologic Measures: Dichotomous variables indicating the presence of intervertebral disc
narrowing, facet joint osteoarthritis, spondylolysis, spondylolisthesis and spinal stenosis and
density (in Hounsfield units) of multifidus and erector spinae muscles were evaluated on supine
CT, as well as the lordosis angle (LA) and the wedging of the vertebral bodies and intervertebral
disks. Sum of vertebral bodies wedging (ΣB) and sum of intervertebral discs wedging (ΣD) were
used in analyses.

Methods—Mean values (±SD) of LA, ΣB and ΣD were calculated in males and females and
compared using the t-test. Mean values (±SD) of LA, ΣB and ΣD in 4 age groups: <40, 40–49, 50–
59 and 60+ years were calculated. We tested the linear relationship between LA, ΣB and ΣD and
age groups. We evaluated the association between each spinal degeneration feature and LA, ΣB
and ΣD using multiple logistic regression analysis where studied degeneration features were the
dependent variable and all LA, ΣB and ΣD (separately) as well as age, sex, and BMI were
independent predictors.

Results—LA was slightly lower than the normal range for standing individuals, and no
difference was found between males and females (p=0.4107). However, the sex differences in sum
of vertebral bodies wedging (ΣB) and sum of intervertebral discs wedging (ΣD) were statistically
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significant (0.0001 and 0.001, respectively). Females exhibit more dorsal wedging of the vertebral
bodies and less dorsal wedging of the intervertebral discs than do males. All these parameters
showed no association (p>0.05) with increasing age.

LA showed statistically significant association with presence of spondylolysis (OR(95%CI):
1.08(1.02–1.14)) and with density of multifidus (1.06 (1.01–1.11). as well as a marginally
significant association with isthmic spondylolisthesis (1.07(1.00–1.14). ΣB showed a positive
association with degenerative spondylolisthesis and disc narrowing ((1.14(1.06–1.23) and 1.04
(1.00–1.08), correspondingly), whereas ΣD showed negative one (0.93(0.87–0.98) and (0.93(0.89–
0.97), correspondingly).

Conclusions—Significant associations were found between lumbar lordosis evaluated in supine
position and segmental wedging of the vertebral bodies and intervertebral disks and prevalence of
spondylolysis and spondylolisthesis. Additional studies are needed, to evaluate the association
between spondylolysis, isthmic and degenerative spondylolisthesis and vertebral and disc wedging
at segmental level.

Keywords
computer tomography; spine; degeneration; lordosis; segmental wedging angle; vertebral body;
intervertebral disc

Introduction
There is increasing recognition of the functional and clinical importance of the lumbar
lordosis [1–5]. Lumbar lordosis is formed by the wedging of the lumbar vertebral bodies and
of the intervertebral disks [6, 7]. Lordotic or dorsal wedging (ventral height greater than
dorsal height) of the vertebral bodies and the intervertebral disks will increase the lordosis
angle (LA), while kyphotic or ventral wedging will decrease it.

Very few studies have directly evaluated the association of lumbar LA and segmental
wedging of the vertebral bodies and intervertebral disks with prevalence of spinal
degenerative features. For example, one recent study [5] found that there are two
independent predictors of degenerative spondylolisthesis, the higher kyphotic wedging of
vertebral bodies and decreased anterior disc height.

The etiology of spinal degeneration is not fully understood, nor is the broad morphological
changes that might result from degeneration process. Finding an association between
morphological parameters and degeneration of the spine could be a first step to
understanding the etiology of lumbar spine degeneration. Understanding the etiology of
spinal pathology, in turn, can help to identify subjects at risk, to develop better treatments, or
to develop prevention strategies.

The aim of this study was to examine the associations of CT-evaluated lumbar lordosis and
segmental wedging of vertebral bodies and of intervertebral disks with various spinal
degeneration features.

Methods
Study design

Cross-sectional community-based study that was a nested project to the Framingham Heart
Study.
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Sample
This project was a nested project to the Framingham Heart Study. The Framingham Heart
Study began in 1948 as a longitudinal population-based cohort study of the causes of heart
disease. Initially, 5209 men and women between the ages of 30 and 60 years living in
Framingham, Massachusetts were enrolled. All subjects underwent biennial examinations.
In 1971, 5,124 offspring (and their spouses) of the original cohort were entered into the
Offspring cohort. In 2002, 4095 men and women who were children of the Offspring cohort
were enrolled in the Third Generation cohort. A description of the Offspring and Third
Generation cohorts has been previously reported [8, 9]. 3590 participants of the Framingham
study (participants in both the Offspring and Third Generation cohorts) aged 40–80 years
underwent abdominal and chest multi-detector computed tomography (CT) scanning to
assess coronary and aortic calcification. The recruitment and conduct of CT scanning have
been previously reported [10, 11]. During the CT study, 191 participants were consecutively
enrolled in this nested study to assess the different aspects of spinal degeneration. The
sample is representative of the larger study sample all of whom also had CT scans acquired
but did not have a self-reported assessment of spinal symptoms.

Imaging parameters
Study participants were imaged with an eight-slice multi-detector CT scanner (Lightspeed
Ultra, GE, Milwaukee, WI, USA). Each subject underwent unenhanced abdominal multi-
detector CT performed with patients lying in a supine position with extended legs, using a
sequential scan protocol with a slice collimation of 8 mm × 2.5 mm (120 KVp, 320/400 mA
for 220 lbs body weight, respectively) during a single end-inspiratory breath hold. For the
abdominal scan, thirty contiguous 5 mm thick slices of the abdomen were acquired covering
150 mm above the level of S1.

The evaluation of all spinal degeneration parameters in this study was performed using
eFilm Workstation (Version 2.0.0) software.

Measurements of lumbar lordosis and wedging angle of vertebral bodies and
intervertebral discs

For each of the five lumbar vertebrae, two lines were drawn (Figure 1A): along the superior
endplate of the vertebral body (also on the first sacral vertebra) and along the inferior
endplate of the vertebral body. These lines were used to measure three angles: the LA
between the superior endplate of L1 and the superior endplate of S1; the body wedge angle
(B) between the superior and inferior endplates of a single vertebra; and the intervertebral
disk angle (D) between the inferior endplate of one vertebra and the superior endplate of the
successive vertebra. Measurements B and D were taken for each of the five lumbar
segments. All measurements were taken by the same investigator (EB) that was not aware of
readings of degenerative features.

Measurements B and D were used to calculate ΣB, the sum of the lumbar L1-L5 body
wedge angles; and ΣD, the sum of the lumbar L1-L5 intervertebral disk angles.

Evaluation of spinal degeneration features
For CT reading we used transverse plane images as well as sagittal and coronal
reconstructions, where needed. A reading protocol for evaluation of spinal degeneration
features was developed. Using this protocol, the intra- and inter-rater reliability was
calculated for two readers. One investigator, blinded to patient identifiers, read all of the
CTs. All spinal degeneration features were evaluated between L2 and S1 spinal levels. To
evaluate reader-drift, we re-assessed intra-rater reliability by inserting one original reliability
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scan for every 10 new scans. Before analyzing each new set of CT scans, 5 previously
analyzed CTs were reevaluated to “recalibrate” the readings to a standard.

Intervertebral disc narrowing—Disc narrowing was estimated on a sagittal
reconstruction image using the 4- grade scale by Videman et al. [12]: 0–normal, disc height
greater than the cephalad disc, except for the L5-S1 disc; 1-slight, disc height equal to the
cephalad disc if it is normal; 2-moderate, disc height less than cephalad disc if it is normal;
and 3- severe, endplates almost in contact. For this study, this scale was collapsed to two
grades: 1–normal, included grades 0 and 1; 2–affected, included grades 2 and 3. Subject
with at least one affected level was considered as having intervertebral disc narrowing.

Facet joint OA—Four grades (0-normal, 1-mild, 2-moderate and 3-severe degeneration) of
facet joint OA were defined using criteria that were described in Kalichman et al. [13] and
similar to those published by Pathria et al. [14] and Weishaupt et al. [15]. This semi-
quantitative score accounts for such changes as joint space narrowing, osteophytes,
hypertrophy of the articular process, subarticular sclerosis, subchondral cysts and vacuum
phenomenon. Lumbar facet joints were graded on both sides at L2-L3, L3-L4, L4-L5, and
L5-S1 levels. For this study this index was dichotomized based on the presence or absence
of facet joint OA (≥grade 2) on any side at any level.

Spondylolysis and Spondylolisthesis—The lumbar spine was reviewed for each case,
using bone windows. Spondylolysis and spondylolisthesis were defined as present or absent
(dichotomous indices) for each subject.

Spinal stenosis—Bone and soft tissue windows were used. For measurements of
congenital spinal stenosis, the midsagittal diameter of the spinal canal was measured at the
level of the middle of the vertebra using a CT bone window. Acquired spinal stenosis was
measured as a midsagittal diameter of the spinal canal at the level of the intervertebral disc
(the effective canal diameter was determined between the margin of the intervertebral disc
anteriorly and the junction of bilateral ligamenta flava posteriorly) using a CT soft tissue
window. Spinal stenosis was defined as diameter <10 mm in accordance with previous
studies [16–20]. A dichotomous index was obtained based on the presence or absence of
lumbar spinal stenosis of any type and at any level.

Paraspinal muscles density evaluation—The density of multifidus and erector spinae
muscles was measured in Hounsfield units (HU) on both the left and right side at the level of
the upper endplates of L3, L4 and L5 vertebrae. Mean density was measured by a 6 mm
circle in the center of muscle mass in the region of interest. A similar method was previously
used in Keller et al. study of paraspinal muscle density [21].

To avoid the problem of multiple comparisons and because there were no significant
differences between right and left sides and between spinal levels, we performed principal
component analyses for each muscle separately, using the original density measurements.
The first principal components derived from these analyses were dichotomized according
the following rule: lowest 33.3% of the distribution=1, other=0. Resulting dichotomous
indices were used in the further analyses.

Body mass index (BMI)
BMI was computed as the ratio of the body mass in kg divided by the height in meters
squared.
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Statistical analysis
Because the prevalence of various spinal degeneration features and mean density of
multifidus and erector spinae muscles was previously described [22] we did not provide this
data in the present paper.

First, we calculated the mean values (±SD) of LA, ΣB and ΣD in males, females and in total
sample. To compare between males and females an unpaired t-test was used. Second, we
calculated the mean values (±SD) of LA, ΣB and ΣD in 4 age groups: <40, 40–49, 50–59
and 60+ years. We tested the linear relationship between LA, ΣB and ΣD and age groups.
Third, we evaluated the association between each spinal degeneration feature and LA, ΣB
and ΣD using multiple logistic regression analysis where studied degeneration features were
the dependent variable and all LA, ΣB and ΣD (separately) as well as age, sex, and BMI
were independent predictors.

Results
Results of reliability tests (kappa statistics) were as follows: The intra-observer reliability
for disc narrowing varied at different spinal levels between 0.84 and 0.90. The inter-
observer reliability for disc narrowing ranged from 0.78 to 0.88. The intra-observer
reliability for grading different facet joint OA indices varied between 0.64 and 0.91. The
inter-observer reliability ranged from 0.59 to 0.94. The intra-observer reliability for
identification of spondylolysis was 1.00. The inter-observer reliability was 0.98. For
spondylolisthesis, the intra-observer reliability varied at different levels between 0.95 and
1.00, and the inter-observer reliability ranged from 0.75 to 0.98. For spinal stenosis, the
intra-observer reliability varied at different spinal levels between 0.95 and 0.98 for
congenital stenosis and between 0.92 and 0.98 for acquired stenosis. The inter-observer
reliability ranged from 0.80 to 0.92 and from 0.86 to 0.96, respectively. The intra-observer
reliability for multifidus and erector spinae at different levels varied between 0.94 and 0.99.
The inter-observer reliability ranged from 0.70 to 0.97, respectively. The intra-observer
reliability for measurements of LA was 0.93, for B measurements ranged from 0.80 to 0.95
and for D measurements ranged from 0.85–0.96). This range of kappa statistics represents
good to excellent reproducibility.

The study sample included 191 study participants, 104 (55.6%) males and 87 (44.4%)
females. This subsample was representative of the whole group of individuals that
underwent multi-detector CT scanning (N=3590). The comparison tests showed that there
was no difference between the whole sample and the sub-sample studied here in age
(p=0.95), BMI (p=0.92) or prevalence of males (p=0.31).

Table 1 shows the descriptive statistics (mean±SD) of LA, ΣB and ΣD in males, females and
in total sample, as well as the results of comparison between sexes. No difference in LA was
found between males and females (p=0.4107). However, the sex differences in ΣB and ΣD
were statistically significant (0.0001 and 0.001, respectively). Females exhibit more dorsal
wedging of the vertebral bodies (ΣB) and less dorsal wedging of the intervertebral discs
(ΣD) than do males.

Mean values (±SD) of LA, ΣB and ΣD, in different age groups as well as estimation of
linear trend probability are presented in Table 2. All these parameters showed no association
(p>0.05) with increasing age.

Table 3 shows the association between indices of lordosis and spinal degeneration features,
adjusting age, sex and BMI. LA showed statistically significant association with presence of
spondylolysis (OR(95%CI): 1.08(1.02–1.14)) and with density of multifidus (1.06 (1.01–
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1.11). as well as marginally significant association isthmic spondylolisthesis (1.07(1.00–
1.14). ΣB and ΣD, both showed significant association with degenerative spondylolisthesis
and disc narrowing. ΣB showed positive association ((1.14(1.06–1.23) for degenerative
spondylolisthesis and (1.04(1.00–1.08) for disc narrowing), whereas ΣD showed a negative
association ((0.93(0.87–0.98) for degenerative spondylolisthesis and (0.93(0.89–0.97) for
disc narrowing), meaning lumbar spines with more dorsal wedging of their vertebral bodies
and less dorsal wedging of their intervertebral disks have higher prevalence of degenerative
spondylolisthesis and of disc narrowing.

Discussion
This is the first cross-sectional study to describe simultaneously the associations of the most
common CT-evaluated spinal degeneration features with lumbar lordosis and segmental
wedging of vertebral bodies and of intervertebral disks.

In the present study lordosis angle (L1-S1) was measured on CT. Study participants
underwent CT lying in supine position with straight legs (not in psoas-relaxed position).
Recently several studies [23–25] have found that lumbar lordosis measured on horizontal
MRI when patient lie supine with straight legs was comparable to one measured on vertical
MRI, when the patient is standing. The results are in agreement with earlier report by
Schmid et al [26] who studied 12 young volunteers with positional MRI. The authors
concluded that the supine extended position was a functionally relevant position and
suggested that it could replace examination in the upright extended position.

The mean lordosis angle was 46.2±10.1 for males and 47.6±10.5 for females. In other
studies, depending on type of imaging used, position of subjects during imaging, and the
lumbar spinal level measured, the lumbar lordosis extensively varied: 45±12 degrees for
Taiwan sample [27], 46.5 degrees in young French volunteers [6], 51.3± 10.7 degrees in
Israeli sample [28], 52.72 (95%CI: 55.16–50.28) degrees in Greek females [29], and
60.0±10.0 degrees in healthy French volunteers [7]. Lumbar lordosis found in our study is in
a normal range found by other studies.

The results of our study showed that the lumbar lordosis angle is not different between
sexes. Similar results were previously found in population based Taiwan sample [27], as
well as in sample of spondylolysis patients from Japan [30]. However, one MRI study [31]
and one x-ray study [32], both measured lumbar lordosis at L2-S1 level, found that women
have a greater lordosis than men.

There were significant sex differences in wedging of vertebral bodies and intervertebral
discs. Males have smaller mean ΣB (less lordotic vertebral bodies), whereas females have
smaller ΣD (less lordotic intervertebral disks). These findings are in accord with previously
published data [33].

We found no association between age and lordosis, as well as between age and wedging of
vertebral bodies and intervertebral discs. Similar results were shown in previous studies [31,
34, 35]. It contradicts the commonly hold opinion that the lumbar lordosis ‘flattens’ out with
spinal problems and subsequent age-related degenerative changes [31]. However, there were
studies that claimed that lumbar lordosis increases with age [36] or that it decreases after the
sixth decade [37]. Based on previous conflicting evidence in the literature we believe that
additional, large-scale studies need to be performed to clarify the association between
lumbar lordosis and age.

Results of our study show that lumbar lordosis angle is positively and significantly
associated with spondylolysis and isthmic spondylolisthesis, as well as with density of
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multifidus muscle. In addition, we found that ΣB is positively and ΣD is negatively
associated with degenerative spondylolisthesis. Few previous studies evaluated the
association between lumbar lordosis and spinal degeneration features [1, 5, 27, 29, 38–41].
In the present study, no association was found between spinal stenosis or density of erector
spinae and lumbar lordosis angle or its components. We do not know about previous studies
that evaluated such associations.

We found no differences in lumbar lordosis angle, as well as sum of wedging angles of
vertebral bodies and of intervertebral discs (ΣB and ΣD) in individuals with and without
facet joint OA. Similar results were obtained in Greek [29] and Chinese [27] individuals. It
is suggested that lumbar lordosis or its components are neither an outcome nor a
contributing factor of facet joint OA.

In our study, intervertebral disc narrowing was not associated with lordosis angle.
Previously, Lebkowski et al [39] also did not find diminished lordosis in patients with
lumbar degenerative disk disease. On the other hand, negative association was found
between wedging of the intervertebral disks (ΣD) and prevalence of disc narrowing; i.e. disk
narrowing associates with a decrease in disk wedging. Similar finding was recently found by
Chen and Wei [5] in lower lumbar vertebrae. Additional study is needed to evaluate these
association at all lumbar segments. If the same type of association will be found, it will
mean that disc degeneration process manifests not only in disc narrowing, but also in change
in disc wedging. This can have potential implication in diagnosis of disc pathology and in
disc replacement surgery.

This is a first study that found significant association between low density of multifidus
muscles and higher lumbar lordosis angle. This association was found after adjustment for
age, sex and BMI. Muscle density is an expression of degeneration of the muscles and
reflects the number of muscle fibers, the area of the individual muscle fiber, and the packing
of the contractile material [42]. If we assume, that the density of multifidus is an indication
of muscle fitness, these results show that individuals with weaker multifidus have a more
prominent lumbar lordosis. This association needs to be confirmed in other samples, and the
mechanism of this association need to be studied.

The results of our study suggest that lumbar spines with more dorsal wedging of their
vertebral bodies and less dorsal wedging of their intervertebral disks have higher prevalence
of degenerative spondylolisthesis. No association was found between lumbar lordosis angle
and degenerative spondylolisthesis. Spondylolysis and isthmic spondylolisthesis, on the
other hand, showed positive significant association with lumbar lordosis angle but no
association with the wedging of the vertebral bodies and intervertebral disks (ΣB and ΣD).
Chen and Wei [5] report lower anterior disk height in patients with degenerative
spondylolisthesis, similar to the smaller wedging in the intervertebral disks of patients with
degenerative spondylolisthesis demonstrated in the current study. Several studies analyzed
the lumbar index (that reflects the degree of wedge deformity of vertebrae, similarly to the
wedging of the vertebral bodies, in our study) of vertebrae adjacent to the slipped vertebra in
spondylolisthesis. Most found lower lumbar index in spondylolysis patients (more lordotic
wedging of the vertebral bodies) [43]. Rosenberg [38] reported that anterior vertical height
is, on average, greater than the posterior vertical height of L5 by 2 mm in patients with L5
on S1 spondylolisthesis. Similar results were presented by Saraste et al. [44, 45]. A recent
study showed conflicting results; the greater lumbar index (less lordotic wedging) of the
vertebra below the slipped level in women with degenerative spondylolisthesis than in
normal controls [5]. The possible explanation to the differences in results is that most
previous studies studied the spondylolisthesis at L5-S1 level [38, 43–45], but in last study of
degenerative spondylolisthesis [5] most of vertebral slipping was at L4-L5 level (63.64%).
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In our sample only 44% of degenerative spondylolisthesis occurred at L4-L5 level [46].
Additional studies are needed, to evaluate the association between spondylolysis, isthmic
and degenerative spondylolisthesis and vertebral and disc wedging at segmental level.

There are several limitations of the present study. First, the cross-sectional design of this
study does not allow us to establish the causal relationships between lumbar lordosis
parameters and spinal degenerative features. Second limitation is the relatively small sample
size. Third, the lumbar lordosis evaluation in our study was performed using abdominal CTs
of subjects lying in supine position with straight legs. Additional studies including in
standing position need to be done to evaluate the influence of subjects’ position on lumbar
lordosis measurements. The results of this study need to be replicated in different, larger
sample, and preferably using longitudinal design.

Conclusions
This study adds another component to our understanding of spinal degeneration. The results
of our study showed that the lumbar lordosis angle, measured in supine position, is not
different between sexes, however, males in average, have less lordotic vertebral bodies,
whereas females have less lordotic intervertebral disks. We found no association between
age and lordosis, as well as between age and wedging of vertebral bodies and intervertebral
discs.

Significant positive associations of lumbar lordosis angle were found with spondylolysis and
isthmic spondylolisthesis, as well as with density of multifidus muscle. Negative association
was found between wedging of the intervertebral disks and prevalence of disc narrowing. In
addition, we found that sum of wedging angles of vertebral bodies is positively and sum of
wedging angles of intervertebral discs is negatively associated with degenerative
spondylolisthesis. Additional studies are needed, to evaluate the causal relationships
between spondylolysis, isthmic and degenerative spondylolisthesis and vertebral and disc
wedging at segmental level.
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Figure 1.
Example of evaluated CT:
A. Measurements of lumbar angle (LA), vertebral body angle (B) and intervertebral disc
angle (D).
B. Bilateral spondylolysis of L5 is shown on axial views image.
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Table 1

Descriptive statistics and comparison between sexes.

Frequencies Males Females Total Comparison (p-values)*

N 89 65 154

LA (mean±SD) 46.2 (10.1) 47.6 (10.5) 46.8 (10.2) 0.4107

ΣB (mean±SD) 2.2 (9.9) 8.6 (10.1) 4.9 (10.4) 0.0001

ΣD (mean±SD) 42.9 (10.0) 37.4 (10.2) 40.6 (10.4) 0.0010

*
Results of t-test for continuous variables. LA – lordosis angle, ΣB -sum of 5 lumbar vertebral bodies wedging, ΣD- sum of 5 lumbar intervertebral

discs wedging. Statistically significant differences at p≤0.05 level are highlighted bold.
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