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Abstract

Degree project. Program in Medicine. Automatic analysis of intervertebral discs based
on deep learning — comparing preoperative MR images with 1-year post lumbar disc
herniation surgery outcomes. Emil Cedergirdh, 2019. Institute of Clinical Science,
Department of Orthopedics. Gothenburg, Sweden.

Introduction: Lumbar disc herniation surgery often leads to major improvement in leg pain;
however, some patients have remaining back pain that might depend on the level of disc
degeneration. Magnetic resonance imaging (MRI) examination has a central role in the
preoperative evaluation. Today, the images are reviewed by a radiologist, a task which, in the
future, might be assisted by computers using artificial intelligence (Al) and deep learning. In
this study, intervertebral disc (IVD) characteristics from preoperative MR images is extracted
and then compared with the 1-year post lumbar disc herniation surgery outcome. Due to
technical error, semi-automated segmentation was used instead of deep learning-based
segmentation.

Aim: To study if there is a relationship between midsagittal signal intensity measures in
preoperative MR images and 1-years postoperative patient reported outcome measures
(PROM’s) on back pain, physical function and overall satisfaction.

Method: Patients undergoing lumbar disc herniation surgery at Sahlgrenska University
Hospital during the years 2013-2017 (n=218) and registered in the Swedish National Quality
Registry for Spine Surgery (Swespine) were included. In each patient, the midsagittal part of
the herniated IVD was segmented (outlined) on preoperative T2-weighted MR images using
an in-house developed software. Signal intensity measures were calculated and statistically
compared (t-test at p<0.05) to the PROM’s Numeric rating scale (NRS) back, Oswestry
disability index (ODI) and Global Assessment (GA).

Results: No significant difference in signal intensity measures between patients with
successful versus unsuccessful PROMS’s was found.

Conclusions: This study could not prove any relationship between midsagittal signal intensity
measures in preoperative MR images and 1-years postoperative PROMs. Further studies are
encouraged using standardized MRI protocol and scanner, and more patient’s data enabling
adjustment of confounders.

Key words: Lumbar Disc herniation, Automatic Segmentation, Deep Learning, MRI,
Signal Intensity
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CNN
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Region of Interest

Standard Deviation of Signal Intensity

The Swedish National Quality Registry for Spine Surgery



Introduction

Lumbar disc herniation is a common condition which has considerable impact on individual’s
everyday life and healthcare resources. The prevalence of symptomatic lumbar disc herniation
is reported to be 1-3% depending on age, country and gender (1). Associated symptoms are
radiating leg pain along the sciatic nerve sometimes in connection with lower back pain.
Lumbar disc herniation is either conservative or surgical treated and, just in Sweden, more
than n=2000 patients undergoes lumbar disc herniation surgery annually (2). Disc herniation
is a clinical diagnose set by physical examination with complementary Magnetic Resonance
Imaging (MRI) examination (3, 4). At present, the MR images are reviewed by a radiologist
and their opinion is used in the preoperative evaluation. If the clinical findings correlate to the
MRI findings and the leg pain do not subside within the first months surgical treatment may

be in question (5).

In general, surgical treatment of disc herniation leads to fast pain-relief and a majority (75%)
of the patients are satisfied with the surgical outcome (2). However, some patients experience
less relief in back pain, compared to leg pain, and the reoperation rate is reported being 15%,
eight years after surgery (6). Why some patient experience limited relief in back pain or need
reoperations is questionable and might depend on the grade of disc degeneration before

surgery, thus, possible to detect with MRI.

At present, the utilization of the MRI technique is limited to the human eye and the
knowledge and experience of the radiologist. Thanks to current increase in available compute

power, the analysis process can be automatically executed with artificial intelligence and deep



learning (7), i.e. with computer system able to solve task normally requiring human
intelligence. The technique might enable robust and accurate MRI diagnostics and, thus, have
potential to transform the preoperative evaluation of patients with disc herniation (8). Earlier
studies have shown good result in automatic detection of radiologic features using deep
learning (9). However, to our knowledge, no one has compared automatic produced features

with clinical postoperative outcomes.

In this retrospective study, patients from Swedish national quality registry for spine surgery
(Swespine) is studied. Intervertebral disc (IVD) characteristics, volume and signal intensity,
from preoperative MR images will be produced by a software for automatic segmentation,
based on deep learning. These characteristics will be compared to the patient reported

outcome measures (PROM’s) 1-year post lumbar disc herniation surgery.

The aim was to study if there is a relationship between the IVD characteristics and the
postoperative PROM’s. If a relationship indeed exists and the IVD characteristics can be used
for prediction of surgical outcome, IVD analysis based on automatic segmentation of the MR
images might be a useful tool in future preoperative evaluation by increasing the throughput

and the utilization of the MRI examination.



The Human Spine — Anatomy

The human spine, or vertebral column, consists of 7 cervical, 12 thoracic and 5 lumbar
vertebrae. Each vertebra has a vertebral body and a vertebral arch. Posterior of the vertebra
body and anterior of the arch is an opening, called the vertebral foramen. The succession of
vertebral foramina forms the vertebral canal holding the spinal cord, which is a continuation
of the medulla oblongata and connects the brain with the body. The spinal cord is made of 31
segments from which symmetrical pair of nerve branches, holding both motor and sensory
nerves, forming the spinal nerves. The spinal nerves leave the vertebral canal through the
intervertebral foramen at each vertebral level. All vertebrae are separated by a disc shaped
structure named intervertebral disc (IVD) which enables movement, withstand and transfer

loads of the spine. (10)

The movement of the spine is limited by different ligaments and the shape and disposition of
the facet joints (the joint between each vertebrae). The vertebrae of different segments
(cervical, thoracic and lumbar) of the human spine have different characteristics. The lumbar
vertebrae, named L1-L5, are characterized by their greater size giving them ability to stand
the heavy load of the upper body. The facet joints of lumbar spine are oriented in a way

allowing flexion, extension and lateral flexion but prohibits rotation. (10)

The intervertebral disc - IVD
The IVD is a disc-shaped structure measuring 7-10 mm thickness and 40 mm in diameter in
the lumbar region and consist of an outer fibrosus part, called annulus fibrosus, and a

gelatinous central mass, called nucleus pulposus (11). The difference between its components



is mainly the proportions of collagen. High content of type 1 collagen makes annulus fibrosus
a strong fibrous ring able to withstand heavy loads (12). The nucleus pulposus contains up to
90% water due to a matrix of type 2 collagen and water binding proteoglycan molecules,
which makes it a viscoelastic structure. During different movements of the spine, e.g. flexion,
the nucleus pulposus move posterior (during flexion) towards the annulus fibrosus. Between
the IVD and the vertebral body, both superiorly and inferiorly, is a less than 1 mm thick
horizontal layer of hyaline cartilage, called the endplate. The endplates absorb the hydrostatic
pressure created by axial load of the spine and prevent the nucleus from bulging into the

successive vertebrae. Diffusion of solutes across the endplates serve the [IVDs with nutrients

(13).

Already early in life, the IVDs start to degenerate. Most probably, this is due to a
physiological decrease in blood supply through the endplate, leading to tissue breakdown in
the nucleus pulposus (14) or by physical disruption in the annulus (15). Loss of proteoglycan
is the most significant biochemical change in the I[VD associated with degeneration. The
process makes the IVD less hydrated due to a fall in osmotic pressure. Degeneration is also
associated with a loss of collagen fiber and a decrease in number of viable cells in the nucleus
(11, 16). However, this is less obvious in MRI. Additionally, a sign of disc degeneration is the

formation of tears in the anulus fibrosus (17) that may lead to low back pain (18).



Disc Herniation

Spinal disc herniation is by definition when parts of the disc, often nucleus pulposus, displace
outside its normal limits and is a common injury often caused by a disruption in anulus
fibrosus (19) or, possibly more commonly, in the endplate (20). Radiological terminology
distinguishes among disc bulging, protrusion, extrusion and sequestration where disc bulging
is not considered a form of herniation (21). A herniation, still in connection with the disc, is
classified as an extrusion if the greatest measure of the displaced disc material is greater than
the measure of its base, else a protrusion. If the displaced disc material is completely

separated from the disc, the herniation is classified as a sequestration (19).

In a herniation located at the posterolateral aspect of the disc, protruding nucleus pulposus
may cause mechanical pressure on the transverse nerve root inferiorly of the disc, which
results in pain. An inflammatory process probably caused by leakage of the nucleus pulposus
also contribute to the pain (22). A majority, at least 95%, of all herniated discs are located at
level L4-L5 or L5-S1 (23, 24). High compression load of the spine with simultaneous flexion

have in experimental models shown to cause disc herniations (25).

The primary signs and symptoms of lumbar disc herniation are radicular pain along the
sciatic-nerve distribution, in the buttocks, thigh and calf, called “Sciatica” (22). Acute or more
slowly progressive lower back pain can also be seen. Sensory and or motoric loss,
corresponding to the affected nerve root, is also a characteristic. The distribution of the pain
and the functional loss is dependent on the level and location of the herniation. A paracentral

herniation at L4-L5 would affect the traversing nerve root causing L5 radiculopathy whereas a
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lateral herniation, at the same level, would affect the exiting nerve root causing L4
radiculopathy (22). Because of higher disc pressure, patients often report increased pain while
sitting (26). In rare cases with massive herniation and compression of cauda equina,
symptoms as saddle anesthesia, urinary incontinence or retention and loss of anal sphincter
tonus may be seen (21). Cauda equina syndrome is an acute indication for further radiological

examination and treatment.

The clinical diagnosis of lumbar disc herniation with radiculopathy is set by the patient “s
history in combination with manual muscle testing, sensory testing, and straight leg rise test
(SLR) or Lasegues test. A meta-analysis from 2017 concluded a positive SLR test together
with 3 out of 4 of following symptoms: dermatomal pain along a nerve root, sensory deficit,

reflex deficit and/or motor weakness meets the requirements for diagnose (3).

Treatment

Patients with sciatica and a suspected lumbar disc herniation, should primarily undergo
conservative therapy, often including anti-inflammatory drugs and exercise-based physical
therapy. Studies have shown a majority of disc herniations resolve naturally without surgery
(27). MRI, which is the best radiological examination for detecting disc degeneration (4), is
indicated if the patient experiences no response or pain relief within 6 weeks (4, 28).
However, since disc degeneration including disc bulging and disc protrusion is also common
among asymptomatic persons, radiological findings must be correlated to clinical signs (5, 29,

30). If so, the patient might be candidate for surgery. Surgery has shown major benefits

11



compared to conservative treatments when it comes to fast relief of sciatica. Regarding back

pain relief, however, only a smaller advantage can be seen (24, 31).

Surgery for disc herniation was first performed in the early 1900s (32) and the popularity of
disc surgery increased rapidly in 1934 when the correct pathogenesis, and an appropriate
surgical treatment, of disc herniation was described (33, 34). Today, there are many different
types of lumbar disc herniation surgery techniques, all with the basic principle to relieve
nerve root compression with removal of the herniated part of the disc (35). Microdiscectomy
has long been the most common procedure for lumbar disc herniation and is, in general, a
normal open discectomy, guided by microscope enabling a smaller incision with less
dissection (36). However, modern magnification and illumination systems with microscope,
and in the last decade endoscope, have actualized minimal invasive techniques that reduce
incision size and area of dissection with less soft tissue injury (37). Today, there are several
known percutaneous endoscopic approaches, including interlaminar and transforaminal (22),
but still, the gold standard of surgical management for lumbar disc herniation is open
discectomy with partial laminectomy (38). Multiple studies have compared outcome of
different minimal invasive techniques without or with limited conclusions which technique is

better than others (39-42).

In general, 1-year follow-ups after disc herniation surgery show good results with great
decrease in back, as well as leg, pain. The majority (75%) of the patients are satisfied with the
surgical outcome and the overall disability from lower back pain is significantly decreased.
However, some of the patients are uncertain (18%) or dissatisfied (7%) with the surgical
outcome and approximately 10% of the patients rate their back pain as well as leg pain

unchanged or worsened 1 year after surgery. This group of uncertain or dissatisfied patients
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might have got a non-optimal treatment and highlights the importance of good preoperative

evaluation with high specificity and sensitivity. (2)

Magnetic resonance imaging - MRI

Magnetic resonance imaging (MRI) is a medical imaging technique used in radiology to
characterize tissue changes, including disc degenerations (21). The technique is based on the
magnetic resonance phenomenon. That is, the hydrogen nuclei in the body that is magnetized
by the strong magnetic fields of the MRI scanner will be affected (excited) by radio frequency
fields at resonance. The signal of the excited hydrogen nuclei will differ between hydrogen
nuclei in water molecules and lipids and between tissues of different structures. This is due to
the fact that excited nuclei in different tissues and hydrogen compounds display different time
factors for their return to the ground state, so called T1 and T2 relaxation times (values).
Water and cerebrospinal fluid (CSF) have long T1 values (3000-5000 ms) and appear dark in
T1-weighted images, while fat appears bright because of short T1 time (260 ms) (43). In T2-
weighted images, both water and fat appear bright. Most pathological processes show
increased T1 and T2 times. Hence, they become dark in T1-weighted and bright in T2-

weighted images. (44)

Increased T2-weighted signal in the posterior part of the IVD highly suggest disc herniation
(45). The MRI findings of disc degeneration is often classified by a radiologist using the

Pfirrmann grade (46), a five-step grading scale manually divided by different characteristics

13



of the IVD such as homogeneity, signal intensity and height. The mean T2-weighted signal
intensity of the IVD (47) and the standard deviation of the mean signal (48) enable continuous
quantitative measures of disc degeneration and the signal intensity correlates with the level of

proteoglycan content in the IVD (49). These measures were analyzed in this study.

Artificial Intelligence — Deep Learning

Artificial intelligence (Al) is the theory and development of a computer system able to solve
tasks normally requiring human intelligence. Major progress is being made within the field
thanks to an explosion of the available compute power (7) and today, Al is used in many
different systems among visual perceptions, speech recognition, translating between
languages and many more. Machine learning is a subset of Al and the scientific study of
algorithms computer systems use to perform task without preprogrammed instructions with
ability to process large and complex datasets were statistical analysis would be unfeasible.
Machine learning can be divided into supervised and unsupervised learning. Supervised
learning means learning from labeled information in a training set of data where the inferred
function can be used for mapping new data. Unsupervised learning tries to find hidden
patterns present in datasets without the need of labeled information, more particularly without
manual guidance (7, 50). Furthermore, as a subset of machine learning, deep learning use
artificial neural networks to mimic the synaptic connections in the human brain with multiple
layers of information processing enabling task solving by learning from experience (51). The

technology is still in its infancy but may be used to predict cardiovascular health from fundus
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images of the retina (52) or identifying melanoma from images of skin lesions (53).
Automatic detection segmentation of abnormalities from lumbar MRI has been described as a
difficult task due to partial volume effect, where multiple tissues contributes to pixels and
blurs, and intensity inhomogeneities, where the same tissue gives rise to different intensity

variation (54).

In medical imaging the use of deep learning is mostly by a kind of artificial neural network
called convolutional neural networks (CNN). The CNN is designed to arrange the image (the
input) in a grid structure and then feed it through multiple layers of convolutions and
activations with few connections between the layers (7). While processing the grids the CNN
preserve the spatial relationship in the data. By now, CNN have surpassed even human
performance in visual image recognition (55) and in detection of radiological features, CNN

shows comparable results with an expert radiologist (9).

Swespine

Swespine, i.e. the Swedish national quality register for spine surgery, was launched in 1993
and is currently holding more than 125,000 index operations. The register covers 98% of the
clinical departments in Sweden and data on approximately 75%-80% of all patients
undergoing spinal surgery are reported into the register. During the last years, approximately
10,000 operations have annually been registered in Swespine. The information is collected by

forms completed by the surgeon, at the operation, and by the patients who complete
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questionnaires both pre- and postoperatively (at 1-, 2-, 5- and 10-years). The size of the
register and the good coverage makes Swespine an valuable source for research; only in 2017

12 articles based on Swespine data were published. (2)

Aim

In this study, IVD characteristics in preoperative MR images are analyzed. The aim was to
investigate if any relationship between these characteristics and PROM s reported in

Swespine register 1-year post lumbar disc herniation surgery could be detected.

Research question

Is there a relationship between IVD characteristics on preoperative MR images, such as signal
intensity and variance measures - extracted from automatic segmentations based on deep
learning, and 1-years postoperative PROMs; Numeric pain rating scale (NRS) back, Global

assessment (GA) and Oswestry disability index (ODI)?

Is there a relationship between midsagittal standard signal intensity in herniated [VDs on

preoperative MR images and 1-years postoperative PROM's; NRS back, GA and ODI?
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Material and Methods

Study population

In this retrospective study, a total of n=375 patients were retrieved from Swespine. The
patients have all gone through conventional, microscopic or endoscopic lumbar disc
herniation surgery at Sahlgrenska University Hospital, Gothenburg, during the period from
January 2013 to December 2017. Patient with no 1-year follow up records were excluded
(n=143). By matching the patients age and date for surgery, retrieved from Swespine with the
in-house surgery schedule program Operitt, full social security number of the patients was
found for all but 11 patients and used to localize the preoperative MRI investigations. The
latest preoperative spinal MRI from each of the patients (n=221) was extracted from the
database of the Region Vistra Gotaland. In n=3 cases, no spinal MRI series was found, and
the patients were excluded. To validate the automatic segmentation method, n=13 patients
were randomly selected for manual segmentation and thereby excluded from the study
population. Of the 205 patients, the group consisted of n=109 (53.2%) women and n=96
(46.8%) men, all with mean age of 42.6 years at the time of surgery. Figure I shows the

included and excluded patients of the study.
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Retrieved data from the SweSpine register:
n=375

-Year: jan 2013 - dec 2017

-Sahlgrenska University Hospital Gothenburg

-Surgical technique: conventional, microscopic and
endoscopic disk herniation surgery. /

/Internal exclusion:

- No l-year follow up
data (n=143).

- Not identifiable social

Manual segmentation security number (n=11).
- No lumbar MRI series

n=13 patient randomly [¢
>P y \ found (n=3).

selected

A

Analyzed subjects
n=205
Gender: (Wwomen/men) 53.2 %/46.8%
Age (mean (SD)): 42.6 (15.8)

Figure 1: Flow-chart of included and excluded patients.

Surgery outcomes

Multiple validated outcome measures are used to monitor status of health and treatment effect
after lumbar spine surgery. In this study, three different 1-year outcome values were used, all
described in the paragraphs below. Back pain was measured using the numeric pain rating
scale (NRS). Treatment effect and patient functional status were evaluated with global
assessment (GA) of back pain and Oswestry Disability Index (ODI). In our study population
all patients have reported NRS-back at the 1-year follow-up. However, records of GA was

missing in n=1 patient and ODI was missing in n=6 patients.



NRS is an 11-point scale were the patients might rate their pain where 0 means “no pain” and
10 means “worst imaginable pain”. NRS is a validated method to measure pain (56) and is the
most common pain outcome measure in chronic low back pain patients (57). Studies have
examined the use of NRS on low back pain patients and concluded a 2-point change on the

NRS is a clinically meaningful change beyond statistically measurement errors (58).

Global Assessment (GA) is used as a basic reference in studies of responsiveness to a change
and is based on a single question about treatment effect, “How is you back pain today as
compared to before the surgery?”. The patients answer with six options generating a score
from 0 to 5 (59). Table 1 shows the GA questionnaire. Studies have shown that GA is a valid

and responsive descriptor of the overall effect of lower back pain treatment (59, 60).

Table 1: Global Assessment questionnaire.

How is your backpain today as compared to before the surgery?

0 =1had no pain prior to surgery
1 = Completely pain-free

2 =Significantlyimproved

3 = Somewhat improved

4 = Unchanged

5 = Deteriorated

The Oswestry Disability Index (ODI) is a patient-completed questionnaire used to quantify
disability of low back pain. The questionnaire is based on questions about ten topics; pain
intensity during movements, personal care, lifting capacity and the ability of walking, sitting,

standing, sleeping, sex life, social life and travelling. Each topic gives a maximum of 5 point.



A patient’s total score is calculated and ODI is the total score in percentage of the maximum
50 point, where 0-20% indicates minimal disability and 81-100% indicates a bedbound
patient. The ODI is the most frequently used functional outcome measures in chronic low

back pain patients (57). Appendices 1 show the ODI questionnaire. (61)

Automatic segmentation and 1VD characteristics

Segmentation of an image means dividing it into different regions of interest (ROI), in this
case IVDs (8). To validate the segmentation method, n=13 out of n=221 T2-weighted MR
series were randomly selected, but with the restriction of including all clinical MRI scanners
used in the examinations of the cohort. The manual segmentation was performed using the
software ITK-SNAP version 3.8.0 (62). ITK-SNAP works as a painting tool where it is
possible to color any region of interest in MR images, in this case lumbar IVD, pixel by pixel
(Figure 2). In each selected MR series, representing a patient, all n=5 lumbar IVD was
segmented, thus colored and labeled. The manually segmented MRI series were then used as a
training and validation set for the segmentation method, using a software of convolutional

neural networks, based on deep learning.
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Figure 2: Manual segmentation of 5 consecutive intervertebral discs on T2-weighted magnetic resonance

images, using the software ITK-SNAP.

The original idea was to let the software identify all lumbar IVDs of the patients in the study
population and automatically perform the segmentation of the IVDs. Then, three I[IVD
characteristics were supposed to be generated by the software; disc volume, mean signal
intensity and standard deviation of the mean signal intensity. The two latter as a measure of
disc degeneration (63). Unfortunately, the software did not perform as good as desired for
herniated IVDs and no data of IVD characteristics could be generated with this software tool.
As a result, the research question was rephrased and the methodology regarding comparing

IVD characteristics with surgical outcomes was changed (Material and Methods — Part 2).
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Material and Methods - Part 2

Study population — Part 2

In Part 2, all patients with available preoperative MRI were included, thus no patient were
excluded for manual segmentation, as earlier. The study population of n=218 patients
consisted of n=113 (51.8%) women and n=105 (48.2%) men, all with mean age of 42.4 years

at the time of surgery. Figure 3 shows included and excluded patients.

~

Retrieved data from the SweSpine register:
n=375

-Year: jan 2013 - dec 2017

-Sahlgrenska University Hospital Gothenburg

-Surgical technique: conventional, microscopic and
endoscopic disk herniation surgery. /

Internal exclusion:

- No l-year follow up
data (n=143).

- Not identifiable social
security number (n=11).

- No lumbar MRI series

\ found (n=3).

Study population
n=218
Gender: (women/men) 51.8 %/48.2%
Age (mean (SD)): 42.4 (15.7)

Figure 3: Flow-chart of included and excluded patient in Part 2.
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Surgery outcomes - Part 2

The same PROM’s (NRS, GA and ODI) as earlier were used in Part 2 (see section Surgery

outcomes).

In the study population of n=218 patients NRS back were reported in all patients. However,
records of GA was missing in n=1 patient and ODI was missing in n=6 patients.
Dichotomization was made for each outcome based on successful surgery outcomes (Group
0), thus patients with limited symptoms or disability, versus unsuccessful outcome (Group 1),
thus patients with symptoms. NRS back were dichotomized in <2 versus >2, GA in <2 versus
>2 and ODI in <20 versus >20. This generated three different subgroupings of the study

population, each handled separately in the statistical analysis.

Segmentation and IVD characteristics — Part 2

For all patients, each MRI series, was post processed using an inhouse-developed software
based on MATLAB (R206a, Mathworks®, Natick Massachusetts, USA), as in previous
Gothenburg based study (64). Each herniated IVD was outlined on three consecutive T2-
weighted midsagittal slices using semi-automated segmentation (Figure 4). In n=8 patients
with records of two herniated IVDs, the most symptomatic [VD, according to the medical
records, was analyzed. In order to evaluate regional characteristics, each IVD was divided
into 5 equally sized subregions (ROI), based on the total midsagittal length of the IVD,
ranging from 1 (anterior) to 5 (posterior) (Figure 5). Same method has been used in earlier

studies (65, 66). From the manual segmentation, mean signal intensity (MSI), standard
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deviation of signal intensity (SDSI) and SDSI/MSI of the midsagittal part of the [IVD were

calculated.

Figure 4: Semi-automated segmentation of disc with a herniation (L5-S1) on T2-weighted magnetic resonance

images, using MATLAB software R206a

Figure 5: Example of the segmentation performed on a L5-S1 intervertebral disc magnetic resonance image
section. Each segmentation was divided into five equally sized subregions, ranging from 1 (anterior) to 5
(posterior), using MATLAB software R206a (Mathworks®, Natick Massachusetts, USA). Picture from

Waldenberg et. al. (65).
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Data analysis and statistical methods — Part 2

The statistical software IBM SPSS version 25 was used for statistical analysis. Independent
samples t-test were used to evaluate if there was a significant difference in the different signal
intensity measures between patients with successful versus unsuccessful surgical outcome.
Measures of the whole midsagittal part and of the different subregions were compared

separately.

Ethics

This study got ethical approval from the Regional Ethical Review Board Gothenburg at
Sahlgrenska Academy, University of Gothenburg, Sweden (DNR 753-17). All patients got
both oral and written information about data collections in Swespine and could ask for
withdrawal from the register at any time-point. All medical images were anonymized and

given a code by the Media Department at Sahlgrenska University Hospital before analyses.
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Results

Characteristics of the study population

The study population (n = 218) demonstrated mean NRS back 2.90 (SD = 2.71), mean GA
2.13 (SD =1.19) and mean ODI 21.59 (SD = 19.63). A large spread of the signal intensity
measures was observed (7able 2) reflecting the heterogenicity of the IVD tissue. In the
subregions, the highest mean MSI was observed in ROI 3, which represents the nucleus
pulposus. Highest mean value of SD was observed in the most posterior part (ROI 5) of the

IVD, the most common location of disc herniation.
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Table 2: Mean Signal Intensity (MSI), Standard Deviation of Signal Intensity (SDSI) and SDSI/MSI, of the study
population (n=218). The top three rows refer to the hole midsagittal part of the intervertebral disc and the

regions of interest (ROI) number 1-5 to the different subregions.

Std.

Mean Deviation
MSsI 112.09 199.49
SDSI 41.67 45.67
SDSI/MSI 0.49 0.13
MSI
ROI'1 88.27 192.12
ROI 2 116.06 205.55
ROI 3 135.27 221.58
ROI 4 117.47 194.92
ROI 5 100.60 185.05
SDSI
ROI' 1 24.85 26.82
ROI 2 33.94 37.62
ROI 3 37.82 47.90
ROI 4 37.58 44.68
ROI 5 38.75 48.28
SDSI/MSI
ROI' 1 0.45 0.18
ROI 2 0.39 0.13
ROI 3 0.34 0.09
ROI 4 0.40 0.12
ROI 5 0.51 0.16

NRS back outcome groups

Table 3 shows the descriptive statistics of the dichotomized groups with even mean age and
level of disc herniation, but with uneven gender distribution, between the groups. The
distribution of signal intensity measures (MSI, SDSI and SDSI/MSI) of the whole midsagittal

part of the IVDs are displayed in Figure 6 with similar values and spread in the outcome
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groups. No statistically significant difference in signal intensity measures of the whole
midsagittal part of the I[VDs was found between the outcome groups. Nor in the subregion’s
ROI 1-5, where no significant difference was found, except for (p=0.045) SDSI in ROI 4 (
Table 4 ). ROI 4 represent the border zone between nucleus pulposus and posterior annulus

fibrosus (Figure 5).

Table 3: Baseline characteristics of successful (Group 0), and unsuccessful (Group 1), surgery outcome groups

regarding; Numeric Pain Rating Scale (NRS) back, Global Assessment (GA) and Oswestry Disability Index

(ODI).
NRS back 1-year GA 1-year ODI 1-year
outcome outcome outcome
Group 0 Group 1 Group 0 Group 1 Group 0 Group1
NRS <2 NRS >2 GA<2 GA>»2 ODI <20 ODI > 20
Number of Patients 116 102 149 68 120 92
Age Mean 43 42 43 41 41 43
SD 16 15 17 14 16 15
Sex Men (%) 56.0% 39.2% 49.7% 45.6% 55.8% 37.0%
Woman (%) 44.0% 60.8% 50.3% 54.4% 442% 63.0%
Disc level* L1-L2 (%) 0.9% 0.0% 0.7% 0.0% 0.8% 0.0%
L2-L3 (%) 0.9% 1.0% 0.7% 1.5% 0.8% 1.1%
L3-L4 (%) 6.0% 4.9% 7.4% 1.5% 7.5% 3.3%
L4-L5 (%) 38.8% 45.1% 40.9% 42.6% 36.7% 47.8%
L5-S1 (%) 53.4% 49.0% 50.3% 54.4% 542% 47.8%
BMI** Mean 26.33 27.23 26.62 27.06 25.71 28.30
SD 4.48 4.22 3.94 5.45 3.94 4.69
Smokers*** (%) 4.8% 16.7% 55% 21.7% 23% 18.8%

* Level of disc herniation.
** Body Mass Index (BMI) only reported in n=71 (33%) out of n=218 patients.
*** Smoking habits (at the time of surgery) only reported in n=78 (36%) out of n=218 patients.

28



1800
1600
1400
1200
1000

450
(p=0.154)
° 400
350
300
° L ]
. . Z 250
> @ 200
L]
150
100
i. 50
& 0
Group 0 Group 1
NRS back 1-year
outcome

(p=0.054)

Group 0

==

Group 1

NRS back 1-year

outcome

SDSI/MSI

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

(p=0.661)

Group 0 Group 1

NRS back 1-year
outcome

Figure 6: Boxplots showing the distribution of the measures, A - Mean signal intensity (MSI), B - Standard

deviation of signal intensity (SDSI) and C- SDSI/MSI, and p-values between successful (Group 0), versus

unsuccessful (Group 1), surgery outcome regarding Numeric Pain Rating Scale (NRS) back.

GA outcome groups

Table 3 shows the descriptive statistics of the dichotomized groups with even mean age and

level of disc herniation and similar gender distribution between the groups. The distribution of

signal intensity measures (MSI, SDSI and SDSI/MSI) of the whole midsagittal part of the

IVDs are displayed in Figure 7 with similar values and spread in the outcome groups. No

statistically significant difference in signal intensity measures of the whole midsagittal part of

the IVDs was found between the outcome groups. Nor in the subregion’s ROI 1-5, where no

significant difference was found ( 7able 4 ).
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Figure 7: Boxplots showing the distribution of the measures; A - Mean signal intensity (MSI), B - Standard
deviation of signal intensity (SDSI) and C- SDSI/MSI, and p-values between successful (Group 0), versus

unsuccessful (Group 1), surgery outcome regarding Global Assessment (GA).

ODI outcome groups

Table 3 shows the descriptive statistics of the dichotomized groups with even mean age and
level of disc herniation, but with uneven gender distribution, between the groups. The
distribution of signal intensity measures (MSI, SDSI and SDSI/MSI) of the whole midsagittal
part of the IVDs are displayed in Figure § with similar values and spread in the outcome
groups. No statistically significant difference in signal intensity measures of the whole
midsagittal part of the [VDs was found between the outcome groups. Nor in the subregion’s

ROI 1-5, where no significant difference was found ( Table 4).
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Figure 8: Boxplots showing the distribution of the measures; A - Mean signal intensity (MSI), B - Standard
deviation of signal intensity (SDSI) and C- SDSI/MSI, and p-values between successful (Group 0), versus

unsuccessful (Group 1), surgery outcome regarding Oswestry Disability Index (ODI)
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Table 4: Group comparison of midsagittal Mean Signal Intensity (MSI), Standard Deviation of Signal Intensity
(SDSI) and SDSI/MSI, between successful (Group 0), versus unsuccessful (Group 1), surgery outcome
regarding; Numeric Pain Rating Scale (NRS), Global Assessment (GA) and Oswestry Disability Index (ODI).
The top three rows refer to the hole midsagittal part of the disc and the region of interest (ROI) number 1-5 to

the different subregions.

NRS back 1-year

outcome GA 1-year outcome ODI 1-year outcome
Group 0  Group 1 Group0 Group 1 Group 0 Group 1

NRS £2 NRS >2 GA <2 GA>2 ODI €20 ODI>20

Mean Mean p-value Mean Mean p-value Mean Mean p-value
MSI 129.71 92.06 0.154 123.35 87.91 0.227 116.29 110.18 0.828
SDSI 47.08 35.51 0.054 44.73 35.12 0.152 44.68 38.49 0.335
SDSI/MSI 0.48 0.49 0.661 0.49 0.49 0.798 0.48 0.48 0.966
MsI
ROI1 101.46 73.27 0.281 97.63 68.21 0.297 88.82 90.57 0.948
ROI2 133.39 96.35 0.174 128.25 89.61 0.201 121.18 113.03 0.778
ROI3 157.34 110.16 0.107 148.66 106.61 0.196 142.06 130.50 0.711
ROI4 137.72 94.44 0.092 129.40 91.89 0.190 123.10 11393 0.738
ROI5 115.83 83.28 0.184 109.15 82.22 0.322 103.62 99.36 0.870
SDSI
ROI1 27.65 21.67 0.093 26.68 20.75 0.132 26.62 23.00 0.337
ROI2 37.81 29.54 0.096 36.40 28.69 0.162 35.87 3191 0.455
ROI3 42.95 31.99 0.080 41.14 30.82 0.142 39.79 36.01 0.575
ROI4 43.07 31.33 0.045 40.71 30.97 0.137 40.18 3490 0.402
ROI5 42.82 34.12 0.185 40.36 35.25 0.472 41.10 35.86 0.439
SDSI/MSI
ROI1 0.45 0.44 0.673 0.46 0.43 0.330 0.46 0.43 0.362
ROI2 0.39 0.40 0.377 0.39 0.40 0.415 0.38 0.40 0.250
ROI3 0.32 0.35 0.061 0.33 0.34 0.687 0.33 0.34 0.434
ROI4 0.39 0.41 0.164 0.40 0.40 0.864 0.39 0.40 0.834
ROI5 0.51 0.52 0.740 0.51 0.51 0.939 0.51 0.50 0.801
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Discussion

The aim of this study was to identify IVD characteristics in preoperative MR images and
compare them to the 1-year post lumbar disc herniation surgery outcome. This study could
not prove any relationship between IVD characteristics and surgery outcome, except
regarding SDSI of ROI 4 in the NRS back outcome group where a small significant difference
(p = .045) were detected. ROI 4 represent the border zone between nucleus pulposus and
posterior annulus fibrosus, a possible location of annular tears, which makes this finding
interesting. However, no significant difference was observed in the normalized measure
SDSI/MSI, in ROI 4, why the strength of evidence in the significant finding is limited. The
normalized measure SDSI/MSI, was used to equalize potential differences between scanners

for example, due to different signal amplification. However, our findings did not support this.

The results of this study show similar preoperative quantitative measures of disc
degeneration, with similar spreading, in patients with different surgical outcome. Our
hypothesis was that high level of preoperative disc degeneration, thus low signal intensity
measures, would predict worse surgical outcome. This study proved us wrong. However, our
method may not be accurate enough due to the limitations of this study (discussed in section
Limitations and Strengths). More information about the patients, including BMI and smoking
habits, needs to be collected to enable statistical adjustments. Thereby, general conclusion of

this study cannot be drawn.
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The fundamental idea was to identify the IVD characteristics using automatic segmentation
based on deep learning. Unfortunately, the automatic segmentation did not perform as desired
why semi-automatic segmentation was done. When testing the automatic segmentation, it
seemed like the software struggled with separating the IVDs of different levels. Using this
method in the analysis would have demanded time spending manual post processing of the
images, and the advantage of automatic segmentation had been lost. Automatic segmentation
of lumbar MRI has earlier been described as a difficult task (54) and artificial neural networks
are computationally advanced and difficult to train (7). In the present study, the training set
consisted of only n = 13 manual segmented patients, which might have been too few. The
major reason, why the automatic segmentation did not perform as good as desired, was
probably the origin of the MRI-series. The MRI examinations in this study were at least made
at 15 different clinical department and many different MRI protocols was used. In future work
it might be an advantage to supply the software programmers with MRI data from the same

scanner model using given MRI protocol.

After rephrasing the research question and switching to another segmentation software, the
extracted disc characteristics were limited to signal intensity measures and not disc volume.
Disc volume determination requires segmentation of all sagittal MRI slices, often 15-17 slices
per patient, a very time-consuming task. The manual segmentation of all MRI slices was
made in the trainings-set of n=13 patients. The expenditure of time of this procedure was
approximately 1 hour per disc. The lack of time made it impossible to do this procedure on all
patients. By comparison, semi-automated segmentation of three mid sagittal slices using our
inhouse developed software took approximately 5 minutes per disc. Thus, our in-house semi-

automated segmentation software could have been used for volume determination. However,
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at the time we realized that the deep-learning software could not fulfill the task the project

was near an end.

Methodological considerations

The dichotomization of the outcome measures was made to facilitate the detection of
relationship between disc characteristics and the outcomes. In order to get all patient with the
same rated outcome in the same group, the dichotomization was performed numerically, thus,
not by mean or median. Regarding NRS and ODI, 1-year post surgery scores <2 respectively
<20 are in this study considerer as successful outcome. Regarding GA, the choice of cutoff
line can be discussed. Scores 3, meaning the patient is “somewhat improved” (Table 1),
might be considered as a successful or an unsuccessful outcome. However, since a majority
(68%) of the patients operated for lumbar disc herniation in 2016 in Swespine, reported GA,
regarding back pain, score 1, “completely pain-free” (20%), or score 2, “significantly
improved” (48%) (2), it is reasonable to treat the remaining minority as patients with
unsuccessful surgical outcome. In Table 3, the baseline characteristic of the three different
dichotomized outcomes group are displayed and it was seen that all groups were even in
terms of mean age and the level of disc herniation. However, there was an uneven gender
distribution, especially when dividing the patients into the NRS and ODI groups. The
proportion of women was greater in each group of patients with unsuccessful outcome versus
patient with successful outcome, compared to the proportion of men. This was in line with

previous studies where it has been shown that the 1 year postoperative outcome is inferior in
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woman than in men (67) and further that women are associated with a slower rate of
perceived recovery as well as a higher rate of unsatisfactory outcome (68). To test if this
skewness of gender distribution might affect the result, the study population was divided in
two groups based on gender. Independent t-test was performed for each signal intensity
measures. The tests were not associated with any significant difference in none of the
measures, nor in none of the subregions (Appendices 2). The uneven gender distribution in the

outcome groups, therefore, should not affect the results of this study.

Several factors have the potential to affect the 1-year outcome, amongst those are smoking,
which is a predictor for unsatisfactory surgical outcome (68, 69). High BMI is, as well, a
known risk factor for lumbar disc herniation (70) and overweight is associated with higher
recurrence rate after lumbar disc herniation surgery (71), thus, BMI ought to affect the
surgery outcome. Unfortunately, only a fraction of the study population (n=218) in this study
has reported BMI (n=71, 33%) and smoking habits (n=79, 36%), why statistical adjustment is

not adequate.

Limitations and Strengths

This study is limited by the absence of information about what happened to the patients in the
time between the time of surgery and the one-year follow-up. There is no information about
the surgery itself, how it went, experience of the surgeon and so on. In addition, there is no

information about the patients postoperative symptoms until the one year follow-up. Were the
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patients following their postoperative recommendation in resting, sick leave and physical
rehabilitation training? This can be considered as residual confounders, due to lack of

possibility to adjust for these factors.

Another limitation might be the segmentation in the software ITK-SNAP (62) and MATLAB
software R206a. It was done by a last year’s medical student with limited experience of
medical imaging. If the segmentation had been made by an experienced radiologist or a
medical physicist, it might have been more robust and accurate. However, the segmentation
was made by one single person, which may be considered as a strength, because else
individual difference in the segmentation might have occurred. In order to improve the semi-
automatic segmentation, T1-weighted images should have been used for guidance. The border
between annulus fibrous and surrounding tissue is more detectable in T 1-weighted images,
which facilitates the manual segmentation. In the MATLAB-based software, there is a
function that transfers and rescales the T1-weighted images to match the corresponding T2-
weighted image and thereby enables segmentation on both T1- and T2-weghted images or on
the images separately. Unfortunately, the MR images retrieved from the media data base were
unsorted and there was no time enough to sort the T1-weighted images to match the T2-

weighted images.
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Conclusion

Quantitative measures of disc degeneration have the potential to increase the utilization of
MRI examinations and to support the development of automatic analysis in medical imaging.
In this study IVD characteristics from preoperative MR images where identified using semi-
automated segmentation. However, this method could not find any relationship, between MRI
characteristics preoperatively for the disc and the surgical outcome measured by PROM’s one
year postoperatively. Disc degeneration is linked to low back pain and might be the reason
why some patients do not experience backpain relief after lumbar disc herniation surgery. To
show this, further studies are encouraged using standardized MRI protocol and scanners, and

more patient data enabling adjustment of confounders.
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Popularvetenskaplig sammanfattning

Segmentering av ryggdiskar — en jamforelse av preoperativa MR bilder med

resultatet 1 ar efter diskbracksoperation

Diskbréck dr en vanlig akomma som skapar problem med framforallt smérta i benen for den
drabbade patienten. Det beror pé att en disk mellan ryggradens kotor kollapsar och trycker pa
den bakomliggande ryggmargen. Diskbrack kan behandlas med kirurgi dér det som trycker pa
ryggmargen tas bort. Infor en eventuell operation undersoks ryggen med en s.k.
magnetkamera (MR) som ger en bild av disken. Bilden anvinds for stdllningstagande till om

diskbréicket ska opereras eller e;.

Operation av diskbrack forbéttrar ofta patienternas bensmérta avsevért men tyvarr kvarstar
problem med ryggvérk hos vissa patienter, mojligen kopplat till grad av diskdegeneration
(aldrande). Denna degeneration kan métas med hjilp av MR, redan fore operation. Studien
syftar till att undersoka diskars utseende pa MR bilder innan diskbracksoperation och jamfora

dem med utfallet 1 ar efter operation.

218st diskbracksopererade patienter haimtades ur det svenska ryggregistret. Patienternas MR
bilder fran fore operationen togs fram och den sjuka disken pa varje patient studerades. Detta
gjordes genom segmentering av diskens mittersta del, vilket betyder att disken ringas in i MR
bilden. Diskens utseende i form av signalintensitet analyseras, d.v.s. hur starkt disken lyser i
bilden och skillnaden av denna signal mellan olika omréden av disken berdknades. Det ar ett

matt pa hur disken mér och graden av dess degeneration. Dérefter jamfordes om det fanns en
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skillnad i signalintensitet i den sjuka disken mellan patienter med lyckat resp. mindre lyckat,

operationsresultat.

Den statistiska analysen visar att det inte &r ndgon statistisk skillnad i utseende
(signalintensitet) av den sjuka disken mellan patienter med lyckat respektive mindre lyckat
operationsresultat. Studien kan dérfor inte pavisa nagon koppling mellan den sjuka diskens
utseende fore operation och resultatet 1 ar efter operation. Det finns ménga faktorer,
oberoende av diskens utseende, som paverkar operationsresultatet och som i studien inte
tagits hinsyn till. Uppgifter om hur sjélva operationen gick, kirurgens erfarenhet och hur
patienten skott sin rehabilitering hade varit onskvart for att kunna justera for dessa faktorer. 1
denna studie har dven bilder frén olika MR apparater med olika instillningar anvénts. Det dr
svart att avgora hur detta paverkat resultatet. I fortsatta studier bor hénsyn tas till detta och val

av MR apparater och instéllningar bor standardiseras.
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Appendices

Appendices 1: Oswestry Low Back Pain Disability Questionnaire. For each section the total possible score is 5:
if the first statement is marked the section score = 0, if the last statement is marked, it = 5.
(http://www.rehab.msu.edu/ files/ docs/oswestry_low_back_disability.pdf)

Oswestry Low Back Pain Disability Questionnaire

Instructions

This guestionnaire has been designed to give us information as to how your back or leg pain is affecting
your ability to manage in everyday life. Please answer by checking ONE box in each section for the
statement which best applies to you. We realise you may consider that two or more statements in any one
section apply but please just shade out the spot that indicates the statement which most clearly describes
your problem.

Section 1 - Pain intensity Section 3 - Lifting

[] I have no pain at the moment 1 1canlift heavy weights without extra pain

[l The pain is very mild at the moment | 1canlift heavy weights but it gives extra pain

] The pain is moderate at the moment 1 Pain prevents me from lifting heavy weights off
5 the floor, but | can manage if they are

[] The pain is fairly severe at the moment conveniently placed eg. on a table

[ The pain is very severe at the moment 1 Pain prevents me from lifting heavy weights,

[ The pain is the worst imaginable at the but | can manage light to medium weights if

moment they are conveniently positioned

| 1can lift very light weights

Section 2 - Personal care (washing, dressing etc) 1 | cannatlift or carry anything at all

] Ican look after myself normally without
causing extra pain Section 4 - Walking*
] 1can look after myself normally but it Pain does not prevent me walking any distance

causes extra pain
Pain prevents me from walking more than

It is painful to look after myself and | am 1 mile

slow and careful
Pain prevents me from walking more than
1/2 mile

O 0O

| need some help but manage most of my
personal care

| need help every day in most aspects of

100 yards
self-care

I can only walk using a stick or crutches

o ad

| do not get dressed, | wash with difficulty

]
O
]
[ 1 Pain prevents me from walking more than
O
and stay in bed ]

I am in bed most of the time
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Section 5 = Sitting
O
|

| can sit in any chair as long as | like

| can only sit in my favourite chair as long as
I like

Pain prevents me sitting more than one hour

Pain prevents me from sitting more than
30 minutes

O OO

Pain prevents me from sitting more than
10 minutes

|

Pain prevents me from sitting at all

Section 6 = Standing
| can stand as long as | want without extra pain

| can stand as long as | want but it gives me
extra pain

O oo

Pain prevents me from standing for more than
1 hour

O

Pain prevents me from standing for more than
30 minutes

Pain prevents me from standing for more than
10 minutes

[] Pain prevents me from standing at all

Section 7 - Sleeping

My sleep is never disturbed by pain

My sleep is occasionally disturbed by pain
Because of pain | have less than & hours sleep
Because of pain | have less than 4 hours sleep

Because of pain | have less than 2 hours sleep

5 [ = e O 5 ) 5

Pain prevents me from sleeping at all
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Section 8 = Sex life (if applicable)

My sex life is normal and causes no extra pain

My sex life is normal but causes some extra
pain
My sex life is nearly normal but is very painful

My sex life is severely restricted by pain

Joad B

My sex life is nearly absent because of pain

Pain prevents any sex life at all

Section 9 - Social life
L

My social life is normal and gives me no extra
pain

[ | My social life is normal but increases the
degree of pain

[ Pain has no significant effect on my social life
apart from limiting my more energetic interests
eg, sport

[] Pain has restricted my social life and | do nat go
out as often

Pain has restricted my social life to my home

[ | I have no social life because of pain

Section 10 = Travelling

O

[] Icantravel anywhere but it gives me extra pain
[l

| can travel anywhere without pain

Pain is bad but | manage journeys over two
hours

O

Pain restricts me to journeys of less than one
hour

[ ] Pain restricts me to short necessary journeys
under 30 minutes

Pain prevents me from travelling except to
receive treatment



Appendices 2: Comparison of midsagittal Mean Signal Intensity (MSI), Standard Deviation of Signal Intensity
(SDSI) and SDSI/MSI, in the study population divided by gender. The top three rows refer to the hole midsagittal
part of the disc and the regions of interest (ROI) number 1-5 to the different subregions.

Gender

Men Woman

Mean Mean p-value
MSI 104.63 119.03 0.595
SDSI 40.28 42.95 0.667
SDSI/MSI 0.49 0.48 0.754
MSI
ROI 1 81.55 94.50 0.620
ROI 2 108.09 123.47 0.582
ROI 3 126.17 143.72 0.560
ROI 4 111.41 123.10 0.659
ROI' S 94.52 106.25 0.641
SDSI
ROI 1 24.04 25.60 0.668
ROI 2 32.68 35.11 0.635
ROI 3 35.59 39.90 0.508
ROI 4 36.58 38.50 0.752
ROI'S 38.21 39.25 0.874
SDSI/MSI
ROI'1 0.45 0.45 0.895
ROI 2 0.39 0.40 0.441
ROI 3 0.33 0.34 0.738
ROI 4 0.40 0.39 0.787
ROI 5 0.52 0.51 0.601
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