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Abstract: Scoliosis, characterized by an abnormal lateral curvature of the spine, is predominantly
idiopathic, underscoring the need to delve into its underlying causes for effective treatment and
preventive strategies. This study investigates a potential correlation between scoliosis and Schmorl’s
nodes (intervertebral disc herniations) influenced by Wolff’s law, which posits that bones adapt to
external pressures. We analyzed CT scans from 108 juvenile decedents, including 56 with scoliosis
and 52 without. After running multiple statistical tests, there was no significance between the mean
bone density when compared to having scoliosis. An independent t-test provided a t-value of 0.041,
which, when compared to the original significance level of 0.05, is statistically significant, although
weak. When compared to the Bonferroni correction level of 0.008, it throws out the significance to
give a result of not being statistically significant. It was the same in the cases of L3 (t = 0.103), L2
(t =0.084), and L1 (t = 0.053). If compared to the regular significance level of 0.05, T12 (t = 0.012) and
T11 (¢t = 0.042) had weak significance, but that was then excluded when the Bonferroni correction
was applied. When looking at any significance of densities in different vertebral regions, the results
from a one-way ANOVA (p-value = 0.213) suggest that it is likely that the results are due to random
variability or chance, and that there is no statistical significance. With a value of 0.273 from a Chi-
squared (x2)/Fisher’s exact test, it suggests that there is no statistically significant correlation or
difference between the variables of scoliosis and Schmorl’s nodes. The general pattern seems to follow
that as the spine ascends, the density increases, and this is true in both scoliotic and non-scoliotic
individuals. As a whole, it is evident that those with scoliosis have a lower vertebral density than
those without, in all of the vertebral regions. There is, however, a weak negative linear relationship
between bone density and age in both scoliotic and non-scoliotic individuals. A p-value of —0.229
obtained from a Pearson correlation coefficient analysis in non-scoliotic individuals, as well as a
p-value of —0.069 in scoliotic individuals, was obtained. Overall, the findings of this study are
comparable to some existing studies on similar topics, but there are few results that hold statistical
significance and so this would be interesting to research further, potentially using a different dataset
or a larger sample size that is more representative.

Keywords: scoliosis; Schmorl’s nodes; vertebral density; bone mineral density; CT scans; spinal deformity

1. Introduction

Spinal pathologies have significant implications for overall well-being, often leading
to mobility limitations, pain, and associated health complications. Despite advancements
in medical interventions such as surgery and physiotherapy, these conditions continue to
pose challenges. This study aims to investigate the developmental patterns of common
spinal pathologies, focusing on the potential relationship between scoliosis, bone density,
and the prevalence of Schmorl’s nodes in juveniles.
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Scoliosis, a prevalent spinal deformity primarily diagnosed during puberty, affects
approximately 80% of diagnosed cases with an idiopathic origin [1]. Adolescent idiopathic
scoliosis (AIS), also commonly diagnosed during puberty [2], usually affects otherwise
healthy children [3]. Even though the majority of cases are considered idiopathic, some
studies cite other potential causes, such as genetics, pre-existing conditions (congenital),
the degeneration of the spine, and even vitamin D deficiencies [4]. Scoliosis is a three-
dimensional deformity of the spine; it is characterized by an anomalous lateral curvature of
the spinal column of at least 10° Cobb, associated with a rotation of the vertebral bodies and
with an alteration in the curves on the sagittal plane [5,6]. These deformities often manifest
during periods of rapid growth, influencing the mechanical stability of the disc—vertebral
body complex [7].

Schmorl’s nodes, resulting from herniated disc material, manifest as defects on the
superior and/or inferior vertebral body surfaces [8]. While their exact etiology remains
unclear, vertical forces and pressure, such as those associated with lifting or bipedalism,
are believed to contribute to their development. Weakened vertebral endplates, associated
with conditions like osteoporosis, degenerative disc disease, infections, and tumours, may
increase the prevalence of Schmorl’s nodes [9].

While some studies suggest an association between scoliosis and decreased bone
density, conflicting evidence exists regarding the correlation between bone mineral den-
sity (BMD) and scoliosis severity [10-12]. This study seeks to explore whether juveniles
with scoliosis exhibit lower bone density, potentially leading to a higher prevalence of
Schmorl’s nodes.

Using the New Mexico Decedent Image Database (NMDID), analysis of CT scans from
decedents with documented medical histories, allows this study to provide accurate results
while mitigating confounding factors such as degenerative skeletal variables. Through
this analysis, we aim to elucidate the potential link between scoliosis and Schmorl’s nodes,
particularly in cases where bone density is decreased.

2. Materials and Methods
2.1. Materials

Computer Tomography (CT) is a non-invasive imaging tool crucial for investigating
internal structures. It utilizes X-rays and detectors to measure attenuation coefficients,
creating cross-sectional images through mathematical algorithms like filtered back pro-
jection [13,14]. The Beer-Lambert Law links X-ray attenuation to object density with the
standard output being in the Hounsfield Unit scale which quantifies tissue density in CT
images relative to the density of air and water [15]. The New Mexico Decedent Image
Database (NMDID) provides access to over 15,000 documented CT scans, enhancing foren-
sic and medical research. The NMDID’s broad dataset facilitates this investigation into bone
density and its association with spinal conditions like scoliosis. The NMDID’s accessibility
to a large number of medical-legal cases improves statistical power and supports robust
analyses, adding to the scientific rigour of various studies [16].

The NMDID contains over 15,000 CT scans and radiographs from anonymized au-
topsied individuals collected between 2010 and 2017. Accessible to qualified researchers,
it supports forensic anthropology, medical research, and other academic endeavours by
offering detailed biological profiles and diverse case scenarios. However, the representa-
tiveness of cases needs scrutiny to ensure validity. The decedents on the database can be
categorized and filtered. These include things such as medical history, age, sex, drug use,
marital status, birth /death date, stage of decomposition, and much more.

For our study, 108 CT scans of individuals aged 0 to 18 were used. Among them, 54
had scoliosis, and 54 served as controls. Two initially selected control individuals were
later found to have undiagnosed scoliosis and placed in the correct category. The final
sample consisted of 56 individuals with scoliosis and 52 controls. Figure 1 illustrates sample
distribution by age and sex.
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Figure 1. Age and sex distribution for scoliotic and non-scoliotic individuals used in the present study.

It is important to note that some medical records are pooled, e.g., individuals can
be considered as having a congenital disease, but the database does not have the specific
diagnosis. Similarly, an individual with scoliosis is not categorized into what kind, e.g.,
idiopathic, neuromuscular, congenital, or degenerative. In the case of this study, however,
those with diagnosed congenital diseases were avoided, and as the study was performed
on a juvenile sample, this limits the potential of any diagnosis being degenerative.

The CT scans were provided by the New Mexico Decedent Image Database; therefore,
no CT imaging equipment was needed in this research to gather the images. The machine
used by the researchers from the NMDID to perform the scans was a Phillips Brilliance Big
Bore with a Radiation Therapy flat carbon fibre top, producing images like the ones shown
in Figures 2 and 3.

Various computer software was utilized in the data collection process, such as Thermo
Fisher Scientific’s Avizo Lite software and Image] v.1.53. Microsoft Excel v.16.77 and IBM
SPSS v.28 were then used for the statistical analysis of the results.

The CT machine in this case had been calibrated; therefore, density can be directly
determined from the image rather than having to calculate it. This is because the computer
software already considers the Beer-Lambert Law: I = I0e— uL. The calibration is based
on relative known densities measured in Hounsfield units (HU), at standard temperature
and pressure, where water has a density of 0 HU, and air has a density of —1000 HU. Soft
tissue and bone therefore lie within this threshold. The images are then downloaded as
DICOM files in which this calibration has already been considered, and so when examining
the CT scans, the density viewed on the slice can be changed to view different materials
throughout this threshold.
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Figure 2. CT slice from ID 105469 showing Schmorl’s nodes between L1 and T7, manifestig as cirular
deviations into adjacent vertebrae. Reprinted with permission from [16].
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Figure 3. CT slice in the transverse plane from ID 105469 used to measure vertebral densities.
Reprinted with permission from [16].

2.2. Methods

To identify the presence of any Schmorl’s nodes, Thermo Fisher Scientific’s Avizo Lite
software was used to set the CT scans in different planes to allow for the visualization
of the layers. Three-dimensional models were then also constructed from the scans to
provide a detailed image. Along with the segmentation images, this was used to identify
any Schmorl’s nodes in the individuals (Figures 2 and 3).

To take density values, Image]J v.1.53 was then used, which allows the layers in certain
planes to be viewed. Image] is a free software that allows image files to be uploaded
and for regions of interest (ROIs) to be created either automatically or manually. The CT
scans were uploaded as DICOM files; the transverse plane images were loaded into the
software, which allowed the segmentation layers to be scrolled through until vertebrae L3,
L2, L1, T12, and T11 were located (Figure 3). These vertebrae were selected due to the high
frequency of this region being affected by Schmorl’s nodes and scoliosis [17]. The density
of the vertebral bodies was calculated in each case in Hounsfield units and was already
calibrated for, as the images were in the DICOM format. Using the oval selection tool
within Image], the ROI was created, and measurements of density were taken in the middle
of each vertebral body in the centre-most point, from the inferior side. All measurements
were within a centimetre of each other as the size did vary with age.

It is worth noting that while this methodology differs from common techniques such
as dual-energy X-ray absorptiometry (DEXA) or quantitative computed tomography (QCT),
its validity for bone density assessment in this context has been demonstrated in previous
studies and has been used in medical and biological image analysis for a long time due to
its variety of analysis functions [18,19].

3. Results

There was a fairly even distribution between age, sex, and those with and without
scoliosis as shown in Figure 4, but when it came to the distribution of vertebral density
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across the ages, four individuals had vertebral bone densities that exceeded 550 HU. All
four were between the ages of 0 and 1 and therefore started to show a slight correlation
between age and increased bone density. A data preparation method called statistical
clipping was employed to reduce the number of extreme values or outliers in the dataset. It
includes establishing a limit above which data points are “clipped” or reduced to that limit.
Data clipping was implemented and so the threshold for these individuals was capped at
400 HU. It makes data more robust by reducing the impact of extreme values, improving
model stability, and allowing for parametric statistical tests.

10 Scoliosis
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B Present
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0 4 8 12 16 W\e\e €
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Figure 4. Sample distribution for age, sex, and scoliosis.

To analyze the distribution, the mean density was used, as shown in Figure 5. As the
graph displays a normal distribution, this meant that a parametric statistical test could be
ran, which is advantageous as they hold more statistical power than non-parametric tests.
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Figure 5. Normal variance of the sample distribution.
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3.1. Analyzing the Relationship between Vertebral Density and Scoliosis

Independent t-tests were run to explore any significant differences between the mean
density values in each vertebra in relation to scoliosis.

In this statistical analysis, Bonferroni correction was utilized to adjust the significance
level (alpha) for multiple comparisons. Running numerous statistical analyses simulta-
neously can heighten the risk of a Type I error (false positive). Bonferroni adjustment
mitigates this risk. As there are five tests in this set, the new significance level was set
at 0.008.

Five vertebrae were examined in this study (L3-T11). This region was selected due to
the fact that it is one of the areas of the spine that presents the highest frequencies for both
scoliosis and Schmorl’s nodes.

3.2. Mean Density versus Scoliosis

When examining the relationship between the mean density of all vertebral regions
and scoliosis, an independent ¢-test provided a f-value of 0.041, which, when compared to
the original significance level of 0.05, is statistically significant, although weak.

However, when Bonferroni correction is applied, the result is no longer significant.
Table 1 summarizes the results of the independent ¢-tests conducted for bone density at
different vertebral levels compared to scoliosis, considering both the original significance
level of 0.05 and the Bonferroni correction level of 0.008.

Table 1. t-values and significance between different scoliotic vertebrae and density.

Vertebral Original Bonferroni Statistically
Position t-Value Significance Correction Level Significant
Level (0.05) (0.008) Relationship?
L3 0.103 No No No
L2 0.084 No No No
L1 0.053 No No No
T12 0.012 Yes No No
T11 0.042 Yes No No

3.3. Analyzing the Relationship between Different Vertebral Densities

A one-way ANOVA was used to identify the significance between different vertebral
regions and the density between them.

A test of homogeneity was also run (Levene’s test), in which the significance level
based on the mean was 0.987, based on the median was 0.980, based on the median with
adjusted df was 0.980, and based on the trimmed mean was 0.984.

This test assesses whether the variances of two or more groups or samples are approx-
imately equal. In all cases, the p-value is high, which indicates that there is no statistically
significant evidence to suggest that the variance of the groups is different. A high p-value
implies that the assumption of equal variances is upheld, and therefore, an ANOVA can be
carried out as intended, without having to worry greatly about heteroscedasticity impairing
the validity of the findings.

The results from the ANOVA (p-value = 0.213) suggest that it is likely that the results
are due to random variability or chance, rather than actual differences, and that any
variations between the group means are not statistically significant.

However, when consulting Figure 6, it appears that there is a clear relationship, even
when not statistically significant.
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Figure 6. Relationship between mean density and different vertebrae.

3.4. The Relationship between Scoliosis and Schmorl’s Nodes

A Chi-squared test was used to determine the relationship between scoliosis and
Schmorl’s nodes. As there is only a small number of individuals affected by Schmorl’s
nodes (7.8%), Fisher’s exact test was also conducted. Fisher’s exact test is used when
the chi-squared test’s assumptions become invalid because the predicted cell counts are
low. It ensures the validity of the study by offering a more precise judgement of statistical
significance in certain circumstances.

The Chi-squared /Fisher’s exact test (p-value 0.273) showed that there is no significant
relationship between scoliosis and Schmorl’s nodes.

Figure 7 shows the overall distribution of those with and without scoliosis and
Schmorl’s nodes. Although there is no statistical significance, it does show that more
individuals with scoliosis displayed Schmorl’s nodes than those without scoliosis.

BarChart
Schm orls
Nodes?

ENo
WYes

Count

Scoliosis

Figure 7. Distribution of individuals with and without Schmorl’s nodes and scoliosis.
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3.5. The Relationship of Density in Ascending Vertebrae, between Individuals with and
without Scoliosis

The general pattern seems to follow that as the spine ascends, the density increases,
and this is true in both scoliotic and non-scoliotic individuals (Table 2).

Table 2. Values for the mean densities in each vertebra between those with scoliosis and without.

L3 Density L2 Density L1 Density T12 Density T11 Density
Mean Mean Mean Mean Mean
Scoliosi No 229.828 238.311 242.857 250.837 250.945
coliosis Yes 209.195 216.437 218.751 220.731 226.4816

As a whole, it is evident that those with scoliosis have a lower vertebral density than
those without, in all of the examined vertebrae (Figure 8).

260

250 /

240

220

210
200
190

180
Mean Mean Mean Mean Mean

L3 Density L2 Density L1 Density T12 Density T11 Density

e Scoliosis No Scoliosis Yes

Figure 8. Relationship between mean vertebral densities in those with and without scoliosis.

By using SPSS regression to predict whether an individual has scoliosis or not based
on all the data, more individuals with scoliosis are correctly identified (66.1%) than those
without (40.4%). This may be because the variance in densities between the adjacent
vertebrae in scoliotic individuals is lower than those without the condition.

For example, those without scoliosis have an average increase of 4.2234 HU between
two vertebrae, whereas those with scoliosis have an average variance of 3.4573 HU, meaning
the densities are more consistent in those with scoliosis.

3.6. The Relationship between Mean Density and Age/Sex

The p-value of —0.229 obtained from a Pearson correlation coefficient analysis in non-
scoliotic individuals indicates a weak negative linear relationship between mean density
and age.

It is also the same case for scoliotic individuals, with a p-value of —0.069.

The results show there is a statistically significant correlation between bone density
and age, although the link is weak.

The coefficient of determination (R2) provided p-values of 0.052 in non-scoliotic and
0.005 in scoliotic individuals. In the case of scoliotic individuals, the model accounts for a
very small proportion of the variance in the data (0.5%), suggesting that the relationship
between age and density is very weak. For non-scoliotic individuals, the results indicate
that 5.2% of the variability in mean bone density is explained by the linear regression model
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that was used, which incorporates age as an independent variable to predict mean bone
density (Figure 9). This suggests that the variance in mean bone density is most likely
caused by additional variables or factors that are not considered in this model.
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Figure 9. Relationship between mean density and age in scoliotic individuals, including R? values.

This could perhaps be explained by the small sample size, or even clipping of the
higher densities in 0/1-year-olds to allow for parametric analysis.

When a partial correlation was carried out to include sex as a variable along with
density and scoliosis, the p-value was —0.152, meaning that sex has no significant effect.

4. Discussion

The null hypothesis of this study is that juveniles with scoliosis do not have a signif-
icantly lower vertebral bone density compared to those without scoliosis, and therefore,
they are not more prone to developing Schmorl’s nodes due to weaker vertebral end plates
caused by lower density.

As a whole, general patterns can be seen, which, based on observation alone, may
support the hypothesis, such as those with scoliosis having a lower density across all
vertebrae in all cases, and those with scoliosis having more Schmorl’s nodes. However,
after the statistical analysis, the null hypothesis has been accepted as there are not enough
statistically significant conclusions to confidently say that there is a relationship between
the variables within this sample.

4.1. Analyzing the Relationship between Vertebral Density and Scoliosis

In the case of vertebral density and scoliosis, there seems to be a weak link between
vertebral density and scoliosis when evaluating the t-tests using the normal significance
rate of 0.05; however, it is a rather weak link, and when the Bonferroni correction is applied,
it then excludes any of them from having statistical significance. However, an observation
of the pattern shows that in all cases across all vertebrae, those with scoliosis have a lower
density, suggesting that there is a definite trend.

It is interesting to explore whether the decreased BMD value observed in scoliotic
patients is a subsequent complication of the back deformity and the related abnormal
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mechanical loading of the spine and hips, or whether it is the result of another underly-
ing issue.

There are some conflicting opinions on whether having scoliosis is the direct cause of
having lower bone density.

When considering papers that also looked at scoliosis is adolescents, one concluded
that a systemic low BMD including the cortical bone was demonstrated in AIS patients, and
AIS girls may have a disturbance in mineralization and ossification during peripubertal
growth. However, the site that was measured was the distal region and the midshaft
of non-dominant radius, and therefore, the results are not directly comparable to this
study [20].

Another study conducted a comprehensive literature review using articles between
1966 and 2007 and found that there is a link between AIS and low bone mineral status, but
concluded that as to whether poor bone quality is an etiologic factor, furthermore extensive
research is needed [21].

Individuals with scoliosis show lower bone densities, and although the sample dis-
tribution between the two groups is as balanced based on age and sex as it could be, one
thing that has not been considered is weight. BMD can also be related to the body mass
index, and even if an individual with scoliosis may have a lower bone density, their weight
may also be a factor [22]. It is well known that those with scoliosis are often shorter as the
curve restricts their height, and thus an individual may end up with a smaller stature than
someone else of their age and sex, potentially contributing to the observed variability [23].

4.2. Analyzing the Relationship between Different Vertebral Densities

In the case of vertebral density within different regions, Figure 8 displays not only
that those with scoliosis have a lower bone density than those without but also that they
follow the same general pattern of becoming denser when ascending the spine.

There seems to be less variation between the vertebrae in those with scoliosis than
those without, meaning that the density is more consistent across the whole spine rather
than in a certain region.

The lumbar region tends to be the area displaying the highest level of both mechanical
stress and load bearing, along with it being responsible for some mobility [24]. The
morphology of this region shows its purpose by displaying larger, flatter vertebral bodies to
spread the weight. However, despite them carrying a significant load, it does not necessarily
mean they have a higher BMD than the lower thoracic vertebrae. This may be due to the
trabecular bone within the vertebral body being more porous, which would support the
findings of this study, as in addition to giving the spine some flexibility, the trabecular bone
is essential for maintaining the structural integrity of the vertebral body. It is crucial for
distributing and absorbing mechanical pressures placed on the spine, such as those brought
on by weight-bearing exercises and movements. This gives reason for the lumbar vertebrae
providing less dense values than the thoracic vertebrae, as the thoracic region contains less
trabecular bone. Although still crucial for protecting the rib cage and bearing some weight,
the lower thoracic vertebrae do not experience the same level of mechanical stress as the
lumbar vertebrae. The thoracic region articulates with the ribs in order to play a crucial
role in the protection of vital organs and provides stability to other regions of the spine;
it is also the longest region of protection for the spinal cord and so it makes sense that it
would be more robust and denser than that of the lumbar.

However, when consulting the related literature, a significant correlation between
spinal region and density when looking at the cervical vertebrae was found [25], and there
have also been similar findings in other papers where BMD decreased from the rostral to
caudal direction along the spinal column [26], supporting the findings in this study.

Slightly differing results have been found in which the lumbar vertebrae had the
highest BMD value, which then decreases when ascending the spine before becoming
slightly denser in the cervical region than the thoracic region; however, the study only
consisted of 18 individuals with a mean age of 66, and so not only may the statistical
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robustness may be questioned, but the age brackets mean that degradation of the bone may
have already started to have occurred, affecting the results [27].

4.3. The Relationship between Scoliosis and Schmorl’s Nodes

In the case of scoliosis and Schmorl’s nodes, there is no statistically significant correla-
tion between the existence of scoliosis and Schmorl’s nodes. It may be that the sample size
is not big enough or due to the fact that children do not often develop Schmorl’s nodes.

It was found that Schmorl’s nodes were apparent in 75% of autopsies of all adult
ages, and they were more common in males [28]. Alternatively, it was also found that
Schmorl’s nodes occurred 50% of the time in individuals over 40 and 85% of the time in
individuals over 60 [29]. As there is a positive correlation surrounding prevalence and age,
it was always assumed that the juveniles in this study would not present a high number
of incidences.

Scoliosis and Schmorl’s nodes do not correlate in this case due to the low prevalence.
It is possible that adults with scoliosis could experience mechanical stress on the lumbar
region of the spine and sacroiliac joints, which could lead to subsequent alterations [30].
An alternate explanation could be that scoliosis weakens the vertebral discs and increases
pressure, which leads to the development of Schmorl’s nodes [31].

Although the majority of these individuals do not present Schmorl’s nodes at their
present age, there is no way to predict whether they would have been more prone to
developing them as a result of their scoliosis.

Another consideration is the incidence of muscle asymmetry in scoliotic patients as
a result of the spine’s misalignment [32]. On one side of the spinal curve, the muscles of
the back, such as the M. trapezoid or latissimus dorsi, become overdeveloped, while on
the other side, they become underdeveloped. This can occasionally result in a hump on
one side of the back. The rotation of the ribs and vertebrae may be the cause of this hump.
Degenerative scoliosis may result from this, which would make the problem worsen and
progress, meaning that as these individuals would have aged, it is likely that their scoliosis
would have gotten worse, potentially increasing the incidence of Schmorl’s nodes.

4.4. The Relationship between Mean Density and Age/Sex

In the context of bone density and age, it is commonly acknowledged that, in adults,
there is a universal pattern of decreasing bone density with age, except for a slight increase
reported in a specific study [33]. Factors such as mechanical loading and medical conditions
may contribute to bone density loss, which is generally associated with ageing. Studies,
including [34,35], have identified correlations between bone mineral density (BMD) and
weight, suggesting weight-related impacts on BMD decline with age. Osteoporosis and
osteopenia, conditions associated with reduced bone density, tend to have higher inci-
dences in older individuals. This study, however, reveals a statistically significant but weak
correlation between bone density and age, indicating a slight decrease in bone density as
individuals age. An intriguing observation is the presence of five individuals between the
ages of 0 and 1 with bone densities exceeding 550 HU before employing a Bonferroni correc-
tion, a phenomenon not observed in other age groups. While the related literature explores
bone mineral content in newborns, the present study highlights an under-investigated
aspect concerning consistently high bone density values in this age group [36]. Given the
conventional understanding of lower bone mineral densities in infants and young children,
further research on newborn bone density is warranted, as it consistently deviates from
expected trends, presenting an opportunity for valuable exploration and insights.

5. Conclusions

This study aimed to explore the potential association between scoliosis, bone density,
and the prevalence of Schmorl’s nodes in juveniles. Utilizing CT scans from decedents
with documented medical histories, a thorough analysis was conducted to investigate
the relationship between scoliosis severity and bone density, specifically focusing on its
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impact on the development of Schmorl’s nodes. The findings suggest a nuanced rela-
tionship, indicating a potential link between scoliosis and decreased bone density, which
may contribute to the prevalence of Schmorl’s nodes. However, it is essential to exercise
caution due to limitations in the dataset, including sample size and age variability. Future
research endeavours should prioritize larger sample sizes and consider factors such as
scoliosis severity, employing consistent imaging methods to validate and further explore
these findings. Enhancing the understanding of these interconnections holds promise for
informing more targeted screening, early intervention, and treatment strategies for spinal
pathologies in juveniles, ultimately improving patient outcomes and quality of life.
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