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Abstract

Background. Lumbar spinal stenosis (LSS) is known for causing back and leg pain due to nerve
compression but the impact on structures such as intervertebral discs (IVDs), vertebrae, and
ligaments is still poorly understood. This knowledge gap may limit the diagnostics and the
optimization of the treatment plans for patients with LSS. The aim of the present study was to
investigate whether patients with LSS exhibit tissue changes at index levels and at lumbar levels
designated for surgery.

Method. In 350 LSS-patients awaiting surgery, the IVDs (L1/L2 - L5/S1) and vertebrae (L1 - S1) in
both T1- and T2-weighted MR images were segmented. Mean signal intensities (Sls) and standard
deviations (SDs) of the means were determined globally and regionally within the segmented IVDs
and globally within the vertebrae. Additionally, Ap (a metric of disc degeneration) was determined
and the entropy of the vertebral Sl was introduced as a novel metric to evaluate disorganization.
All metrics were analyzed for index level and levels planned for surgery and compared between
groups. Additionally, Ap and entropy were correlated to age.

Results. Statistical differences in the metrics mean Sl and SD were observed between index and
non-index levels, as well as between segments planned and not planned for surgery. The largest
differences were found in the nucleus pulposus, located in the central regions of the IVD and
including subregion 2,3 and 4 (p <0.04). For vertebrae statistical differences were observed in SD
and entropy for both index- and surgery level. Vertebral entropy demonstrated the strongest
correlation with index levels (r =-0.766; p= 0.002). While Ap did not display a statistical difference
at a specific index level, it displayed an age dependence (e.g., IVD L1/L2; r =-0.399, p <0.001) at
most lumbar levels, except at L4/L5 (r=-0.0975, p=0.070). Ap did also depend on specific lumbar
level. In contrast, vertebral entropy displayed an age dependence at all levels, but no level-
specific variation.

Conclusions. This explorative study shows distinct differences in tissue characteristics in patients
with LSS that correlate with index level and levels planned for surgery. As expected, Ap was found
to depend on both age and spine level. In IVDs at level L4/L5, however, an age-dependency could
not statistically be established. Notably, vertebral tissue seemed to display a more homogenous
pattern with age, as determined by a decreased entropy. This may reflect the transition in the
bone marrow composition in older individuals. Further research is needed to explore the
combined impact of multiple metrics and develop predictive tools for earlier intervention and
improved clinical decision-making.



Sammanfattning

Bakgrund. Lumbal spinal stenos (LSS) ar kant fér att orsaka rygg- och bensmarta pa grund av
nervkompression, men paverkan pé strukturer sdsom mellankotsskivor (IVDs), kotor och
ligament ar fortfarande daligt forstadd. Denna kunskapslucka kan begransa diagnostiken och
optimeringen av behandlingsmetoderna for patienter med LSS. Syftet med denna studie var att
undersoka om patienter med LSS visar vavnadsférandringar pa indexnivaer samt pa nivder som
ar planerade for operation.

Metod. Hos 350 patienter med LSS, planerade for operation, segmenterades IVDs (L1/L2 - L5/51)
och kotor (L7 — S7) i badde T1- och T2-viktade MR-bilder. Medelsignalintensiteter (Sls) och
standardavvikelser (SDs) av medel S| bestdmdes globalt och regionalt for IVDs och globalt for
kotorna. Dessutom bestamdes Ap (ett matt pa diskdegeneration) och entropi for kotorna
introducerades som ett nytt matt for att utvardera oordning. Alla matvarden analyserades péa
indexnivd och nivder planerade for operation och jamférdes mellan grupper. Dessutom
analyserades alder i relation till bAde Ap och entropi.

Resultat. Statistiska skillnader observerades for matten medel S| och SD vid jamforelse av
indexniva och icke indexnivd, samt mellan segment som planerades och inte planerades for
operation. De storsta skillnaderna aterfanns i nucleus pulposus, den mer centrala regionen hos
IVD och inkluderar subregion 2,3 and 4 (p <0,04). F6r kotor observerades skillnader i SD och
entropi for bade index och operationsniva. Studien visade ocksa att de centrala subregionerna av
IVDs, innehallandes nucleus pulposus (NP), paverkades mest av indexniva. Entropi i kotorna
visade den starkaste korrelationen med indexniva (r = -0,166; p =0,002). A visade inte pa nagon
statistisk skillnad pa specifik indexniva, det pavisades daremot ett dldersberoende pa de flesta
nivaerna (tex. L1/L2;r=0,399, p <0,001), férutom fér IVD L4/L5 (r=-0,0975, p =0,070). Ap varierade
dessutom med ryggradsniva. Daremot visade entropin i kotorna péa ett aldersberoende pé alla
nivaer, men ingen nivaspecifik variation.

Slutsatser. Denna explorativa studie visar skillnader i vivnadsegenskaper hos patienter med LSS
som korrelerar till indexniva och nivaer som planeras for operation. Ap visade sig bero pa bade
alder och niva, som foérvantat. Daremot kunde inget dldersberoende faststéllas for [IVDs L4/L5.
Vart att notera ar att kotornas vavnad visade mer homogenitet med okad alder, vilket pavisade
genom minskad entropi. Detta skulle kunna spegla 6vergangen i benmargsinnehallet hos aldre
individer. Ytterligare forskning behdvs for att utforska den kombinerade effekten av flera matt och
darmed utveckla prediktiva verktyg for tidigare intervention och forbattrat kliniskt
beslutsfattande.
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1 Introduction
1.1 Background

Low back pain is one leading cause of disability worldwide and recent studies suggest
that approximately 619 million people suffered from low back pain in 2020 (1). This
number is also expected to increase and potentially exceed 843 million before 2050 (1).
A common cause of both leg and lower back pain is lumbar spinal stenosis (LSS). This
condition is characterized by the narrowing of the lumbar spinal canal, which can affect
the central canal, lateral recesses, or neural foramina (Figure 1). The narrowing usually
arises from structural changes in the spine, such as thickening of ligaments, bony
overgrowth, or disc degeneration (2). This narrowing can result from changes that affect
both the intervertebral discs (IVDs) and the adjacent vertebrae in the lumbar spine (3).
When the spinal canal narrows, nearby structures, including nerve roots and blood
vessels in the lumbar region, will be compressed (4). Such compressions can cause leg
pain, low back pain, numbness, and balance difficulties (5). If this is left untreated,
worsening LSS can lead to limitations in daily activities and, consequently, a poorer
quality of life (6). Although LSS can affect individuals of all ages, its prevalence is
particularly high, reaching up to 20% in individuals aged 60 to 69 (7).

Thickened

/ Ligament / ligament
IVD |
o\ Bulging of IVD

Normal canal Spinal stenosis

Figure 1: To the left a superior view of a cross-section of a healthy spinal canal and a spinal
canal with spinal stenosis, along with a lateral view of a spine affected by spinal stenosis. The
image is inspired by "Intervertebral Disk" by OpenStax College, from Anatomy & Physiology,
Connexions Web site, licensed under Creative Commons Attribution 3.0 Unported (8). The
illustration was recreated and modified by Gustaf Palmborg with additional input from the
author.



Magnetic resonance imaging (MRI) is the primary diagnostic modality for LSS (9) and the
demand for spinal MRI is increasing (10). Even though the prevalence of LSS is rising,
driven by an aging population (11), there are currently no universally accepted
radiological criteria or parameters to characterize LSS nor to assess its severity (9). There
are however several grading systems that provide structured and reproducible
assessments, but standardized criteria are still lacking, which contributes to variation in
interpretation and clinical application. This gap is concerning, as there is no standardized
method for assessing the severity of a patient's LSS-related symptoms or for guiding the
most appropriate treatment plan (12), (13).

Most patients diagnosed with LSS receive non-operative treatment, which includes
modifications to daily activities, such as taking breaks for walking or standing to alleviate
back pain (5), in combination with drugs, physiotherapy, and/or epidural injection (14).
Research shows that the majority of patients over 65 years who undergo back surgery do
so because of LSS (15) and surgical intervention is generally performed on patients with
more severe LSS (i.e. the degree of pain and limitation in daily activities). Additionally,
studies have shown a poor correlation between patients’ perceived pain and or disability
with what is routinely observed in MR images (16), (17). Without standardized methods to
evaluate and classify the condition, decisions regarding the timing and necessity of
surgery may vary across clinicians, potentially leading to inconsistencies in patient care
and outcomes. These trends highlight the need for universally accepted diagnostic
criteria for assessing LSS severity to determine treatment.

MRI holds the potential to improve our understanding of LSS by characterization of
associated tissue changes (18). This could bridge the gap between observed clinical
symptoms and radiological findings, ultimately improving patient outcomes (19).

1.2 Aim

The aim of the present study was to investigate whether patients with LSS exhibit tissue
changes at lumbar levels with stenosis, expressed as index levels, and at lumbar levels
designated for surgery.

1.3 Theory

The spinal cord is divided into 30 segments; cervical 7, thoracic 12, lumbar 5, sacral 5,
and coccygeal 1, listed from top to bottom (20). These segments are connected to the
vertebral column structured in the same way as the spinal cord (21), see Figure 2.
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Figure 2: Illustration of the spinal column with labeled vertebrae in the lumbar region. The figure
highlights the spinal segments, including the cervical (C1-C7), thoracic (T1-T12), lumbar (L1-L5),
sacral (S1-S5) and coccygeal regions. Note: The spinal cord terminates approximately at L1,
below which the cauda equina, a bundle of spinal nerve roots, continuous. The image is inspired
by "Rheumatology - Vertebral column 2" by Smart Servier, licensed under the Creative
Commons Attribution 3.0 Unported License (22). The illustration was recreated and modified by
Gustaf Palmborg with additional input from the author.



As the name suggests, LSS affects the lumbar region of the spine. Located in the lower
back, this region consists of five vertebrae (L7 to L5) and the intervertebral discs (IVDs)
positioned between them, as illustrated in Figure 3. The spinal canalruns along the length
of the spine and plays a crucial role in the pathophysiology of LSS, as its narrowing
directly impacts surrounding neural structures (23).

IVD L1/1.2

IVD L2/1.3

IVD L3/14

IVD L4/LS

IVD L5/81

Figure 3: Example of a lumbar spine in a T1-weighted MR image with vertebrae highlighted in
yellow and intervertebral discs (IVDs) highlighted in white. Image ranging from anterior (left) to
posterior (right) and the spinal canal is the darker narrower region that follows the vertebrae and
IVDs on the right side.

The vertebrae are composed of bone tissue, which provides structural stability, while the
spinal canal, below L1, contains cauda equina, nerve roots, ligaments, blood vessels,
and cerebrospinal fluid (CSF). CSF contributes to both protecting and cushioning the
spinal cord (20). Each IVD, positioned between one pair of vertebrae, has a more
spongious-like structure which is composed of an internal nucleus pulposus (NP) and an
external annulus fibrosus (AF), see Figure 4. The primary functions of the IVDs are shock
absorption and flexibility for bending the spine (24).
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Figure 4: Lateral and superior view of intervertebral disc (IVD) and its composition. Annulus
fibrosus (AF) at the outer bound and nucleus pulposus (NP) in the central area. The image is
based on "Intervertebral Disk" by OpenStax College, from Anatomy & Physiology, Connexions
Web site, licensed under Creative Commons Attribution 3.0 Unported (8). The illustration was
recreated and modified by Gustaf Palmborg with additional input from the author.

1.4 MRl signal

The signal intensity (SI) in an MR image is dependent on both the tissue being imaged, as
well as the sequence used during the image process (25). A healthy IVD is well hydrated,
where the inner NP holds a higher level of hydration compared to the outer region, AF,
(26). In contrast, the vertebral body primarily consists of bone marrow, and/or fatfor elder
individuals, contributing to the signal (27). In general, in T1-weighted (T1W) images,
vertebrae appear brighter than CSF- and water- rich tissues, such as IVDs. This is in
contrast to T2-weighted (T2W) images where the bone marrow appears darker in
comparison to CSF (28).

When an IVD is subjected to compression, the water content can potentially decrease,
leading to a reduction in Sl in T2W images. This may reflect pathological changes or
degeneration in the tissue (29),(30). In addition to this, the Sl is expected to decrease at
the outer region of the IVD because of the decreased water content (26) in AF. The Sl of
the adjacent vertebral body may also change in response to disc degeneration or spinal
stenosis, but this change in Sl appear more inconsistent in comparison to the Slin IVDs
(31). For instance, in T2W images, an increased Sl in vertebrae could indicate
inflammation or edema (31). It is also known that fatty bone marrow increases with
degeneration which would appear with higher SI on T1TW images compared to normal



bone marrow, while it would appear with lower Sl on T2W images compared to normal
bone marrow (27).

2 Material and Method
2.1 Patient data

The data used in this study were provided by the Norwegian Degenerative
Spondylolisthesis and Spinal Stenosis (NORDSTEN) study, a multi-center study with a 10-
year follow-up, conducted across 18 public hospitals. In this study, only preoperative
patients, already diagnosed with LSS were investigated. The inclusion and exclusion
criteria are specified in Table 1. Additional information was also provided for each
patient; the specific level/levels planned for surgery, specified in Figure 5, and the lumbar
level associated with the region in the spinal canal with the smallest area, which is
referred to as index level, as shown in Figure 6.

Table 1: Inclusion and exclusion criteria for the NORDSTEN-study. Inclusion criteria were in total

6 and are listed to the left in the table. Exclusion criteria were 12 and are listed in the two

columns to the right.

Inclusion criteria

Exclusion criteria

Clinical symptoms of
lumbar spinal stenosis:
neurogenic claudication or
bilateral radiating pain

Non-responding to at least
3 months of non-surgical
treatment

Over 18 years of age
Able to give informed
consent and to answer
questionnaires

Radiological findings
corresponding to the
clinical symptoms of LSS.
Central-stenosis, or lateral
recess-stenosis

Able to understand
Norwegian, both spoken
and written

Stenosis in > 3 levels

Former surgery at the level of
stenosis

Over 80 years of age

Cauda equina syndrome (bowel
or bladder dysfunction) or fixed
complete motor deficit

Distinct symptoms in one or
both of their legs due to other
diseases, e.g. polyneuropathy,
vascular claudication or
osteoarthritis

Not able to comply fully with the
protocol, including treatment,
follow-up or study procedures
(psychosocially, mentally and
physical)

Not willing to participate in
the trial

Fracture, or former fusion in
the thoraco-lumbar region

ASA-classified 4 or 5

Lumbosacral scoliosis > 20°
verified on AP-view

Degenerative lumbar
spondylolisthesis, with a slip
= 3 mm verified on standing
plain x-rays in lateral view

Participating another clinical
trial that may interfere with
the present trial
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Index level L2/L3
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Surgery level L4/LS
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Figure 5: TTW MR-image where surgery levels are Figure 6: TTW MR-image where index level is marked in
marked in white, specifying which IVDs are included in  yhijte. One of these is specified for each patient as the
patient data ‘IVD planned for surgery’, one or more can IVD in connection to the region in the spinal canal

be “planned to undergo surgery” for each patient. being the most narrowed. (i.e. the smallest cross-

sectional area). The other two IVDs are categorized as
non-index level

2.2 MR scan & -protocol

All patients were scanned before surgery on a 1.5 T MRI with conventional sagittal TTW
and T2W turbo spin echo (TSE) sequences. Due to the extensive collection of data, both
in terms of number of hospitals and participants included, variations were observed in
the MR protocols. The MR scanners used were manufactured by Siemens, Philips, GE, or
Toshiba, listed in order of frequency of use, with Siemens being the most used. Table 2
summarizes the protocol parameters used during the MR examinations.

Table 2: Overview of MRl parameters for TTW and T2W scanning protocols of LSS patients.

T1W (TSE) T2W(TSE)
Field strength (T) 1.5 1.5
Imaging plane Sagittal Sagittal
Repetition time (TR) 310-720 1500 - 4200
Echo time (ms) 8-14 92 -120
Echo train length 3-7 13-25



Slice thickness (mm) 3ord

Slice gap (mm) 440r54
Number of averages 1-3
Pixel bandwidth (Hz) 166 — 200
Flip angle (degree) 90

2.3 Image post-processing
2.3.1 Image segmentation

3or4
34o0rd.4
1-3

130 - 166
90

In both the T1TW and T2W images, segmentation of the IVDs (L1/L2-L5/S1), vertebrae (L1
—L5), and spinal canal was performed using an in-house developed deep learning tool by
[Course Colleague: Disa Gustafsson] via MONAI label (32). 3D-slicer version 5.6.2 (33),
was used as an extensionto MONAI label for visualization of the segmentation. Any minor
segmentation corrections, i.e. erase or add small segmentation areas, were performed
manually. Remaining post-processing of image data was performed using the MATLAB
software R2022b (MathWorks, Natick, Massachusetts, U.S.A.).

IVD L1/1.2

IVD L2/L.3

IVD L3/1.4

IVD L4/LS

IVD L5/81

Figure 7: Example of a lumbar spine in a TTW MR image with vertebrae highlighted in yellow and
intervertebral discs (IVDs) highlighted in white. The image ranges from anterior (left) to posterior
(right) and the spinal canal is the darker narrower region that follows the vertebrae and IVDs on

the right side.



2.3.2 Image normalization

The Sl extracted from MR images, in the regions of interest, i.e. IVD (L1/L2 to L5/S§1) and
vertebra (L1 to L5), were normalized against CSF within the spinal canal to ensure
robustness and reliability for subsequent analysis. This normalization ensured SlI
consistency, enabling direct comparisons of images across all patients and
examinations in the study. Both T1W and T2W images were normalized to the spinal
canal. For the T2W, only voxels with Sls above the 50" percentile (the median value)
within the spinal canal were included, excluding lower-intensity voxels, primarily
representing nerves and nerve roots. This ensured that the normalization was based
solely on the CSF.

2.3.3 Image measurements

Vertebrae

For vertebrae (L7 -L5) in both T1TW and the T2W images, the mean signal intensity S/ and
standard deviation (SD) were calculated. In addition to this, the entropy was calculated
(Eg. 1), which quantifies the disorganization of the Sl in each vertebra (34). All metrics
mentioned above were normalized against the spinal canal, as previously described.

Entropy = — ZPi -log,(p) (1)

Intervertebral discs

For the (L7/L2 - L5/S1) IVDs, mean Sl and SD were calculated. Additionally, Ap for each
IVD was calculated, which is a metric that quantifies the degree of disc degeneration (35).
To enable detailed and spatial analysis of the IVDs, each IVD was divided into five equally
sized subregions along the anterior-posterior axis, labeled from 1 (anterior) to 5
(posterior), using an established in-house developed software. Mean Sl and SD were
subsequently calculated for each subregion (i.e., subregions one through five). This
division was motivated by the distinct composition of the IVDs, as well as the potentially
varying impact of LSS on different regions in the IVD. Specifically, the subregions at the
ends (part one and five) primarily contain AF, while the more central parts of the IVD
consist of NP, see Figure 8 for an overview of the five subregions.




ANTERIOR

Figure 8: TTW MR-image where subregions in one IVD are marked in yellow, ranging from 1
(anterior) to 5 (posterior).

2.4 Statistical analysis

2.4.1 Confirmatory analysis

The initialanalyses were conducted to confirm that the expected results could be derived
from the raw data. This included compiling the global mean SI, with its SD, for the IVDs
and the vertebrae into separate bar plots. Also, the general trend for mean Sl in
subregions for all five IVDs was visualized.

2.4.2 Detailed analysis - DeltaMu and Entropy

The mean vertebral entropy and the mean disc degeneration (Au) were calculated and
stratified by four age groups (specified in Table 3) and by vertebral and IVD levels.
Additionally, Pearson’s correlation coefficient (r-value) was calculated between Ap and
age fortwo IVDs located at different levels (L1/L2 and L4/L5). L1/L2 exhibited the greatest
variation across age groups, while L4/L5 showed the least variation between the age
groups. The statistical significance of the correlation was evaluated, with a p-value <0.05
indicating a statistically significant relationship. The R-values range from -1 to 1, where -
1 represents a strong negative linear correlation,1 represents a strong positive linear
correlation, and 0 indicates no linear correlation.
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2.4.3 Association analysis - Index level and Surgery level

Boxplots were employed to visually represent data and facilitate comparisons between
groups of IVDs. The analysis included the metrics mean Sl, SD, and Ay, stratified by index
level and non-index levels. A similar procedure was performed for vertebrae, where the
metrics mean Sl, SD and entropy were analyzed. Note that for vertebrae, the superiorand
inferior vertebrae was aggregated.

Additionally, comparisons were also performed between segments planned for surgery
and segments not planned for surgery, using the same approach as described above for
index versus non-index level. For the IVDs, the metrics analyzed were mean Sl, SD, and
Ap. For vertebrae, the analysis included mean Sl, SD, and entropy. These comparisons
were visualized using boxplots, with each metric analyzed individually.

Potential correlations for both index and surgery level were tested for significance across
metrics for both IVD and vertebra, extracted from T2W images. p-values <0.05 were
considered statistically notable. For IVDs, p-values were obtained for global mean SI, SD
and Ap for all levels compiled into one “overall level”, as well as for each index and
surgery level separately. Additionally, p-values for mean Sl and SD were obtained foreach
subregion, both for all levels compiled into an “overall level” as well as for each index and
surgery level. For vertebra, p-values were obtained for mean Sl, SD and entropy, both for
all levels compiled into an overall level as well as for each index and surgery level. These
values were obtained for superior and inferior vertebra respectively.

Due to non-normal distribution and small sample sizes in some groups (e.g., only 15 1VDs
atindex level L2/L3, see Table 3), the Mann-Whitney U-test was used to evaluate p-values
for mean S, SD, Ay, and entropy. For the SD-values, p-values were calculated using
Levene’s test, which was chosen for the same reasons: non-normal distribution and
small group sizes. Note that this study is exploratory rather than hypothesis-driven;
therefore, no Bonferroni adjustments were applied to account for multiple comparisons.
For p-values <0.05, indicating statistical significance in the comparison of index and non-
index levels, R-values were calculated using point-biserial correlation. An R-value close
to either 1 or -1 indicates a strong positive or negative linear correlation, respectively,
while an R-value close to 0 indicates no linear correlation.

Table 3: Specification of category and group division. The percentage given is based on
the total number of patients, meaning 350 patients in total. Notice that the percentage
of levels planned for surgery exceeds 100%. This is because each patient can be
operated on more than one level and therefore each value corresponds to the
percentage of the total number of participants

Category Group division
Gender Male Female
184 (52.6 %) 166 (47.4 %)

11




Age (year) 33-50 51-60 61-70 71-80 Unknown
12 (3.4%) @ 65(18.6%) 140 (40.0 %) 130 (37.1%) | 3(0.9 %)

Index level (one per patient) IVD L2/L3 IVD L3/L4 IVD L4/L5 Unknown
15 (4.3 %) 123 (35.1 %) 208 (59.4 %) 4(1.2%)
Levels planned surgery (one or 56 (16.0 %) 205 (58.6 %) 301 (86.0 %) 0(0.0%)

more per patient)

3 Results

In total, data from 350 patients were included, comprising 184 males and 166 females
(Table 3). The age of the patients ranged from 33 to 80 years, with a mean of 66.7 years.

3.1 Confirmatory results
Initial results were calculated to confirm the reliability of the raw data prior to conducting

more in-depth analysis. Global Sl and SD for IVD (L1/L2-L5/51) and for vertebra (L7 - L5)
across all patients are presented in bar plots. See Figure 9 for IVDs and Figure 10 for
vertebrae. Both figures display values extracted from T2W images.
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Figure 9: Mean Sl across all patients for IVD (L1/L2) to IVD (L5/S1). The mean Sl ranges from
0.107 to 0.138 with the largest SD of 0.076. It can also be seen that the Sl is higher at the ends
(first and last IVD of the lumbar region).
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Figure 10: For vertebra L1 to L5 the mean Sl does not differ more than 0.028 between L1, which

holds the highest value, compared to L4, which holds the lowest value.

The last confirming result, before the results from the in-depth-analysis are presented, is
an overview of the subregions 1 to 5 for IVDs L1/L2 - L5/S1, see Figure 11.
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Figure 11: For all IVDs, the Sl increases as the proportion of NP increases and then decreases
again as the proportion of NP decreases. It can also be seen that the mean Sl is slightly lower in
region 1 (anterior) compared to region 5 (posterior). Lastly, the overall S| seems to increase as
the IVDs are located more cranially in the lumbar region except for IVD L5/S1 which is
comparable to the L2/L3 IVD.
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3.2 Detailed results, Entropy and DeltaMu

Global Ay, a metric of IVD degeneration, and entropy, a metric of vertebral heterogeneity,
was calculated. These metrics are shown in the figures below (Figure 12 and Figure 13)
and are represented in age groups according to Table 3.
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E’ ‘,”/,,,’»/‘F —e —— .
o 0.0125
=
QE) 0.012
0.01 15.',/_/} *— — & o
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L1 L2 L3 L4 L5

Vertebra number

Figure 12: Mean entropy, calculated from normalized Sl values in T2W images, for the four age
groups. Entropy is significantly higher in the two younger age groups, indicating more non-
uniform signals over the vertebra. It can also be seen that, for the two elder age groups the

entropy appears to decrease, although the decrease is small, for the two most cranial vertebrae
(i.,e. LTand L2).
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Figure 13: Mean Ay, calculated from normalized Sl in T2W images. The general trend is that Ay is

decreasing from L1/L2 to L3/L4 for all age groups and that Au is lower for the elderly population.

It can be noted that that L5/51 does not follow this trend and in addition to this, Ay in L4/L5 does
not seem to be age dependent.

A closer look at L7/L2 and L4/L5 is presented in Figure 14, with corresponding R- and p-
values. Pearson’s correlation coefficient, R, indicates a positive or negative linear
relationship if R is equal to 1 or -1 respectively, while an R-value equal to 0 indicates no
linear correlation. For the p-value, if p < 0.05 the correlation is statistically significant.
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Figure 14: Au, calculated from normalized Sl in T2W images. Correlation analysis between age
and disc degeneration (Au) for IVD L4/L5 (blue) and IVD L2/L1 (red). For IVD L4/L5, there is a
weak negative correlation between age and degeneration (r =-0.097, p = 0.070), suggesting no
statistically significant relationship. In contrast, for IVD L1/L2, a moderate negative correlation is
observed (r =-0.399, p < 0.001), indicating a statistically significant relationship where IVD
degeneration tends to increase (lower Au) with increased age.

3.3 Association between LSS and tissue measurements

All results presented below are derived from data extracted from T2W images, including
the p-values presented at the end of each subsection. Additionally, the reader should be
reminded that data for vertebrae adjacent to IVDs include both the superior and inferior
vertebra, with these values aggregated and then processed for the boxplots, but not for
p-values.

Boxplots are used throughout the sections below (i.e. 3.3.1-3.3.2) to visually present the
data. IVDs and adjacent vertebrae at index level are presented by red boxes, while those
at the non-index level are presented by blue boxes, ensuring consistency across the
figures.
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3.3.1 Index level
Comparisons between values at index level and values at non-index level are presented

below. Mean Sl and SD for both IVDs and vertebrae, as well as Ap for IVDs and entropy for
vertebrae.

In Figure 15, mean Sl is visualized comparing index- and non-index levels, for both IVDs
andvertebrae. Both IVDs and vertebrae have relatively consistent data, and no noticeable
difference between tissue at index level and non-index level can be seen.
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Figure 15: The median is relatively consistent for all levels, both for IVDs and for vertebrae. When
looking more closely at IVDs at non-index level there can be noticed that the median slightly
decreases as the IVD is located more caudally.

In Figure 16, box plots show SD for IVDs and vertebrae at different levels. For IVDs atindex
level, the median slightly decreases as the IVD is located more caudally.
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Figure 16: Median is slightly decreasing with the IVD being located more caudally. Also, when
comparing SD at index level and SD at non-index level for vertebra L2 & L3 the median is lower,

and the spread is larger at index level.

Sl is standardized for better visualization when plotting Ap for IVDs and entropy for
vertebrae, Figure 17. It can be observed that Ap in IVDs do not have a clear visually
variation between levels. Entropy on index level, for the adjacent vertebrae, on the other
hand clearly decreases as the level is more caudally located. It is also noticed that for
vertebra L2 & L3, as well as for vertebra L3 & L4, the median is higher at index level than
at non-index level
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Figure 17: Au for IVDs and entropy for vertebrae, at both index and non-index levels. While Au for IVDs
show fairly consistent data over the levels and between index- and non-index level. Entropy for vertebrae
adjacent to index level clearly decreases as the location is more caudally. It should also be noticed that
forvertebra L2 & L3, as well as for vertebra L3 & L4, the median is higher at index level compared to the

median at non-index level.
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To summarize the study of index level, p-values are presented in Table 4.

Table 4: p-values from Mann-Whitney U-test comparing IVDs at index level and IVD at non-index
level. As well as for the adjacent vertebrae. The table provides values extracted from T2W images.
The subregions range from 1 (anterior) to 5 (posterior) IVD. A p-value < 0.05 indicates statistical
significance and is highlighted in red.

Intervertebral Disc Global Subregion1 Subregion2 Subregion3 Subregion4 Subregion5
Mean, all levels 0.018 0.902 0.015 0.030 0.004 0.341
Mean, level L2/L3 0.100 0.162 0.035 0.226 0.158 0.067
Mean, level L3/L4 0.635 0.975 0.549 0.730 0.514 0.892
Mean, level L4/L5 0.563 0.623 0.812 0.341 0.369 0.714
SD, all levels <0.001 0.070 <0.001 0.014 0.037 0.037
SD, level L2/L3 0.020 0.663 0.136 0.867 0.240 <0.001
SD, level L3/L4 <0.001 0.364 <0.001 0.033 0.780 0.436
SD, level L4/L5 0.499 0.401 0.837 0.865 0.132 0.319
Ay, all levels 0.003 - - - - -
Ay, level L2/L3 0.377 - - - - -
Ay, level L3/L4 0.480 - - - - -
Ay, levels L4/5 0.084 - - - - -
Vertebrae Superior Inferior

Mean, all levels 0.171 0.265

Mean, level L2 & L3 0.720 0.789

Mean, level L3 & L4 0.699 0.917

Mean, level L4 & L5 0.712 0.796

SD, all levels 0.126 0.259

SD, level L2 & L3 0.009 0.598

SD, level L3 & L4 0.034 0.020

SD, level L4 & L5 0.012 0.039

Entropy, all levels 0.862 0.992

Entropy, level L2 & L3 0.078 0.107

Entropy, level L3 & L4 0.014 0.011

Entropy, level L4 & L5 0.002 0.003
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Figure 18: Correlation coefficients for p-values indicating statistical significance between
indexed and non-indexed levels, ranging from negative to positive in increasing order. The
strongest correlations are observed for the entropy feature in vertebrae at level L4/L5, as well as
for entropy in vertebrae at the L3/L4 level.

3.3.2 Surgery level

Similarly to the results presented in section 3.3.1, IVDs and their adjacent vertebrae were
evaluated for potential associations with LSS. However, this analysis compares
segments planned for surgical decompression with those not planned for surgery.
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Figure 19: The results suggest no clear trends or noteworthy measures at any of the levels.
However, it is noteworthy that the vertebrae L4 & L5, adjacent to the IVD planned for surgery
exhibits the smallest variation.
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Figure 20: SD in both IVDs planned for surgery (red) and those not planned for surgery (blue) as
well as for the adjacent vertebrae. It can be noticed that all median values for the vertebrae
adjacent to the segments planned for surgery hold a higher value compared to the ones not

adjacent. For the IVDs not planned for surgery the median appears to decrease as the location is
more caudally.
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Figure 21: For IVDs planned for surgery the median is decrease to than increase again as the
location is more caudally, this contrast to the IVDs not planned for surgery where median
decreases as the location is more caudally. For vertebrae adjacent to segments planned for

surgery there is a clear increase in entropy as the location is more caudally.

To summarize, analysis of surgery level p-values for T2W images is presented in Table 5.

Table 5: P-values from Mann-Whitney U-test comparing IVDs planned for surgery with those not
planned for surgery. As well as for the adjacent vertebrae. Mean, SD and Au between both globally
and for each subregion, subregions ranging from 1 (anterior) to 5 (posterior) for IVDs. Mean, SD
and entropy for vertebrae. A p-value < 0.05 indicates statistical significance and is highlighted in

red.

Intervertebral Disc Global Subregion1 Subregion2 Subregion3 Subregion4 Subregion5
Mean, all levels 0.002 0.879 <0.001 0.002 <0.001 0.200
Mean, level L2/L3 0.490 0.945 0.373 0.603 0.542 0.778
Mean, level L3/L4 0.026 0.649 0.033 0.022 0.007 0.081
Mean, level L4/L5 0.472 0.844 0.977 0.265 0.104 0.287
SD, all levels <0.001 0.160 <0.001 0.009 0.282 0.030
SD, level L2/L3 0.116 0.106 0.286 0.928 0.503 0.997
SD, level L3/L4 <0.001 0.886 <0.001 <0.001 0.065 0.001
SD, level L4/L5 0.398 0.2411 0.082 0.140 0.317 0.419
Ay, all levels <0.001 - - - - -
Ap, level L2/L3 0.973 - - - - -
Ap, level L3/L4 0.008 - - - - -
Ap, levels L4/5 0.240 - - - - -
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Vertebrae Superior Inferior
Mean, all levels 0.584 0.062
Mean, level L2 & L3 0.347 0.363
Mean, level L3 & L4 0.957 0.613
Mean, level L4 & L5 0.952 0.883
SD, all levels 0.004 <0.001
SD, level L2 & L3 0.018 0.141
SD, level L3 & L4 0.213 0.006
SD, level L4 & L5 0.754 0.440
Entropy, all levels 0.048 0.074
Entropy, level L2 & L3 0.007 0.007
Entropy, level L3 & L4 <0.001 <0.001
Entropy, level L4 & L5 0.022 0.017

4 Discussion

Despite lumbar spinal stenosis (LSS) being the leading cause of leg and low back pain,
there is no doubt regarding the lack of knowledge concerning how tissues may be
affected by the patient’s diagnosis. Furthermore, there is currently no universally
accepted radiological criterion for characterizing LSS and its severity, which results in
suboptimal treatment choices. This study highlights, among other things, that IVDs and
their adjacent vertebrae at both index level as well as for levels planned for surgery can
be associated to LSS, with evidence of spatial signal variation associated with the
condition, thereby potentially addressing a current knowledge gap.

This study gives an insight into tissue characteristics in lumbar IVDs and adjacent
vertebrae. It is focusing on several metrics, including mean Sl, SD, Ay (a measure of
degeneration), and entropy (a measure of disorganization). The study involved 350
patients, with a mean age of 66.7 years, and explored characteristics in tissues across
IVD levels. The results of these metrics and their connection to LSS will be discussed in
the following sections.

The initial confirmatory analysis showed that global mean Sl values for both IVDs and
vertebrae had a slight decrease as the segment was located more caudally, (Figure 9 and
Figure 10), which could be explained by more compression more caudally contributing to
decreased Sl in T2W images. It was also noted that the Sl values at the outer regions of
IVDs showed lower SI compared to the central regions of the IVDs; a finding that is
supported by the study by Ogon/etal. (36). The analysis of Ay revealed a consistent trend
of decreasing values (increasing degeneration) from L7/L2 to L3/L4. These findings were
consistent across age groups, although the elderly population showed lower Ap values
overall, indicating more degenerated IVDs (Figure 13) which is also suggested by Machino
Metal. (37). Interestingly, the IVD L4/L5 did not follow the expected age-dependent trend,
suggesting that IVDs degeneration in IVDs located at lower lumbar levels might be less
age-dependent (Figure 14). In contrast, vertebral entropy appeared to be consistent
across vertebral levels. However, age-dependence was observed for all levels (Figure 12).
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4.1 Discussion of Entropy and DeltaMu

The confirmatory result indicated a small decrease in Sl as either the vertebra or the IVD
was located more caudally which aligns with the findings by Wei Z et al. (38). This trend
may be explained by higher compression in the lower region of the spine, due to the
weight of the body. However, a new finding revealed that the Sl in both IVDs at L5/S7 and
vertebrae at L5 increased rather than decreased, with a more caudal position. This
observation contradicts the trend of decreasing Sl with more caudal locations. This could
be explained by the fact that the IVD L5/S17 is in the lower part of the spine, which has a
slight curvature. Because of this curvature, the force applied to L5/S1 may be distributed
at an angle, reducing the overall load and resulting in less compression. However,
readers should note that these are hypotheses that need further research to draw any
definite conclusions about causality.

It was also observed that subregion 1 (anterior) has lower SI compared to subregion 5
(posterior) which aligns with the findings by Wei Z et al. (38). A higher Sl is observed in
subregion 2, 3 and 4, containing a higher proportion of NP and thus also higher water
content, Yang et al (26) suggests this appearance, confirming this trend.

Regarding the IVD degeneration measured with Ay, the study revealed age-dependent
degeneration at some IVD levels (L1/L2, L2/L3, and L5/S1), while other levels (L4/L5)
appeared age-independent (Figure 13 and Figure 14). This is supported by Kitab S et al.
(39) who suggest an age-dependent effect on IVDs located more cranially with this
dependency decreasing as the IVD is located further from the cranial area (39). This
pattern could be explained by both the anatomical and biomechanical characteristics of
L4/L5, which is located in a caudal position and is aligned in a way that is mostly
perpendicular to the load force on to the spine. This combination subjects it to greater
mechanical stress. Continuous exposure to pressure and compression may lead to
degeneration that progresses beyond the influence of age. This aligns with the idea of a
'potential threshold," where degeneration reaches a point at which further IVD
degeneration is driven primarily by mechanical forces rather than aging. Readers should
be reminded that this exploratory study only includes individuals with confirmed LSS and
does not compare the data to a group of healthy individuals.

In contrast to IVD degeneration (Ay), entropy in vertebrae lacked level-specific
dependency (Figure 12), which aligns with the findings by Burian E et al. (40). However,
while some studies report increased entropy with age, (40) (41), this study observed
decreased entropy. Factors that could explain these differences include age-related
replacement of red bone marrow with yellow bone marrow, which may result in a more
homogenous Sl and, consequently, a lower Sl (42). Additionally, in this study, which
involved mostly an older population, age-related Modic transformations (from type 1 to
type 2 or 3) may have influenced the entropy. Type 1 Modic changes, with their high
contrast in T2W MR images, may contribute to more heterogeneity. Modic lesions,
however, progress to type 2 with age (43) and may lead to reduced contrast and by that,
lower heterogeneity and entropy. These findings suggest that vertebral degeneration at
older ages may be more uniform than what was previously thought, which motivates
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further investigation. It is also important to note that vertebral entropy is a recently
introduced metric for patients with LSS and more statistical analysis and research needs
to be done to draw any conclusions and fully understand its clinical relevance.

4.2 Discussion of association between LSS and tissue measurements

Small but statistically significant differences were observed between lumbar index and
other levels. P-values calculated at index-level showed mostly no statistically significant
differences in metrics in subregions 1 and 5. This suggests no or no noteworthy effect in
the region’s most anteriorly and posteriorly. However, for both mean S| and SD,
statistically significant differences were observed in subregions 2,3 and 4, for the “all
levels” values.

The statistically significant differences observed in subregions 2 and 4, located at the
boundary between AF and NP, may reflect early degeneration that contribute to LSS. This
transitional zone is known to experience mechanical stress and biochemical
interactions, making it susceptible to structural weakening (44). Degeneration at these
boundaries can lead to disc bulging or herniation, contributing to foraminal and central
canal narrowing.

The statistically significant difference observed in subregion 3, which lies centrally within
the NP, suggests that degeneration is not limited to the AF-NP boundary but affects the
entire NP. Since subregions 2, 3, and 4 together represent the full NP, the observed
statistically significant differences across all three subregions likely reflected
generalized NP degeneration and disc dehydration, where NP loses water and
proteoglycan content, resulting in reduced T2W Sl on MRI. Such degeneration can lead to
uneven load distribution and bulging that may contribute to central canal narrowing.

Similar results were observed when comparing segments planned for surgery with those
not planned for surgery. No p-values <0.05 were observed in the anteriorly located
subregion while most statistically significant differences were concentrated in the
central regions. However, the p-values for surgery vs. non-surgery should be interpreted
with caution, as they involve more subjective assessments regarding whether segments
should be operated on. This differs from the index level, which is an objective measure,
more objectively reflecting the state of LSS in patients.

The correlation analysis between metrics and index level produced generally low R-
values, indicating weak correlations. Although no strong relationships were generally
observed, vertebral entropy showed the strongest correlation with a value of R = -0.166
for entropy L4L5 superiorly, as well as R =0.138 for entropy L3L4 inferiorly. Entropy is, as
previously mentioned, a recently introduced metric and this result confirms once again
that this could be a meaningful metric that potentially could be one of the keys to a better
understanding of LSS and the associated tissue. Although entropy is calculated for
vertebra it could be connected to LSS by reflecting structural or texturalirregularities that
arise during degeneration. Higher entropy values could indicate increased heterogeneity
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in vertebral bone density or surface texture which potentially also indicate degenerative
changes in the IVD, which in turn could affect the disc and the spinal stability. For
instance, it is known that vertebral variations are linked to annular fissuring (44). This
could indirectly be correlated with disc bulging, ligament hypertrophy, or other factors
that contribute to the narrowing of the spinal canal. Exploring vertebral entropy alongside
disc degeneration could offer insights into how vertebral changes influence or mirror the
development of LSS, providing a broader perspective on disease progression.

4.2 Limitations and strength of the study

This study provides insights into the complex relationship between characteristics in
IVDs, vertebrae and LSS. There are however some notable strengths and limitations. One
of the primary strengths is the large patient cohort, with 350 participants, with an even
distribution between males and females. This provides a broad sample thatenhances the
generalizability of the findings. A notable limitation is the relatively small size of the
younger age group. This limitation, however, reflects the actual clinical distribution of
patients with LSS, as the condition is mostly common in the elderly population. The study
also benefits from a robust segmentation of both vertebrae and intervertebral discs
which ensures reliable measurements for analysis. Additionally, due to the study being
exploratory more confirmatory studies with more precise hypotheses are needed to fully
validate the observed trends presented in this thesis.

Furthermore, the study could have been improved by using quantitative mapping
techniques, such as T1 and T2 mapping in order to reduce scanner-related uncertainties
in signalintensity. However, the inclusion of multiple scanners helps to mitigate potential
scanner-specific biases as well as enabling the large cohort of patients.

Future research should focus on using these mapping techniques to provide more
detailed assessments of tissue characteristics. Apromising direction would be to explore
the synergistic effect of combining metrics to predict LSS. This study has focused on one
metric at a time. But developing a classification algorithm through machine learning
could enable combining metrics contributing to earlier prediction of LSS on individual
levels. This could in order potentially lead to incorporating preventative methods such as
physiotherapy.

5 Conclusion

This explorative study shows distinct differences in tissue characteristics in patients with
LSS that correlate with index level and levels planned for surgery. As expected, Ap was
found to depend on both age and spine level. In IVDs at level L4/L5, however, an age-
dependency could not statistically be established. Notably, vertebral tissue seemed to
display a more homogeneous pattern with age, as determined by a decreased entropy.
This may reflect the transition in the bone marrow composition in older individuals.
Further research is needed to explore the combined impact of multiple metrics and
develop predictive tools for earlier intervention and improved clinical decision-making.
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