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ABSTRACT

Background: In Sweden, about 2,900 surgeries due to a lumbar disc herniation are performed
yearly, and the surgical incidence is low compared to the incidence in Denmark and Norway.
Surgery for lumbar disc herniation in adolescence is rare and few reports on the outcome of
surgery exist.

Aims: To investigate if preoperative patient characteristics and the one-year patient-reported
outcomes differ between three Nordic countries with different incidence of surgery for
lumbar disc herniation. To describe the short and long-term outcomes in adolescents and
adults treated surgically for lumbar disc herniation.

Study population: Individuals treated surgically for lumbar disc herniation and registered in
the nationwide spine registers in Sweden, Denmark and Norway. Age and sex-matched
controls for adolescents treated surgically due to a lumbar disc herniation.

Methods: Data on surgery and patient-reported outcome were acquired from the spine
registers. Magnetic resonance imaging (MRI) was performed in a subgroup of the adolescent
patients and in all controls.

Results: When comparing Sweden, Denmark and Norway, we found no clear association
between incidence of surgery for lumbar disc herniation, patient characteristics and outcome,
despite of an up to two-fold variation in surgical incidence.

Adolescents (<18 years old) account for only 1.4% of the lumbar disc herniation surgeries in
Sweden. At short-term follow-up, adolescents are more satisfied with their treatment
compared to adults (>19 years old). All groups benefitted significantly from their surgery but
the mean values for quality of life were still lower than the average of the general population.

At long-term follow-up, adolescents have a similar risk to young adults (19-39 years old) of
having to undergo additional lumbar spine surgery, with about 16% of the adolescents and
18% of the young adults needing repeat surgery. When comparing elderly patients (60 years
and older) to adults aged 40-59 years old, the elderly had a slightly smaller risk of additional
lumbar spine surgery, with repeat surgery occurring in about 11% of the elderly and 14% of
the adults. Within all age groups, there were no clinically relevant changes between short and
long-term follow-up.

More than a decade after surgery, individuals operated on due to a lumbar disc herniation in
adolescence have more degenerative signs, as seen on MRI, at the two lower lumbar levels
compared to controls. The operated individuals are satisfied to a high degree, but they
experience more back disability, more back pain and a lower quality of life compared to
controls.

Conclusions: Differences in surgical incidence of lumbar disc herniation is not reflected in
differences in preoperative patient characteristics and one-year patient-reported outcome.



Surgery for lumbar disc herniation is associated with a 11-18% risk of additional lumbar
spine surgery, with a similar risk among adolescents and young adults. There are no clinically
relevant changes in outcome between short and long-term follow-up within all age groups,
putting into question the need for a long-term follow-up after surgery for lumbar disc
herniation. Even though the rate of satisfaction is high, and surgery seems to be a viable
alternative, operated adolescents have a higher prevalence of spinal degeneration in the two
lower lumbar spine segments and experience slightly more back disability, more back pain
and a lower quality of life than age and sex-matched controls more than a decade after their
operation.



SUMMARY IN SWEDISH (SAMMANFATTNING PA
SVENSKA)

Bakgrund: | Sverige genomfors cirka 2900 lumbala diskbracksoperationer arligen. Incidensen
(forekomsten) av kirurgi for lumbala diskbrack i Sverige ar 1ag jamfort med incidensen i
Danmark respektive Norge. Kirurgi for lumbala diskbrack forekommer séllan hos ungdomar
och bara ett fatal studier av utfallet efter kirurgi har tidigare gjorts.

Syfte: Att undersoka om patienternas besvarsbild innan operation och utfall ett ar efter
operation skiljer sig mellan tre nordiska l&nder med olika incidens av kirurgi for lumbala
diskbrack. Att beskriva utfallet av kirurgi for lumbala diskbrack hos ungdomar och vuxna pa
kort och lang sikt.

Studiepopulation: Individer som behandlats kirurgiskt for lumbala diskbrack och registrerats i
de nationella ryggregistren i Sverige, Danmark och Norge. Alders- och konsmatchade
kontroller fér ungdomar som genomgatt lumbal diskbrackskirurgi.

Metoder: Data om kirurgi och patientrapporterade utfall inhdmtades fran ryggregistren.
Magnetresonanstomografi genomférdes for en undergrupp av ungdomarna som opererats och
for alla kontroller.

Resultat: Vid jamforelse av tre nordiska lander hittade vi inga tydliga samband mellan
incidensen av kirurgi for lumbala diskbrack, patienternas besvarsbild innan operation och
utfallet efter ett ar. Detta trots att incidensen av kirurgi varierade med upp till en faktor tva.

Ungdomar (18 ar och yngre) star for endast 1,4% av de operationer av lumbala diskbrack som
genomfors i Sverige. Vid korttidsuppféljningen av lumbal diskbrackskirurgi i Sverige var
ungdomarna i en hogre utstrackning nojda med sin behandling an de vuxna (19 ar och aldre).
Alla aldersgrupper gagnades signifikant av kirurgi men det patientrapporterade medelvardet
for livskvalitet var anda lagre an hos normalbefolkningen.

Vid langtidsuppféljningen hade ungdomarna en risk for ytterligare landryggskirurgi som var
liknande risken som sags hos unga vuxna (19-39 ar gamla) och cirka 16% av ungdomarna
och 18% av de unga vuxna hade genomgatt ytterligare kirurgi. Vid jamforelsen av aldre (60
ar och aldre) och vuxna i aldrarna 40-59 ar hade de &ldre en nagot lagre risk for ytterligare
landryggskirurgi och ytterligare Kirurgi férekom hos cirka 11% av de dldre och 14% av de
vuxna. Inom alla aldersgrupper fanns det inga kliniskt relevanta skillnader i patientrapporterat
utfall mellan kort- och langtidsuppféljningarna.

Mer an ett decennium efter kirurgi for lumbala diskbrack hos ungdomar ses mer tecken till
degeneration i de tva nedersta lumbala nivaerna pa magnetresonanstomografi jamfort med
hos kontroller. Ungdomarna som opererats var i hdg utstradckning néjda med sin behandling
men upplevde mer ryggrelaterad funktionsnedsattning, mer ryggsmarta och hade en lagre
livskvalitet jamfort med kontrollerna.



Slutsatser: Skillnader i incidens av kirurgi for lumbala diskbrack reflekteras inte i
patienternas besvarsbild innan operation eller pa utfallet efter ett ar. Kirurgi for lumbala
diskbrack innebar en risk pa 11-18% for ytterligare kirurgi, en risk som ar liknande i storlek
hos ungdomar och unga vuxna. Det var inga Kkliniskt relevanta skillnader i utfall mellan kort-
och langtidsuppféljningarna inom alla aldersgrupper, vilket ifragasatter behovet av en
langtidsuppfoljning efter kirurgi for lumbala diskbrack. Kirurgi ses som ett bra alternativ vid
lumbala diskbrack hos ungdomar men &ven om ungdomar som opererats for lumbala
diskbrack i hog utstrackning &r nojda med operationen sa har de, mer an ett decennium
senare, mer degeneration i de tva nedersta lumbala nivaerna, mer ryggrelaterad
funktionsnedsattning, mer ryggsmarta och en lagre livskvalitet jamfort med alders- och
kdnsmatchade kontroller.



LIST OF SCIENTIFIC PAPERS

An observational study on the outcome after surgery for lumbar disc
herniation in adolescents compared with adults based on the Swedish
Spine Register.

Tobias Lagerbéck, Peter Elkan, Hans Moller, Anna Grauers, Elias
Diarbakerli, Paul Gerdhem

The Spine Journal. 2015 Jun 1;15(6):1241-7

. Effectiveness of surgery for sciatica with disc herniation is not

substantially affected by differences in surgical incidences among three
countries: results from the Danish, Swedish and Norwegian spine
registries.

Tobias Lagerbéck, Peter Fritzell, Olle H&gg, Dennis Nordvall, Greger Lanne,
Tore K. Solberg, Mikkel @. Andersen, Sgren Eiskjeer, Martin Gehrchen,
Wilco C. Jacobs, Miranda L. van Hooff, Paul Gerdhem

European Spine Journal. 2019 Nov;28(11):2562-2571.

Lumbar disc herniation surgery in adolescents and young adults: a long-
term outcome comparison.

Tobias Lagerbéck, Hans Moller, Paul Gerdhem

The Bone and Joint Journal. 2019 Dec;101-B(12):1534-1541.

Outcome after lumbar disc herniation surgery in adults and elderly —
Risk of additional surgery and PROM change over time.

Tobias Lagerbéck, Hans Moller, Paul Gerdhem

Manuscript

MRI characteristics mean 13 years after lumbar disc herniation surgery

in adolescence - a case control study.

Tobias Lagerbéck, Granit Kastrati, Hans Méller, Karin Jensen, Mikael
Skorpil, Paul Gerdhem

Manuscript



CONTENTS

R [ 011 70T L1 Tox o] [PPSR 9
1.1 Embryology and early development of the intervertebral disc........................ 10
1.2 Definition and classification of lumbar disc herniation .............ccccccccvvevveenne 10
1,21 HISTOTY .t 11
1.2.2  Clinical characteristics and diagnosis..............ccuervvirieeiiienineenne e 11
1.2.3 IMAGING . ..eeiiieiiiit ettt 13
1.2.4  PathOPNYSIOIOQY .....ccuvieiiiiiieiiie ettt 13
1.3 EPIAEMIOIOQY ..ottt 15
1.3.1 Prevalence of lumbar disc herniation.............cccccvevveeeiie e, 15
1.3.2 Prevalence of diSC degeneration ............cccoocveiieriiiiieiiienie e 15
1.3.3 Incidence of surgical INtervention.............ccccevvveriiiiie e 16
1.3.4  RISKTACIOIS ....eveiiiiie et 16
1.4 Treatment of lumbar disSC herniation .............cccccveivie i 17
1.4.1 Non-surgical treatMent..........cccuviiieiiierie e 19
1.4.2  Surgical treatMeNt..........ooiiieiiieiie e 19
1.4.3  RiINg apophysis fraCtUre ..........ccooiveiiieiiiiie e 20

1.4.4 Complications and additional surgery following surgery for
lumbar disC herniation............ccocv e 20
1.5 Rationale for the STUdIES ..........coiiiriiiiie s 20
N | 1T PSP UP TSP PP 23
3 Patients and METNOUS. ........ccuiiiii i 25
3.1 DALA SOUICES ...eeeueteieeeiiieee e e ettt e e ettt e e et e e e s e e e e e e e e e e e s nnnn e e e e s nnnneeas 25
311 The SPINE FEQISIEIS ...uvie e ettt e et e e erea e 25
312 CONIOIS .t s 26
3.1.3  Magnetic resonance iMagiNg.........ccovreerrreeiureeiieeeesieeesreeessseeessneeens 26
3.2 OULCOME MEASUIES .......eeeeeeeiiteeeee et e e e et e e e st e e e s ansee e e e s annr e e e s nnnne e e e s nnnneeas 26
3.2.1 Patient satisfaction and global assessment of leg and back pain.......... 26
3.2.2 ODI, EQ-5D-3L, VAS, NRS, and MCS and PCS of SF-36................. 27

3.2.3 Additional lumbar spine surgery and additional lumbar disc
REINIALION SUMGEIY .vvi i 28
3.2.4 Pfirrmann grade, Modic changes and TEP-SCOre...........ccccceevvvveeinennns 29
3.2.5 IPAQ-SF, smoking and occupational Strain ..............cccceeveeeiiiveeiinnnnnn 29
3.3 POPUIALION ..t 30
3.3.1 Papers I, HTand IV ... 30
3.3.2 PAPEI Il oo 31
3.3.3  PAPEI V i 32
3.4 Study design and statistical Methods............ccccovvieiiiiiiinc e, 33
3.4.1 Choice of Study deSigN........c.uvieiiiiiiie e 33
342 SHALISTICS ...ttt 34
A BHNECS oo e 37
5 RESUILS. ..t 39



D1 PAPEE Lo 39

9.2 PAPEI I oo 40
5.3 PAPEE T ..o 42
D4 PAPEI IV . 44
0.5 PAPEI V e 45
DISCUSSTON ...ttt ettt ettt e bbb e et e e e ntee s 47
6.1 Strengths and lIMItALIONS. ..........coiiiiiiiiiie e 47
6.2 GENEIAl dISCUSSION......cciiiitieiiiieiie ettt 48
CONCIUSTIONS ...ttt ettt sttt nne e 53
7.1 Clinical IMPIICAIONS .......oiiiiiiiieiie e 53
7.2 FULUIE PEISPECTIVES ..ottt ettt 53
ACKNOWIBAGEMENTS ...ttt 54

RO I EINCES. ..ottt e e 57



LIST OF ABBREVIATIONS

AD
ANCOVA
ANOVA
BC

BMI

Cl

CSF
EQ-5D-3L
IPAQ-SF
MCID
MCS

MRI

NRS

ODI

PCS
PROM
QALY
SD

SF-36
TEP-score
VAS

Anno Domini, i.e. after Christ
Analysis of covariance
Analysis of variance

Before Christ

Body mass index

Confidence interval
Cerebrospinal fluid

EuroQol-5 Dimensions-3 Levels

International Physical Activity Questionnaire — Short Form

Minimal clinically important difference
Mental component summary score
Magnetic resonance imaging
Numerical rating scale

Oswestry disability index

Physical component summary score
Patient-reported outcome measure
Quality-adjusted life years

Standard deviation

Short-form health survey, 36 items
Total endplate score

Visual analogue scale



1 INTRODUCTION

The human spine is formed of 32-34 vertebrae; seven cervical vertebrae (C1 to C7), 12
thoracic vertebrae (T1 to T12), five lumbar vertebrae (L1 to L5), five sacral vertebrae (S1 to
S5, which are fused to form the sacrum) and three to five coccygeal vertebrae (which are
fused fully or in segments to form the coccyx) (1, 2). Except for the 1% and the 2" cervical
vertebra, the vertebrae are separated by an intervertebral disc which, together with the two
intervertebral joints on each level, allows motion (Figure 1). The intervertebral discs between
the sacral vertebrae collapse when aging and the sacrum is formed by the time of adolescence

(3).

The intervertebral disc consists of the outer fibrous
part, the anulus fibrosus, and the inner gelatinous
mass, the nucleus pulposus. The anulus fibrosus
consists of concentric lamellae of fibrocartilage,
mainly type I collagen (1, 4). The outer third of the
anulus fibrosus is the only part of the intervertebral
disc that is innervated, and this causes some patients
to experience back pain when the disc herniates (1,
5, 6). The nucleus pulposus is avascular and mainly
consists of large proteoglycans and type Il collagen
(4, 6). The nucleus pulposus and the inner part of the
anulus fibrosus are separated from the adjacent Figure 1. Lateral view of two lumbar

. - vertebrae separated by an intervertebral disc.
vertebral bodies by the cartilaginous endplate (7). Figyre courtesy of Lucy Bai.
The endplate also serves as the epiphyseal growth
plate (8). The endplate is sometimes classified as a part of the intervertebral disc and
sometimes as a part of the vertebral body.

The combination of the fibrous anulus fibrosus, the gelatinous nucleus pulposus and the
cartilaginous endplate give the intervertebral discs their principal biomechanical properties; to
stabilize the spine, to allow small movements and to evenly transmit axial loading forces
between adjacent vertebrae (7).

When a disc herniates, it can cause radicular pain by compression of the spinal nerve root and
due to exposure of inflammatory substances from the nucleus pulposus to the nerve root (1, 6,
9, 10). Nevertheless, in many cases a herniated disc is asymptomatic (11). A lumbar disc
herniation that affects a spinal nerve root, most often affects the spinal nerve that exits at the
level below, i.e. a herniation of the L4-L5 disc most often affects the L5 spinal nerve.



1.1 EMBRYOLOGY AND EARLY DEVELOPMENT OF THE INTERVERTEBRAL
DISC

The nucleus pulposus derives from the notochord while the anulus fibrosus, the cartilaginous
endplate and the vertebral body derive from the sclerotome, a derivation of the somite (12,
13). The nucleus pulposus is avascular during the fetal period and remains so throughout life
(8, 12, 14). The cartilaginous endplate and the outer parts of the anulus fibrosus are
vascularized at the beginning of life. Whether the inner parts of the anulus fibrosus are
avascular throughout life or remain vascularized in the fetal and early postnatal period has
however been debated (8, 12, 14). The vascular supply in the cartilaginous endplates and the
possible supply in the inner parts of the anulus fibrosus are lost within the first years of life
while the outermost part of the anulus fibrosus has been seen vascularized in all age groups
(14). This leaves most of the intervertebral disc without blood supply, making it the largest
avascular structure in the body. Being avascular, the only source of nutrition to the majority
of the intervertebral disc is the diffusion of nutrients from the outermost part of the anulus
fibrosus and the vessels of the vertebral endplate (7, 15, 16).

1.2 DEFINITION AND CLASSIFICATION OF LUMBAR DISC HERNIATION

The definition of lumbar disc herniation varies and the term is used to describe various
abnormalities of the disc, from a disc bulge symmetrically extending beyond the
intervertebral space to an extrusion of nucleus pulposus (17). In this thesis, the term lumbar
disc herniation includes protrusion, a focal or asymmetric extension of the disc and extrusion,
an escape of disc material.

Lumbar disc herniations are classified according to their position, the degree of injury to the
anulus fibrosus and the possible leakage of material from the nucleus pulposus (5, 6). The
position is decided in relation to the spinal canal and divided into central, paramedian, far
lateral and extraforaminal (5, 6). The degree of injury to the anulus fibrosus is divided into
two main groups; “contained” and “non-contained” herniations. Contained herniations, also
known as protrusion, have an intact anulus fibrosus and the disc is bulging. The non-
contained herniations can be of two types, “extrusion”; the anulus fibrosus is ruptured and the
escaped material from the nucleus pulposus is still connected to the originated disc, and
“sequestration”; the anulus fibrosus is ruptured and the escaped material from the nucleus
pulposus is no longer connected to the disc it originated from (5, 6).

In adolescent lumbar disc herniation, there is a risk of ring apophysis fracture, but the
condition is rare. The ring apophysis is a secondary ossification centre that encircles the
margin of the endplate (18, 19). The most superficial part of the anulus fibrosus is connected
to the ring apophysis by collagen fibres, and a separation of the ring apophysis and the
vertebral body can occur (7, 20, 21). The ring apophysis typically ossifies in the late teens

10



and the majority of ring apophysis fractures are found in adolescents and young adults (7, 18,
20-22).

1.2.1 History

The Greek physician, Hippocrates of Kos (460-377 BC) has been crowned as “the father of
medicine” (23). Hippocrates made major contributions to the knowledge about spinal
anatomy and spinal diseases and their treatment, specifically the treatment of spinal
deformities, altogether also earning him the title as “the father of spine surgery” (23, 24). It
should also be borne in mind that all Hippocrates' findings were made during a time when
dissection of the human body was prohibited (23, 24). Based on the works of Hippocrates,
another Greek physician, Galen of Pergamum (129-200 AD), made further discoveries and
descriptions regarding the spine (25, 26). Galen accurately described the vertebral column,
the spinal cord, nerves emerging from the spine and the neurological deficits following
transection of the spinal cord at different levels (26). Furthermore, Galen described a
“mucous and ligamentous connection” between the vertebral bodies, which joins them
together (26).

In the 18™ century the Italian physician, Domenico Felice Antonio Cotugno (1736-1822),
differentiated radiating pain, sciatica, as either originating from the hip “arthritic sciatica” or
as a nervous disease “neurogenic sciatica” (27). Furthermore, he divided neurogenic sciatica
into anterior and posterior, approximately corresponding to the dermatomes of L3-L4 and L5
respectively, but the pathomechanism of lumbar disc radiculopathy remained unknown (27).
The true cause was not revealed until the 1930s when the two American surgeons William
Jason Mixter (1880-1958) and Joseph Seaton Barr (1901-1963) proved that a herniated disc
was the cause of sciatica (27, 28). Their results and the surgical procedure for removal of
lumbar disc herniations were published in the New England Journal of Medicine in 1934
(29).

The first successful surgery for lumbar disc herniation in children and adolescents was not
described in the literature until 1945 when the Swedish surgeon Herman Wahren (1897-
1985) described an operation on a 12-year-old girl (30).

1.2.2 Clinical characteristics and diagnosis

The most common symptoms of lumbar disc herniation are back pain and leg pain (31).
Patients usually present with back pain, followed by leg pain. This order can be due to the
outer third of the anulus fibrosus being innervated, causing a sensation of pain in the back
when the disc herniates (1, 5, 6, 31). The most sensitive symptom for a clinically relevant
lumbar disc herniation, having a sensitivity of 0.95, is sciatica (32). Other symptoms are
reduced spinal mobility, motor deficits and sensory deficits (31, 33). The most common
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levels for a symptomatic lumbar disc herniation are the two lower levels, L4-L5 and L5-S1
(34).

The symptoms in adolescents are similar to the ones seen in adults; 65-100% of the
adolescents who undergo surgery for lumbar disc herniation present with low back pain and
41-100% experience sciatica (35-41). Other symptoms include neurogenic claudication (37-
40%), motor deficit (4-26%) and sensory deficit (8-31%) (35-40).

There are several other disorders causing sciatica (42). The most common differential
diagnoses are spondylolisthesis, lumbar spinal stenosis, infections (including epidural abscess
and herpes zoster), tumours, vertebral fractures, cysts, diabetic radiculopathy, multiple
sclerosis and aortoiliac occlusive disease (42-45).

In adults, the most specific test for lumbar disc herniation that can be performed during
physical examination is the crossed straight leg raise test (31, 33). However, this test has a
rather low sensitivity. On the contrary, the straight leg raise test has a low specificity but a
high sensitivity. Other tests and observations include flexion and extension of the spine,
dorsal flexion of the ankle and hallux, Achilles tendon reflexes, sensory deficits and non-
structural scoliosis (33).

When examining adolescents, the most common findings are; positive straight-leg raise test
(41-99%), paravertebral spasm and/or non-structural scoliosis (10-82%), motor deficit (19-
60%), sensory deficit (6-59%), tenderness in the lower back (31-53%) and loss of deep
tendon reflexes (12-33%) (35-41). Scoliosis in conjunction with lumbar disc herniation most
often disappears after treatment and is often a reaction to the pain and/or muscle spasm (39).

The mean time from onset of symptoms to diagnosis in adolescents has been found to be
between 7.7 and 10 months, compared to 4.7 months in adults (5, 35-37). However, some
studies report a mean time from onset of symptoms to surgery for lumbar disc herniation in
adolescents of between 6 and 12.2 months, while the majority of adults undergo surgery
within 3 to 12 months (38-41, 46, 47). The delay in diagnosis is believed to be because of the
rarity of lumbar disc herniation in adolescents and the sometimes different symptomatology
compared to adults, often leading to misdiagnosis (36, 38).

Cauda equina syndrome is a rare disorder that can evolve due to a lumbar disc herniation, and
it accounts for approximately 1-2% of all lumbar disc herniation surgeries (48, 49). Cauda
equina syndrome is rarely reported in studies of adolescent lumbar disc herniation, but one
larger study reported that 2 out of 199 (1%) of the adolescents undergoing surgery had cauda
equina syndrome (41). The syndrome occurs when the cauda equina (bundle of spinal nerves
and spinal nerve rootlets located in the lumbar spine) is compressed and it can cause several
symptoms including sciatica (most often bilateral), sensory deficits in the saddle region
(including genitalia) and deficits in the bladder, bowel and sexual function (48). Patients with
cauda equina syndrome should be operated on as soon as possible, however, no optimal
timing has been proven (48, 50-52).
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1.2.3 Imaging

Among patients with severe and/or progressive neurological deficits or suspicion of acute
causes for sciatica (e.g. cauda equina syndrome, infections or tumours) an early imaging
investigation should be undertaken (43). If other causes are ruled out, imaging of lumbar disc
herniations should be performed if there is a clinical suspicion of a lumbar disc herniation
with indication for surgery (11, 34, 43, 48, 53). There are three main imaging modalities for
examination of lumbar disc herniation; MRI, CT and CT myelography (54). As compared to
CT and CT myelography, MRI provides better soft tissue contrast, better visualization of the
ligaments, vertebral marrow and the spinal canal, and does not use any ionizing radiation
(34). CT myelography is an invasive procedure associated with a risk of complications (54).
The specificity and sensitivity for diagnosis of a lumbar disc herniation in MRI, CT and CT-
myelography is similar, but MRI is nevertheless generally recommended as the first choice
for patients with suspected lumbar disc herniation (34, 54). MRI is also the most common
modality for assessing spinal degeneration (55-57). If there are any contraindications for
MRI, then CT or CT myelography are feasible alternatives.

1.2.4 Pathophysiology

Of all musculoskeletal tissues, the intervertebral disc is the tissue that undergoes the most
degenerative changes with age (58). The degeneration starts in the second decade of life and
progresses with age, and lumbar disc herniation is often considered a part of the degeneration
among adults (11, 15, 59, 60). However, Lama et al. found that degenerative changes do not
necessarily precede a lumbar disc herniation, and that the changes instead could be a
consequence of the herniation (61).

During ageing and degeneration, several biochemical changes occur (60, 62-64). Notochordal
cells in the nucleus pulposus are replaced by chondrocyte-like cells during maturation, and
notochordal cells have been reported to be seen until roughly the age of 10 years while others
have identified notochordal cells until the beginning of the fourth decade of life (60, 62). The
most significant change is the dehydration of the intervertebral disc, occurring due to
degradation of proteoglycans causing a loss in water pressure (63). The decrease of
proteoglycans also appears in the cartilaginous endplate (64). As degeneration progresses, the
intervertebral disc stiffens due to a changed composition of collagen fibres (64). In
combination with the dehydration, the stiffening makes the intervertebral disc less capable of
withstanding load and more vulnerable to mechanical stress. These changes can be seen at a
histological level as fissures, fibrosis and cell clusters in the nucleus pulposus, as disruption
of lamellar structure, fissures and increased vascularization and innervation in the anulus
fibrosus and as thinning, microfractures and sclerosis of subchondral bone and reduction in
the number of vascular channels in the cartilaginous endplate (64).
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It has been suggested that the factors mediating these changes are genetic, nutritional and
mechanical (65, 66). Several twin studies of disc degeneration exist, most of them conducted
by Battié et al. (67). The studies by Battié et al. are based on the “Twin Spine Study” and in a
review from 2009 they summarized their findings (66). Battié et al. found that 61% of the
variability in disc degeneration at levels T12-L4 in monozygotic twins was explained by
genetic influences and early shared environment, while age and occupational physical loading
accounted for 16% (66, 68). Corresponding numbers for levels L4-S1 were 34% and 9%
respectively. Sambrook et al. conducted a study of mono- and dizygotic twins and found that
74% of the overall score of disc degeneration in the lumbar spine was due to genetic factors
(69). The studies of Battié et al. and Sambrook et al. lead to new knowledge; the variability of
disc degeneration is to a high extent explained by genetics (66, 69).

Degeneration of the intervertebral disc has been strongly linked to a fall in nutrient supply
(16). Nutrition reaches the intervertebral disc by diffusion from the outermost part of the
anulus fibrosus and the vessels of the vertebral endplate (7, 15, 16). Conditions and exposures
disturbing the blood supply to the vertebral body and endplate can cause nutrients to not
reach the intervertebral disc (16). Other obstacles include calcification of the endplate and
sclerosis of the subchondral bone. The fall in nutrients causes a fall in oxygen and glucose
concentrations in the disc and lactic acid builds up (16). This will cause a degeneration of the
matrix through cell death and change in cellular activity, which ultimately causes the
mechanics of the disc to change. The nutrient diffusion has been studied with MRI, and
Rajasekaran et al. found that degenerated discs had an altered pattern of nutrient diffusion
compared to normal discs irrespective of age (15).

Mechanical stress, such as trauma or repeat loading causing fatigue, has traditionally been
considered as a factor in disc degeneration, though genetic and nutritional factors have been
given more space in the later years (70, 71). Adams et al. have suggested that there are two
different phenotypes for disc degeneration, caused by different mechanisms, the endplate
phenotype and the anulus phenotype (72, 73). The endplate phenotype manifests in the
thoracic and upper lumbar spine, is more heritable than the anulus phenotype and often
occurs before the age of 30 (72). It is associated with endplate defects and is thought to be
caused by spinal compression. The anulus phenotype manifests in the lower lumbar spine, is
less heritable and seldom occurs before the age of 30. It is associated with fissures of the
anulus fibrosus and thought to be caused by spinal bending (72). Both phenotypes lead to disc
bulging and decreased stability of the spine (73). Others have also found endplate defects to
be both an initiating factor, and a risk factor for progression, of disc degeneration (74, 75).

The disc’s decreased capability to withstand load and its vulnerability to mechanical stress
can cause the disc to herniate. The lower lumbar intervertebral discs experience the highest
mechanical forces and have the highest prevalence of disc degeneration, this may explain
why most symptomatic lumbar disc herniations occur at levels L4-L5 and L5-S1 (34, 73, 76).

When a disc herniates, the mechanical pressure on the nerve root, in combination with an
inflammatory process, can cause sciatica, sensory deficits and motor deficits (1, 6, 9, 10).
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Since one nerve root is usually affected, the sensory deficits and motor deficits are specific to
the level of the nerve root. In 1958, Smyth et al. found that nerve roots that had been pressed
upon by a disc herniation were hypersensitive compared to adjacent nerve roots (77).
Material from the nucleus pulposus has been shown to cause inflammation and attract
leukocytes (78). It has also been shown in animal studies that the combination of mechanical
pressure and exposure to nucleus pulposus causes more nerve injury than pressure or
exposure alone (79). The need for a combination of pressure and inflammation to cause
radiating pain is also supported by the fact that many lumbar disc herniations are
asymptomatic and that the severity of symptoms is poorly correlated with the size of the
herniation (9, 11). Furthermore, in support of an inflammatory involvement, in patients with
disc degeneration, in patients with lumbar disc herniation with sciatica, and in patients with
previous lumbar disc herniation and current chronic sciatica, several proteins associated with
inflammation have been found in the epidural space (as close to the suspected nerve root as
possible), in cerebrospinal fluid or in serum (80-82).

1.3 EPIDEMIOLOGY

1.3.1 Prevalence of lumbar disc herniation

Disc-related sciatica is a common disease with a life-time prevalence of up to 40% and a
point prevalence of about 2-5% (83-86). Heliovaara et al. found sciatica to be more frequent
in men than women, a difference that diminished when adjusting for anthropometrics (87). In
adults, lumbar disc herniation and typical sciatica have been calculated to attribute to about
6% of the population’s work disability and about 95% of the patients with disc-related
sciatica are in need of health care interventions (84, 85). Even though these numbers are
high, more than a third of the general population have an asymptomatic lumbar disc
protrusion, a prevalence which increases with age (11).

1.3.2 Prevalence of disc degeneration

Radiological signs of spinal degeneration have been reported to be present in 37% of 20-year-
old asymptomatic individuals and to increase with age to 96% of 80-year-old asymptomatic
individuals (11). In a group of adults (mean age of 53 years, SD +/— 16 years) with
symptomatic lumbar disc herniation, spinal stenosis, or degenerative spondylolisthesis, 95%
were found to have disc degeneration (88). Degeneration has been reported to be present in
19% of 15-year-olds without low-back pain compared to 42% of 15-year-olds with low back
pain (89). At a follow-up of the same subjects at age 18, corresponding numbers were 26%
for the initially asymptomatic cases and 58% for the cases initially reporting low-back pain
(90). Disc degeneration was also more frequent among subjects with low-back pain at follow-
up compared to asymptomatic cases at follow-up (90).
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Lee et al. found that 15 out of 15 adolescents, treated surgically for lumbar disc herniation,
showed histological signs of degeneration (91). Whether the degeneration progresses faster in
adolescents operated on due to lumbar disc herniation compared to those treated non-
surgically or without lumbar disc herniation is unknown. Gelalis et al. investigated the
degeneration five years postoperatively in adults and found an increased degeneration (92).
However, due to the lack of a control group (preferably two groups; one receiving non-
surgical treatment and one without lumbar disc herniation), it remains unclear if this is an
effect of surgery, the lumbar disc herniation itself or ageing.

1.3.3 Incidence of surgical intervention

The current yearly incidence of surgery for lumbar disc herniation in Sweden is 29/100,000
inhabitants (93). During the late 80s and the 90s, the mean yearly incidence was 24/100,000
inhabitants, suggesting an increase during the beginning of the 215 century (94). In Sweden,
the median age for surgical treatment due to lumbar disc herniation is 45 years, and surgery
for lumbar disc herniation is slightly more common among men than among women (46).

The incidence of surgery for lumbar disc herniation varies worldwide. In two of Sweden’s
neighbouring Nordic countries, Denmark and Norway, the yearly incidence is 46/100,000
and 58/100,000 inhabitants respectively (95, 96). For comparison, between 1978 and 1983
the yearly incidence of lumbar disc herniation surgery in the United States was approximately
70/100,000 (97, 98) whilst the estimated incidence in Great Britain was 14/100,000 in 1970
(99). Cherkin et al. compared the number of back surgeries in the United States to other
countries and found, for instance, the following ratios; England 0.19, Sweden 0.33, New
Zealand 0.40, Norway 0.49, Finland 0.54, Denmark 0.64 (100). This furthermore describes a
large variation in surgical incidence and indicates a higher incidence in the United States
compared to other countries.

Even though surgery for lumbar disc herniation is common, it is rare in adolescents and
adolescents account for approximately 0.8-2.8% of the lumbar disc herniation surgeries (36,
101, 102).

1.3.4 Risk factors

Several risk factors for disc-related sciatica have been suggested. Among the adult population
these include smoking, obesity, height, anxiety and depression, a history of lower back
problems and male gender (85, 103). Occupational factors have also been investigated
showing an increased risk in heavy manual labour, heavy lifting, exposure to vibrations and
jobs that require prolonged standing and bending forwards (85, 103). Wahlstrom et al. found
that construction workers run a higher risk of hospitalization for lumbar disc herniation than
white-collar workers and foremen. For example, a plumber has a relative risk of 1.68 (95%
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confidence interval 1.39-2.02) of hospitalization due to lumbar disc herniation compared to
white-collar workers and foremen (103). Interestingly Wahlstrom et al. found height to be a
more significant risk factor than smoking. For lumbar disc degeneration, there is a genetic
predisposition (see “1.2.4 Pathophysiology”) as well as an association with BMI (overweight
and obese) (104).

Among adolescents, the risk factors described in the literature differ from the risk factors
found in adults. The most common factors are previous trauma, athletic activity, a family
history of lumbar disc disease and lifting of heavy objects (35, 36, 39, 105). Kumar et al.
suggested that a family history of lumbar disc disease might be due to a hereditary
predisposition to early degenerative changes in the spine or weak connective tissue (35). The
genetic suggestion is supported by other findings, for example, in a study of 40 patients, aged
18 years and younger, who were operated on due to a lumbar disc herniation, Matsui et al.
found an odds ratio of 5.61 for a family history of lumbar disc herniation in the cases
compared to controls (106). Furthermore, there are three case-reports of lumbar disc
herniation occurring in pairs of adolescent monozygotic twins (107-109). Studies have shown
a predominance of female adolescents undergoing surgery for lumbar disc herniation,
indicating female sex as a risk factor at youth, but contradicting studies exist (5, 37-39, 110).
Lavelle et al. interpreted this predominance as a consequence of differences in peak growth
velocity, weight and height (5).

In line with the suggestion of Kumar et al. about hereditary predisposition, the findings of
Matsui et al. and the three case-reports, there are indications that genetics play a major part in
disc degeneration among adults (see “1.2.4 Pathophysiology”). Similar to what has been
found in adults, there is an association between BMI (overweight and obese) and disc
degeneration in adolescents (111).

1.4 TREATMENT OF LUMBAR DISC HERNIATION

The natural course of a symptomatic lumbar disc herniation is generally benign (43). For
patients with a lumbar disc herniation without severe neurological deficits, the first in line
treatment is non-surgical, and 80% of patients experience pain relief within 8 weeks and as
many as 90-95% of patients recover without surgery within 1 year (112, 113). In adolescents,
the success rate of non-surgical treatment is lower and has been reported to be 25% to 50%
(5, 38, 114). Among adults, two months of non-surgical treatment reduces the number of
patients requiring surgery, particularly for non-contained herniations (115). Interestingly,
Ebersold et al. found that most lumbar disc herniations in adolescents are contained (116).
This may be the reason why many authors have found that non-surgical treatment is not as
effective in adolescents as in adults (5, 36, 38, 114). However, in adults, even though specific
non-surgical treatments may offer slight relief of symptoms, there is no evidence that the
measures of non-surgical treatment change the natural course of a symptomatic lumbar disc
herniation (43).
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In a randomised controlled study of 283 adult patients with sciatica for 6-12 weeks due to
lumbar disc herniation, Peul et al. compared prolonged non-surgical treatment and early
surgery (117). The non-surgical treatment included information about the favourable
prognosis, prescription of analgesics, advice to resume daily activities if feasible and
guidance from physiotherapist if needed. Of the cases assigned to early surgery, 11%
recovered spontaneously before surgery was to be carried out. Among the cases assigned to
prolonged non-surgical treatment, 39% underwent surgery within one year and another 5%
within the second year. In an “intention to treat” analysis, they found that patients assigned to
early surgery made a faster recovery but that the results of the interventions were similar after
one and two years. In a cost-utility analysis of the same material, the faster recovery probably
makes early surgery more cost-effective than prolonged non-surgical treatment both on a
societal level and in quality-adjusted life years (QALYS) (118). Lequin et al. conducted a
five-year follow-up of the individuals included in the study and found no significant
differences between the groups regarding disability, leg pain or back pain (119). At five-
years, a total of 66 patients (46%) assigned to non-surgical treatment had been operated on
due to intractable sciatica. Within the five-year period, eight (12%) of these 66 patients
needed repeated disc surgery, compared to nine (7%) of the patients assigned to early surgery
(119). In a more recent randomised controlled trial, 128 patients with sciatica persisting for 4-
12 months were enrolled 1:1 to either surgery or non-surgical treatment for six months
followed by surgery if needed (120). The non-surgical treatment included education in daily
functioning, activity and exercise, analgesics, active physiotherapy and patients could receive
an epidural glucocorticoid injection. In the surgical group, 56 patients underwent surgery at a
mean time of 3.1 weeks after enrolment, seven patients (11%) improved spontaneously and
therefore cancelled their surgery and one patient had the surgery cancelled due to heart
arrhythmia. In the non-surgical treatment group, 22 (34%) patients underwent surgery at a
median time of 11 months after enrolment (none of these within the first 6 months except two
who underwent surgery at another facility and were lost to follow-up). In an “intention to
treat analysis”, the study showed a superior result of the primary outcome (visual analogue
scale (VAS) for leg pain) in the surgery group compared to the non-surgical treatment group
at 6 months (120). The primary outcome at 12 months and the secondary outcomes at 6 and
12 months followed the same trend, with a superior result in the surgery group, but
comparative analyses were not carried out since they were not included in the original
statistical plan. In summary, in patients with sciatica for 6-12 weeks and patients with sciatica
for 4-12 months, surgery renders superior results at 6 months compared to non-surgical
treatment (117, 120). Contrary to the results of Peul et al., Bailey et al. found a trend
suggesting that these differences also persist after 12 months.

For adolescents, only retrospective and small studies comparing the long-term outcome
between surgical treatment and non-surgical treatment exist (105, 121). The studies agree that
surgical treatment in adolescent patients should only be considered if non-surgical treatment
is ineffective.
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1.4.1 Non-surgical treatment

Non-surgical treatment for lumbar disc herniation among adolescents is similar to the
treatment for adults and includes limitation of strenuous physical activities, physical therapy
and medications (5, 38, 114, 122-124). The medications aim to decrease inflammation and
pain, to allow patients to participate in physical therapy. Medications include analgesics,
muscle relaxants, anti-inflammatory agents and epidural steroid injections (5, 38, 114, 122).

If non-surgical treatment fails, the indications for surgery for lumbar disc herniation in
adolescents is similar to adults and generally includes: 1) no improvement of severe pain after
4-6 weeks of non-surgical treatment, 2) disabling pain that affects daily activities, 3) cauda
equina syndrome 4) progressive neurological deficits, and 5) associated spinal deformities
(114).

1.4.2 Surgical treatment

There are several different surgical techniques when operating lumbar disc herniations. The
three main techniques include microdiscectomy (with or without microscope), discectomy
with laminotomy and percutaneous endoscopic discectomy (114, 125). The first two
techniques are sometimes referred to as the umbrella term “open discectomy”. The main
difference between microdiscectomy and discectomy with laminotomy is the need for
removal of the lamina. In microdiscectomy, the lamina is preserved or only minimal bone
resection occurs while in discectomy with laminotomy, a hemi-laminectomy or laminectomy
is performed (125). Microdiscectomy is the standard treatment of lumbar disc herniation in
all age groups and discectomy with decompression by laminotomy is most common in
patients with a combination of lumbar disc herniation and spinal stenosis (5, 38, 126). In a
systematic review of randomised controlled trials, Gotfryd et al. found that all three
techniques were effective for the treatment of single-level lumbar disc herniations with no
statistically significant difference regarding improvement or patient satisfaction (125).
Furthermore, they found microdiscectomy and percutaneous endoscopic discectomy to be
superior to discectomy with laminotomy with regard to blood loss, systemic repercussions
and duration of hospital stay (125). In a randomised study from Sweden, there were no
differences in perioperative bleeding, length of hospital stay or outcome when surgery was
performed with microscope compared to without microscope (127). In 2011 in Sweden,
about 45% of the surgeries were discectomies without the use of microscope and 41% were
discectomies with the use of microscope, the overall mean stay in hospital (time from surgery
to discharge) was 2.73 days (46). In 2017, corresponding numbers in Sweden were 50% and
38%, respectively, with a mean stay in hospital of 1.06 days (126).
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1.4.3 Ring apophysis fracture

The existence of a ring apophysis fracture in adolescents with lumbar disc herniation is not an
indication for surgery, but if non-surgical treatment is unsuccessful, surgery is an option (20,
21). There is no consensus regarding surgical technique or whether to include removal of
bone fragments or not in these patients, but one study has shown similar and satisfactory
results in patients undergoing discectomy and patients undergoing discectomy with removal
of bone fragments (21, 22). However, large apophyseal fragments have been suggested as a
risk of chronic back pain (21).

1.4.4 Complications and additional surgery following surgery for lumbar
disc herniation

Complications following lumbar disc herniation surgery are rare. In a previous review the
most common complications were; incidental durotomy (4-5%), intraoperative nerve root
injury (1-3%), new or worsening neurological deficit (1-3%), wound complications (1-2%),
postoperative leakage of cerebrospinal fluid (1%) and wound hematoma (1%) (128).

Repeat lumbar spine surgery, after surgery for lumbar disc herniation, is associated with a
worse patient-reported outcome (129-134). At long-term, the prevalence of repeat surgery has
been reported to be between 9% and 25% among adults and 10% and 28% among
adolescents (39, 40, 47, 116, 130, 132, 135-138). In a study of individuals aged 18 years and
older, younger age was a risk factor for additional surgery due to reherniation (130, 139).

1.5 RATIONALE FOR THE STUDIES

Lumbar disc herniation is a common disease among adults, but it is rarely seen in
adolescents. Surgery is widely used as a treatment in adults, and adolescents only account for
about 0.8-2.8% of all lumbar disc herniation surgeries (36, 101, 102). Due to its rarity, only
retrospective studies of the results after surgery in adolescents existed. Information on the
quality of life before and after treatment, including short and long-term results would be
beneficial for patients and health care personnel in the guidance of treatment.

The incidence of surgery for lumbar disc herniation in Sweden is increasing, but there is a
large variation worldwide, a variation even seen within Nordic countries, with Sweden
having a lower incidence than Denmark and Norway respectively.

We hypothesised that adolescents have a similar outcome of surgery as adults at short (paper
1) and long-term follow-up (paper 111). We also investigated the occurrence of additional
lumbar spine surgery among adolescents and young adults (paper 111).
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We investigated whether the above-mentioned variation in surgical incidence among three
Nordic countries was associated with differences in preoperative patient characteristics and
patient-reported outcomes (paper I1).

The similar risk of additional lumbar spine surgery among adolescents and young adults in
paper Il encouraged us to investigate whether the risk was similar in older adult groups
(paper V).

Results from paper 111 suggested that lumbar disc herniation in adolescence is a sign of an
early progressive spinal degeneration. To investigate the degeneration, we conducted the
study in paper V.
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2 AIMS

The overall aim of this project was to increase the knowledge of the short and long-term
outcomes after surgical treatment of lumbar disc herniation in adolescence.

To achieve the overall aim, we had several specific aims. Our first specific aim was to
describe the short-term patient-reported outcome measures after surgery for lumbar disc
herniation in adolescents compared to adults.

Secondly, we aimed to describe and compare the risk of additional lumbar spine surgery and
to describe any long-term changes in patient-reported outcomes after surgery for lumbar disc
herniation in adolescents and different adult age groups.

Thirdly, we aimed to investigate whether an up to two-fold national variation in surgical
incidence of lumbar disc herniation was associated with differences in preoperative patient
characteristics and short-term patient-reported outcomes.

Lastly, we aimed to describe the prevalence of lumbar spine degeneration after lumbar disc
herniation surgery in adolescence.
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3 PATIENTS AND METHODS

3.1 DATA SOURCES

3.1.1 The spine registers

All papers included in this thesis are based, or partly based, on data from the Swedish spine
register, Swespine. Papers I, Ill, IV and V originate from the same cohort collected from
Swespine between January 1%, 1998 and March 31%, 2011. Paper Il used a cohort of patients
collected between January 1%, 2011 and December 31%, 2013 from three Nordic spine
registers; Swespine, the Danish spine register (DaneSpine) and the Norwegian spine register
(NORspine).

With the aim of prospectively collecting data on lumbar spine surgeries, Swespine started in
1993. In 1998 Swespine became nationwide and started to include patients operated on due to
lumbar disc herniation (46). Since the late 90s, the register is managed by the Swedish
Society of Spinal Surgeons (http://www.4s.nu/). Since its implementation, the coverage, i.e.
the proportion of operating centres reporting to Swespine, and the completeness, i.e. the
proportion of operated patients reported to Swespine, have increased. During 2011 the
coverage was approximately 90%, the completeness was approximately 75% and the register
had a one-year follow-up rate of approximately 75-80% (46). Today the completeness is
approximately 85% (personal communication, the Swespine register). The accuracy of
registered diagnoses in Swespine is 97% (140).

DaneSpine was created based on Swespine and has, since 2009, been sequentially
implemented (141). From 2011 to 2013 the coverage was approximately 80%, the
completeness was approximately 64%, and the follow-up at one year was approximately 57%
(95, 142).

NORspine was established in 2007, based on a local clinical registry and experiences from
Swespine (143). From 2011 to 2013 the coverage was approximately 95%, the completeness
was approximately 65%, and the follow-up at one year was approximately 66% (143). The
accuracy of registered diagnoses in NORspine is 97% (144).

Swespine collects patient-completed questionnaires at admission for surgery (baseline), then
after one year, two years, five years and ten years (46). The baseline questionnaire includes
self-assessed information on anthropometrics, work status, smoking, duration of leg and back
pain, co-morbidity, physical back function, leg and back pain and quality of life. At the
follow-ups, a similar questionnaire, including satisfaction and global assessment, is mailed to
the patient. All questionnaires are completed without the assistance of health care personnel.
The surgeon registers diagnosis, type of surgical procedure and any complications occurring
during the hospital stay on a separate form. All reoperations and new lumbar spine surgeries
are registered by the surgeon performing the additional surgery. In Swespine, a reoperation is
classified as a new surgery on the same level and laterality and due to the same diagnosis as
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the index surgery. All other additional surgeries are classified as new index surgeries. In the
case of a new index surgery, the follow-up of the original index surgery is terminated, and
questionnaires will be mailed to the patient at one, two, five and ten years after the new index
surgery.

DaneSpine and NORspine use a similar data collection as Swespine, but in NORspine,
follow-ups are done at three and 12 months postoperatively as compared to one, two, five and
ten years in Swespine and DaneSpine (46, 142, 143). All registers contain the patient-
reported outcome measures; patient satisfaction, global assessment, Oswestry disability index
(ODI) and EuroQol-5 Dimensions-3 Levels (EQ-5D-3L). Swespine and DaneSpine contains
the visual analogue scale (VAS) for leg and back pain while NORspine contains the
numerical rating scale (NRS) for leg and back pain. Swespine and DaneSpine also contain the
Short-form health survey, 36 items (SF-36).

3.1.2 Controls

The controls in paper V were collected through local advertisement on the Karolinska
Institutet, the Karolinska University Hospital and three private companies within the
Stockholm County (two within the telecom business and one within the mechanical industry).
Exclusion was made for controls with any known previous lumbar disc herniation or any
previous spine surgery.

3.1.3 Magnetic resonance imaging

In paper V, imaging data was produced for all participants between May 2019 and January
2020. Collection of identical sequences for all participants was done using a 3.0 T scanner
(Discovery MR750, GE Healthcare) at MR Research Center, Karolinska Institutet,
Stockholm, Sweden. Imaging included sagittal T1-weighted, T2-weighted and Short Tau
Inversion Recovery (STIR) sequences of the lumbar spine.

3.2 OUTCOME MEASURES

3.2.1 Patient satisfaction and global assessment of leg and back pain

Patient satisfaction and global assessment of leg and back pain were the primary outcomes in
paper | and have also been used in papers IlI-V. The patient satisfaction question is
formulated as ‘“Are you satisfied with the surgical result?’” and the possible answers are
“satisfied”, “uncertain” and “dissatisfied”. For analyses in papers I, Il and 1V, the answers
were dichotomized into “satisfied” vs. “uncertain” and “dissatisfied”.
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The global assessment questions for leg and back pain are formulated as “How is your leg
pain today when compared to before surgery?” and “How is your back pain today when
compared to before surgery?”. The possible answers to both questions are “pain free”, “much
better”, “somewhat better”, “unchanged” and “worse”. For analyses in papers I, Il and 1V,
the answers were dichotomized into “pain free” and “much better” vs. “somewhat better”,
“unchanged” and “worse”. Global assessment has been proven as a viable overall patient-
reported outcome measure within spine surgery, especially for pain and function but also for

mental state and quality of life (145, 146).

3.2.2 ODI, EQ-5D-3L, VAS, NRS, and MCS and PCS of SF-36

Oswestry disability index (ODI), EuroQol-5 Dimensions-3 Levels (EQ-5D-3L) and visual
analogue scale (VAS) were used in all papers (VAS was converted into numerical rating
scale (NRS) in paper II). Mental component summary score (MCS) and physical component
summary score (PCS) of Short-form health survey, 36 items (SF-36) were used in papers IlI,
IVand V.

ODI is a back specific index measuring disability due to back pain on a scale from 0; no
disability to 100; maximum disability (147). ODI is condition-specific and by some
considered the gold standard in measuring outcome in spinal disorders (147). ODI consists of
10 questions with six choices for each question. Each answer gives a point from zero to five
and the index is calculated by dividing the total score by the maximum possible score times
100. If a question is not answered, the maximum possible score is adjusted appropriately
according to the formula below. Different thresholds for postoperative ODI and ODI
improvement after spine surgery have been suggested. These are; acceptable symptom state
(postoperative ODI <22), minimal clinically important difference (MCID) (improvement of
10-14) and successful result (improvement of >20) (148-153).

Total score

100 = 0DI
Answered questions x 5 x

EQ-5D-3L is an instrument for classifying the patient’s health status in three levels of five
dimensions (154). The five dimensions are; mobility, self-care, usual activities,
pain/discomfort and anxiety/depression. Each dimension gives a score between 1; no
problems and 3; severe problems. Between an individual answering one to all questions
(perfect health) and an individual answering three to all questions (worst possible state of
health) there are 241 other different health states in this system (154-156). By using a tariff
based on scores in a general population, all 243 health states correspond to a single index
value where 1 is perfect health and 0 is death. Swespine uses the United Kingdom time trade-
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off (UK-TTO) tariff. The UK-TTO was used for all papers in this thesis and ranges from
—0.59 to 1, with a negative score meaning that the current state of health is worse than death
(154, 155). The MCID for EQ-5D-3L has been suggested to be 0.20 (153). For EQ-5D-3L, an
improvement corresponding to a successful result has been suggested to be >0.30 (149).

The VAS was used for measuring leg pain and back pain. The VAS is a 100 mm long
horizontal line, marked with “no pain” on the left side (corresponding to 0) and “worst
possible pain” marked on the right side (corresponding to 100) (157). The VAS used in the
papers of this thesis asks the individual to mark their pain intensity during the last week on
the horizontal line. It has been suggested that by allowing the individual to freely mark their
pain on the line, VAS, with its scale from 0-100, is more sensitive than scales with fewer, set
options (158). The MCID for VAS back pain has been suggested at 15-19 while MCID for
VAS leg pain after spine surgery is missing (151, 152). However, there are suggested MCID
values for NRS leg pain which can be used if multiplied by 10. An improvement in VAS
back pain of 23 and an improvement in VAS leg pain of 58 have been suggested to
correspond to a patient-reported outcome as “much better” in back and leg pain respectively
(159).

The NRS was also used for measuring leg pain and back pain. The NRS is a visual scale with
the numbers 0 to 10 written and the labels “no pain” to the left of the 0 and “worst possible
pain” to the right of the 10 (160). In NORspine the individual marks a number corresponding
to their pain intensity during the last week. In paper 1l, NRS was used for leg pain and back
pain but since Swespine and DaneSpine uses VAS, the VAS was converted to NRS by
dividing the VAS score by 10 with stochastic approximation of decimals to the closest
integer. The suggested MCID for NRS leg pain and back pain are 1.6-1.7 and 1.2 to 2.0,
respectively (150, 152, 153). An improvement corresponding to >3.5 for leg pain and >2.5 for
back pain has been suggested as threshold for a successful result (149).

The MCS and PCS of SF-36 measures the individual’s mental and physical health on a scale
from 0O; poorest health to 100; best health (161). SF-36 consists of 36 questions from which
eight domains are calculated; Vitality, Social functioning, Role-emotional, Mental health,
Physical functioning, Role-physical, Bodily pain and General health. From these domains,
two summary measures can be calculated, the MCS and PCS. MCS is derived from the first
four domains and PCS from the last four domains (161). The MCID for MCS has been
suggested to be 6.8 and for PCS 4.6 to 4.9 (150, 162).

3.2.3 Additional lumbar spine surgery and additional lumbar disc herniation
surgery

In paper 111 and paper 1V, data from Swespine on reoperations and new index surgeries were
used and divided into additional lumbar disc herniation surgery (i.e. reoperations and new
index surgeries due to a lumbar disc herniation) and additional lumbar spine surgery (i.e. all
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additional lumbar spine surgeries, including reoperations and lumbar disc herniation
surgeries).

3.2.4 Pfirrmann grade, Modic changes and TEP-score

In paper V, we assessed and compared disc degeneration according to the morphologic and
semi-quantitative Pfirrmann grading system and we assessed and compared changes in the
vertebral endplate and body according to Modic and total endplate score (TEP-score) (55-57).
All three measures have sufficient intra- and interobserver reliability (57, 74, 88).

According to the Pfirrmann grading system each level was scored from Grade 1:
homogeneous disc with bright hyperintense white signal intensity and normal disc height (no
degeneration) to Grade 5: inhomogeneous disc with a hypointense black signal intensity, no
difference between nucleus and anulus and the disc space is collapsed (severely degenerated)
(55). For analysis, the Pfirrmann grades were dichotomized into no/moderate degenerative
changes (grade 1-3) and severe degenerative changes (grade 4-5) (57).

Changes in the vertebral endplate and body were assessed according to Modic (56, 163). The
four types of Modic changes are; Type 0: no changes, Type 1: oedema, Type 2: fat
replacement, Type 3: subchondral bony sclerosis. For analysis the Modic changes were
dichotomized for each segment (highest grade above or below each disc was used) into
absence (grade 0) and presence (grade 1-3).

Endplate defects were assessed for each endplate and graded 1 to 6 according to Rajasekaran
et al. (57). Endplate defects are classified according to the severity of endplate damage: Type
1: no endplate defects, uniform symmetrically concave hypointense band; Type 2: focal
thinning of the endplate but no breaks; Type 3: focal disc marrow contact regions with
normal contour of the endplate; Type 4: endplate defect up to 25% of the width and typical
depression; Type 5: endplate defect up to 50% of the width and typical depression; Type 6:
complete endplate damage with endplate irregularity or sclerosis (57). Endplate defects were
then converted into total endplate score (TEP-score) for each segment (the sum of the grades
above and below each disc, range 2 to 12). For analysis, the TEP-score was dichotomized
into <6 and >6 (57).

3.2.5 IPAQ-SF, smoking and occupational strain

In paper V, for a better comparison of the patients and controls, we used additional questions
regarding physical activity, smoking and occupational strain. The International Physical
Activity Questionnaire — Short Form (IPAQ-SF) (translated to Swedish) was used to assess
physical activity. Activity at three different levels (walking, moderate and vigorous)
performed for at least 10 minutes during the last 7 days when filling in the questionnaire was
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recorded (164). Activities exceeding 180 minutes per day was coded as 180 minutes, all
according to the guidelines of data processing of IPAQ-SF. Activity level and Metabolic
Equivalent Task (MET) minutes per week were calculated (165).

In Swespine, only smoking at admission for surgery, and not at follow-up, was recorded
before 2016. For a better comparison we added a detailed question about smoking status. The
three alternatives were non-smoker, current smoker and previous smoker. If the participant
was a current or previous smoker there were questions regarding cigarettes per day and years
of smoking. Calculation was made for “pack years” with the following formula.

Number of cigarettes per day X years smoking

= Pack
20 (one pack of cigarettes) aci years

Occupational strain was evaluated by a four-level question; predominantly sedentary
occupation, sitting or standing with some walking, walking with some handling of material
and heavy manual work (166).

3.3 POPULATION

3.3.1 Papers |, llland IV

The patients in papers I, Il and IV originate from the same Swespine cohort. The flowchart
for the three papers is shown in Figure 2. In all three papers, patients with first-time spine
surgery, operated on with discectomy only due to a lumbar disc herniation, were included.
Exclusion was made for missing short-term follow-up (i.e. missing both one and two-year
follow-up).

Paper | includes 10,615 patients of all ages and the patients were divided into three groups;
age <18 years (n=151), age 19-39 years (n=4,386) and age >40 years (n=6,078) and the
patients were monitored for the short-term outcome.

In paper 111 patients aged 39 years and younger were included and divided into two groups;
age <18 years (n=151) and age 19-39 years (n=4,386). All patients were monitored for the
risk of additional lumbar spine surgery. Patients with long-term follow-up (consisting of five-
and ten-year follow-up) were monitored for PROMSs (n=88 and n=2,628 respectively).

In paper 1V patients aged 40 years and older were included and divided into two groups; age
40-59 years (n=4,844) and age 60 years and older (n=1,234). All patients were monitored for
the risk of additional lumbar spine surgery. Patients with long-term follow-up (consisting of
five- and ten-year follow-up) were monitored for PROMs (n=3,209 and n=852 respectively).
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Individuals treated with surgery for
lumbar disc herniation from January 1%,
1998 through March 31%, 2011 included

in the SweSpine Register

Figure 2. Flowchart of the participants in papers I, Il and IV.

3.3.2 Paperll

n=17,186
| Age missing, surgery other than discectomy
il - and previous surgery n=4,125
n=13,061
Missing short-term patient reported outcome
v (both one and two-year follow-up) n=2,446
n =10,615
Y
Age <18 Age 19-39 Age >40 Paper |
n=151 n=4,386 n=6,078
.
. . ' 3 . . { \ .....
aects | [ agisa [ Meerratom ] ages0ss | [ Ageo
n=151 n=4,386 Mean 11.2 years (Study 1) n=4,844 n=1,234
Y df Y
Monitored for PROMs
AgE8§818 Ag_ezlé)ézQ Mean 7.2 years (Study I11) Ag_e 43_59 Ag_esz(ZO
n= =2, Mean 7.0 years (Study 1V) n=3,209 n=
Paper 111 Paper IV

The patients in paper Il originate from a pooled cohort from Swespine, DaneSpine and
NORspine. The flowchart for paper Il is shown in Figure 3. Patients aged 18-65 years,
without previous spine surgery, operated on with discectomy only were included. Exclusion
of patients with values considered outliers for weight, height and BMI was carried out as was
exclusion of patients missing the one-year follow-up (Figure 3.). In total, 6,468 patients were
included and separated by country, giving a total of 2,408 patients from Sweden, 1,631
patients from Denmark and 2,429 patients from Norway.
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Individuals treated surgically for lumbar disc herniation
in the Swedish, Danish and Norwegian spine registers
2011 through 2013 (n=14,496)

Age under 18 years or over 65 years atsurgery
v (n=1,442)
n=13,054
i Previous surgery (n=2,425)
n=10,629
l Surgery other than discectomy only (n=644)
n=9,985
Weight less than 40 or more than 150 kg
Height less than 140 or more than 210 cm
BMI less than 14 or more than 50 kg/m2
(n=20)

Baseline sample (n=9,965)

v v v

Sweden Denmark Norway
n=3,455 n=2,837 n=3,673

Non-responders at 1 year follow-up (n=3,497)

y Y

1 year follow-up sample (n=6,468)

' ' '

Sweden Denmark Norway
n=2,408 n=1,631 n=2,429

Figure 3. Flowchart of the participants in paper I1.

3.3.3 PaperV

The participants in paper V originate from two different sources, patients and controls. The
flowchart for paper V is shown in Figure 4. The patient material was collected from the 151
patients aged <18 years used in papers | and Ill. The unique Swedish social security number
system makes it possible to track and, if necessary, contact patients even a long time after
their surgery. Of the 151 individuals, 40 had a current postal address within Stockholm
County and were contacted for participation in the study. Eleven individuals did not reply
despite three attempts. Of the 29 individuals who replied, six had a relative contraindication
for MRI, declined to participate or were unavailable for MRI during the study period. The
remaining 23 individuals were included in the study and had a mean follow-up time of 13.8
years.

In total, 58 individuals without exclusion criteria replied to the advertisement to act as
controls (see “3.1.2 Controls”). For each of the 23 operated individuals, one control was
matched for age, sex and if possible current occupation.
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All participants included (n=46) underwent the same MRI sequence and replied to the same
questionnaire, containing questions about anthropometrics, physical activity, smoking habits,
occupational strain and PROMs.

Participant in previous studies of short
and long-term follow-up and risk of
additional lumbar spine surgery
n=151
| Current postal code not within Stockholm
il g County n =111
n =40
.| Did not reply when contacted (three occasions)
v g n=11
n=29
Contraindication for MRI, declined to
»  participate or unavailable for MRI during the
study period n =6

Y

Patients n = 23

Study cohort

Controls n =23
A

Removed during age and sex matching n = 35

A 4

Individuals responding to the
advertisement for the study
n=58

Figure 4. Flowchart of the participants in paper V.

3.4 STUDY DESIGN AND STATISTICAL METHODS

3.4.1 Choice of study design

Papers I, I1, 111 and IV are all observational cohort studies of prospectively collected material,
even though the study designs are retrospective. Paper V has an observational case-control
study design.

It has been suggested that observational studies overestimate the treatment effect (167) but in
rare conditions, like severe spinal disorders in adolescents, it is difficult, or even impossible,
to achieve the highest level of evidence for treatment, i.e. randomised controlled trials. In
these cases, prospective observational studies may be a feasible alternative. Jacobs et al.
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compared randomised controlled trials and observational studies within spine surgery and
concluded that important and valid conclusions can be drawn from observational studies
(168). Within other fields, observational studies have also shown results similar to
randomised controlled trials (169, 170). The use of multicentre studies increases the external
validity of the findings. In papers I, 1l and IV, different age groups are compared, which
could be a source of bias since there are naturally occurring differences between age groups
(171). In papers 1, 111, 1V and V, outcomes, such as global assessment, that are dependent on
the individual’s ability to recall their condition before surgery were used. These questions are
subject to a risk of recall bias, i.e. recalled information may not be fully accurate (172).

Paper V is a case-control study comparing the long-term MRI findings and PROMs in
patients collected from Swespine to age and sex-matched controls. When constructing a case-
control study, it is essential to have a representative control group (172, 173). The target with
a control group is to collect a group that would have been the same as the cases, if the cases
had not had an exposure (in our case, surgery due to a lumbar disc herniation in adolescence).
By excluding controls with any known disc herniation or prior spine surgery, but not
excluding those with current or prior back pain or other back conditions, and matching by
age, sex and, if possible, current occupation, we aimed to produce a representative control
group. To avoid selection bias, the controls were collected from the same geographic area as
the operated individuals. To avoid observer bias, the primary outcome (MRI) was analysed
randomly and blinded, i.e. without knowledge of patient characteristics and group belonging
(174). However, even if MRI assessments were blinded, group belonging may have been
assumed due to the nature of the condition, causing a risk of observer bias. Furthermore, we
cannot exclude the possibility that other factors, such as where we advertised for controls,
might have caused a selection bias (172). Neither can we exclude the possibility that there
was a self-selection bias, i.e. that the individuals who chose to participate were not
representative of the operated group or of the general population (175). In the study, we
compared all known variables between the groups in order to investigate whether we had
collected a representative control group. All participants were asked about their smoking
status and, if they were smokers or previous smokers, they were asked for detailed
information about cigarettes per day and years smoking. This question is subject to a risk of
response bias (e.g. participants might have under-reported their smoking in fear of being
criticised) and the remembrance of cigarettes per day and years smoking are also subject to a
risk of recall bias (172).

3.4.2 Statistics

Data were presented as median (25" and 75" percentiles and range) (paper 1), mean (95%
confidence interval (95% CI)) (papers Il, 111, 1V and V) or number (%) (all papers). In case of
missing data, cases were excluded analysis by analysis (all papers). Analyses in papers I, 1lI,
IV and V were done using IBM SPSS Statistics versions 22 to 26 (IBM Corp., Armonk, NY,
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USA) and analyses in paper Il were done using R version 3.3.3 (R Foundation for Statistical
Computing).

Exclusion of cases analysis by analysis was used in all papers. This method preserves more
information compared to complete deletion of cases with some missing data (176). However,
the different statistical tests might use different sets of data and use different sample sizes,
which will affect the standard error. This method is less likely to be biased if the data is
missing at random (176). A study of Swespine indicates that the cases not responding at
follow-up are mostly missing at random (177) and we believe that the majority of the missing
values in our material were missing at random.

Papers | and 11 were subject to a statistical limitation. When analysing more than two groups
within the same statistical test, the test only says whether there is a difference, not where the
difference occurs (e.g. between group one and two, two and three or one and three) (178).
This limitation could have been eliminated by adding group-to-group comparison. However,
this was not done in papers I and II.

Group comparisons of categorical data (i.e. nominal and ordinal data) were done using the
Pearson’s chi-square test in all papers. The Pearson’s chi-square test examines if there is a
similar distribution between the groups (178).

The Welch’s F test (paper I) and the Welch-Satterhwaite t-test (also known as the Welch’s t-
test or the unequal variance t-test) (papers Ill, IV and V) were used for group comparison of
continuous variables. The Welch’s t-test is an adoption of the Student’s t-test (179). Welch’s
t-test is more reliable than the Student’s t-test when the groups have unequal variances and/or
unequal sample sizes (179, 180).

The analysis of covariance (ANCOVA) was used for testing of covariates (paper I).
ANCOVA is a general linear model that can be seen as a combination of analysis of variance
(ANOVA) and regression analysis (181).

For tests of differences within groups, the Wilcoxon signed-rank test was used for continuous
dependent variables (papers I, Ill and 1V) and the McNemar test was used for categorical
variables (papers Ill and V). These tests are designed for testing differences in related or
paired samples (182, 183).

The ANOVA F test, the Student’s t-test, the Likelihood ratio chi-square test and linear
regression tests were used in paper 1l. The ANOVA F test is sensitive to non-normality and
tests the equality of means in three or more groups (184). The Student’s t-test tests the
difference between means in different groups and can be used when equal variances can be
assumed (179, 180). The Likelihood ratio chi-square test tests the significance of the null
hypothesis (185). A linear regression test was used to predict the impact of risk factors on the
tested variable (186). Significance was presented as unadjusted p-values and adjusted p-
values obtained after case-mix adjustments.
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The Cox cumulative hazard function and the Cox proportional hazard regression were used to
describe the risk of additional lumbar spine surgery (papers Il and IV). The Cox cumulative
hazard function was used to illustrate the risk over time and the Cox proportional hazard
regression was used to calculate the hazard ratio for one group in relation to another group
(e.g. adolescents in relation to young adults) (187). The Cox proportional hazard regression
was also done with the addition of sex and smoking (yes/no) as covariates. Cases were
censored at the end of follow-up or in case of death.
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4 ETHICS

Ethical approval for all studies included in this thesis has been obtained from the relevant
Ethical Review Boards.

In all papers, the interventions had already been made as part of the regular treatment of the
disorder and answering questionnaires with patient-reported outcome measures before and
after treatment may be considered a relatively small intrusion in the individual’s privacy.
Swespine and DaneSpine apply the opt-out method but answering questionnaires is
voluntary. NORspine applies the opt-in method and informed consent is collected.

In paper V, previously operated cases were contacted, which may be considered a breach of
privacy, however since all participation was voluntary, we considered it to be small. All cases
and controls were given, and signed, an informed consent before the MRI examination and
completion of the questionnaire. All participating cases in paper V were offered a clinical
examination if wanted. Magnetic resonance imaging is considered safe.

All participants could, at any time, withdraw their participation without giving any reason.
All data are kept under secure conditions. Data were anonymized when analysed.
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5 RESULTS

5.1 PAPERI

The patients included were divided into three groups (<18 years old, 19-39 years old and 40
years and older) according to Figure 2.

There were significant differences in the proportion of patients with a duration of back and
leg pain >3 months between the groups (both p=0.001), with the adolescent group having the
highest proportion. Differences between the groups were also seen for the proportion of
women (p=0.030) and proportion of smokers (p<0.001) with the adolescent group having the
highest and lowest proportion, respectively. At baseline, there were no significant differences
between the groups regarding VAS leg and back pain (p=0.37 and p=0.18, respectively)
while there were significant differences in ODI and EQ-5D-3L (both p<0.001) with lower
ODI and higher EQ-5D-3L among the adolescents.

At short-term follow-up, the primary outcomes, satisfaction and global assessment of leg and
back pain, differed between the groups (all p<0.001, Table 1). There was a higher proportion
of satisfied patients and a higher proportion of patients reporting “pain free” or “much better”
for both leg and back pain in the adolescent group. The p-values remained significant after
adjustment for sex, smoking, type of disc herniation and duration of preoperative leg and
back pain.

Table 1. Satisfaction and global assessment one to two years after surgery. Data are given as numbers (%).
Unadjusted p-values are given for the Pearson’s chi-square test, and adjusted p-values are given for analysis of
covariance after adjustment for sex, smoking, type of disc herniation and duration of preoperative leg and back
pain for the differences between the three groups. Numbers in the table do not always correspond to group
numbers due to missing data.

Age<l18years Age19-39years Age>40years Unadjusted Adjusted

(n=151) (n=4,386) (n=6,078) p-value p-value
Satisfaction
Satisfied 128 (86%) 3,362 (78%) = 4,479 (76%) p<0.001 p=0.043
Uncertain/dissatisfied 21 (14%) 925 (22%) 1,436 (24%)
Global assessment leg pain?
Pain free/much better 130 (87%) 3,337 (78%) 4,191 (71%) p<0.001 p<0.001
Somewhat better/unchanged/worse 20 (13%) 951 (22%) 1,691 (29%)
Global assessment back pain®
Pain free/much better 120 (88%) 3,025 (73%) 3,959 (70%) p<0.001 p<0.001
Somewhat better/unchanged/worse 17 (12%) 1,108 (27%) 1,714 (30%)

&There were 0 adolescents, 43 younger adults and 94 older adults who did not experience leg pain before surgery.
bThere were 12 adolescents, 189 younger adults and 312 older adults who did not have back pain before surgery.
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All groups improved significantly from baseline to short-term follow-up in all secondary
outcomes (all p<0.001, Figure 5). At short-term follow-up, significant differences were seen
between the groups for all secondary outcomes (all p<0.001). The adolescent group had the
lowest VAS for leg and back pain, the lowest ODI and the highest EQ-5D-3L (Figure 5).

Adjustment for sex, smoking, type of disc herniation and duration of preoperative pain did
not change the outcomes substantially.

The rate of reoperation within two years after surgery did not differ between the three groups
(p=0.12).
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Figure 5. Comparison of secondary outcomes preoperatively and at follow-up. The boxes show median and
interquartile ranges; inner fences represent minimum and maximum values or 1.5 times the interquartile range.
Outliers are indicated, and “n” denotes the number of patients available in each group.

5.2 PAPERII

The flowchart for the study is shown in Figure 3. Preoperatively, there were significant
differences between the countries in age (p<0.001), BMI (p<0.001), sex (p=0.003), smoking
status (p<0.001), presence of any co-morbidity (p<0.001) and preoperative duration of leg
and back pain (both p<0.001). In Sweden, a lower proportion of the patients were smokers
(16% vs 33% and 30%) and the patient had a longer duration of leg pain compared to the
patients in Denmark and Norway. Significant differences were also seen for the baseline
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patient-reported outcome measures ODI, NRS leg pain, NRS back pain and EQ-5D-3L
(Figure 6). The Danish patients had the lowest NRS leg and back pain, the highest EQ-5D-3L
and, together with the Norwegian patients, the lowest ODI. The Norwegian patients also had
the highest NRS back pain. The Swedish patients had the highest ODI and NRS leg pain and
the lowest EQ-5D-3L.

At follow-up (one year), significant differences between the countries were observed in all
outcome variables except for EQ-5D-3L (Figure 6). The Norwegian patients had less
disability according to ODI but more back pain according to NRS compared to the patients
from Denmark and Sweden. The Swedish patients had less leg pain according to NRS
compared to the patients from Denmark and Norway. After case-mix adjustment, the
significance was unchanged for ODI, attenuated for NRS leg and back pain and the
difference in EQ-5D-3L was now significant.

100 10
90
80 8
701 c = p<0.0011 =
60 g & =
o | <0.0011 2
8 50 - P L . ﬁ
40 nz: 4
307 p<0.0011 <0.0014 P ':é‘:”'%ﬁ* .
20 B = 27 x
10
0 T T T 0 \ T T
Sweden Denmark Norway Sweden Denmark Norway
10 1.0
p=0.1671 p=0.009%
81 = = =
c _|
s . 0.5
% - 2 = -
g p<0.0011 a =
@ = = 't p<0.001+
0 4 3
4 0.0
z = =
= ¥
>
p<0.0011 p=0.9614
-0.5
0 \ T T T T T
Sweden Denmark Norway Sweden Denmark Norway

Figure 6. Preoperative and postoperative absolute values. Comparison of absolute outcome values at baseline
(blue) and at follow-up (red). Data are presented as mean and 95% confidence interval. p values are given for
the ANOVA F test for the comparison between the countries. 7 Non-adjusted p-value, } Adjustment for baseline
age, sex, BMI, smoking, any co-morbidity, duration of leg pain and preoperative value of the dependent
variable.

In mean improvement from baseline to follow-up, there were significant differences between
the countries in all outcomes (Table 2). The patients from Denmark had smaller mean
improvements in all outcomes compared to the patients from Norway and Sweden. After
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case-mix adjustment, the differences were attenuated except for ODI which remained
unchanged and significant. The difference in EQ-5D-3L also remained significant.

Table 2. Change in outcome from baseline to one-year postoperative. Data is shown as mean (95% CI). P
values are given for the ANOVA F-test for the comparison between the countries.

Sweden Denmark Norway
Total (n = 6468) (n =2408) (n=1631) (n=2429) p-value’  p-valuet
oDl -31 (-31t0 -30) -25 (-27 to -24) -30 (-31 to -29) <0.001 | <0.001
NRS leg pain -48(-50t0-4.7) -39(-40t0-3.7) -45(-46t0-44) <0.001  0.056

NRS back pain | -2.2(-23t0-2.0)  -20(-22t0-1.9)  -33(-3410-3.2) | <0.001 | 0.961

EQ-5D-3L 0.47 (0.46t00.49) 0.38 (0.36 0 0.40)  0.46 (0.44t00.47) <0.001  0.009

+Non-adjusted p-value fAdjustment for baseline age, sex, BMI, smoking, any co-morbidity, duration of leg pain and
preoperative value of the dependent variable.

In an extended analysis of the primary outcome, ODI, there was a smaller proportion of
patients from Denmark reaching a clinically relevant outcome compared to patients from
Norway and Sweden.

In linear regression analyses, predictors for the outcome in ODI, NRS leg pain and NRS back
pain were examined. The predictors examined were; country, sex, age, BMI, smoking, any
co-morbidity, preoperative duration of leg pain >3 months and the preoperative value of the
dependent variable. The three predictors with the strongest association to a poor outcome
were the same in the three analyses; smoking status, any co-morbidity and preoperative

duration of leg pain >3 months.

5.3 PAPERIII

The flowchart for the study is shown in Figure 2. At baseline, the patient characteristics for
all included patients (n=4,537) differed between the adolescent group (<18 years old) and the
young adult group (19-39 years old). The adolescent group had a larger proportion of L4-L5
disc herniations, a smaller proportion of L5-S1 disc herniations and a smaller proportion of
smokers. The adolescent group had a significantly better baseline condition according to
ODI, EQ-5D-3L, and MCS and PCS of SF-36 while there were no differences between the
groups in VAS leg and back pain.
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At a mean follow-up of 11.4 years, 24 (16%) of the adolescents had undergone at least one
additional lumbar spine surgery compared to 772 (18%) of the young adults. Corresponding
numbers for additional lumbar disc herniation surgery was 16 (11%) and 455 (10%)
respectively. With the young adult group as a reference, the risk of at least one additional
lumbar spine surgery and the risk of additional lumbar disc herniation surgery in the
adolescent group were 0.9 (0.6-1.4) and 1.0 (0.6-1.7) respectively (Figure 7). Adjustment for
smoking did not alter the results in a substantial way.

0.3

<18 years old - additional lumbar
spine surgery

_19-39 years old - additional lumbar
spine surgery
<18 years old - additional lumbar
disc herniation surgery

_~19-39 years old - additional lumbar
disc herniation surgery

Cummulative Hazard

20

Figure 7. Cox cumulative hazard functions for the probability of at least one additional lumbar spine surgery
(unbroken line) and additional lumbar disc herniation surgery (dotted line) in the two age groups. Patients are
censored in case of death or at last date of follow-up.

A total of 2,716 patients were monitored for long-term (mean 7.2 years) patient-reported
outcome measures. Within this sub-cohort, both age groups improved significantly from
preoperative to short-term follow-up according to ODI, VAS for leg and back pain, EQ-5D-
3L, and MCS and PCS of SF-36 (all p<0.001). At short-term follow-up of these patients, the
adolescent group had a higher proportion of patients being “pain free” or “much better”
according to global assessment for both leg and back pain, a lower ODI, a lower VAS for
back pain, a higher EQ-5D-3L and a higher PCS of SF-36 (all p<0.037).

Within the adolescent group, there were no significant differences between short and long-
term follow-up in any patient-reported outcome measure (all p>0.061) except for global
assessment where a smaller proportion reported themselves as “pain free” or “much better” at
long-term follow-up (p=0.021). In the young adult group, a larger proportion were satisfied at
the long-term follow-up compared to the short-term follow-up (p=0.003). In the young adults,
there were also the following significant changes between the short and long-term follow-up
(all p<0.013); ODI —1 point, VAS leg pain —1 mm, VAS back pain —1 mm, EQ-5D-3L index
+0.01 points, SF-36 MCS —1 point and PCS +1 point.
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5.4 PAPERIV

The flowchart for the study is shown in Figure 2. In the group of elderly patients (60 years
and older) and in the group of adult patients (40-59 years old), 139 (11%) and 683 (14%),
respectively, had undergone at least one additional lumbar spine surgery at a mean follow-up
of 11.2 years (Figure 8). Corresponding numbers for additional lumbar disc herniation
surgery were 56 (5%) and 320 (7%) respectively. With the adult group as a reference, the
hazard ratio for at least one additional lumbar spine surgery in the elderly group was 0.83
(0.69-0.99). The ratio was attenuated after adjustment for sex and smoking status at baseline
to 0.88 (0.72-1.07). Corresponding numbers for the hazard ratio for additional lumbar disc
herniation surgery in the elderly group were 0.70 (0.53-0.93) and 0.69 (0.51-0.95)
respectively.

A total of 4,061 patients responded to the long-term follow-up questionnaire and were
monitored for long-term patient-reported outcome (mean 7.0 years). At baseline, within this
sub-cohort, there was a significant difference with more L4-L5, less L5-S1, more other single
level and more unknown or multiple level lumbar disc herniations among the elderly
compared to the adults (p<0.001). The elderly group also had a lower proportion of smokers,
a higher ODI, a higher VAS for both leg and back pain, a higher EQ-5D-3L and a lower PCS
of SF-36 (all p<0.049). Within both groups, there was a significant improvement from
baseline to short-term follow-up in all patient-reported outcomes (all p<0.001). At short-term
follow-up, the elderly group had a smaller proportion of individuals reporting global
assessment for leg pain as “pain free” or “much better” and a poorer outcome in VAS for leg
pain and PCS of SF-36 compared to the adults (all p<0.001).
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Figure 8. Cox cumulative hazard functions for the probability of at least one additional lumbar spine surgery
(unbroken line) and additional lumbar disc herniation surgery (dotted line) in the two age groups. Patients are
censored in case of death or at last date of follow-up.

44



Within the adult group, the following significant differences were observed between the short
and long-term follow-up, an increase in patients being satisfied, an increase in the proportion
of individuals being “pain free” or “much better” in global assessment back pain, ODI —1
point, EQ-5D-3L index +0.03 points and SF-36 PCS +1 point (all p<0.001). In the elderly
group, there was a decrease in the proportion of individuals being “pain free” or “much
better” in global assessment leg pain (p=0.041) while no other significant differences were
observed between the short and long-term follow-up (all p>0.074).

Compared to the adults, the elderly group had a poorer outcome at the long-term follow-up in
all patient-reported outcome measures (all p<0.012) except for MCS of SF-36 (p=0.523).
When comparing the mean change in outcome (mean A-score), there were no differences
between the groups in ODI, VAS for leg and back pain and MCS of SF-36 (all p>0.054)
while the adult group had a larger A-score for EQ-5D-3L and PCS of SF-36 (both p<0.001).

5.5 PAPERYV

The flowchart for the study is shown in Figure 4. At the time of MRI examination, no
significant differences were seen between the cases (mean 13.8 years postoperatively) and the
controls regarding age, height, body mass index (BMI), activity level, metabolic equivalent
task-minutes (MET-minutes), occupational strain and smoking. Among the cases, 9 of 23
(39%) had undergone at least one additional lumbar spine surgery. The corresponding
number among the 17 individuals operated on due to a lumbar disc herniation in adolescence,
who were contacted but did not participate, was 6 (35%). Degeneration at level L5-S1 was
not assessed in one of the cases due to fusion of the segment.

At level L4-L5 and level L5-S1 the cases had a larger proportion of individuals with severe
degeneration (grade 4 and 5) according to Pfirrmann compared to the controls (p=0.007 and
p=0.002 respectively, Figure 9). No significant differences in the proportion of individuals
with severe degeneration were seen for the other lumbar levels (all p>0.295).

Similar findings were made for the prevalence of Modic changes, the cases had a larger
proportion of individuals with the presence of Modic changes at level L4-L5 and level L5-S1
compared to the controls (p=0.022 and p=0.031 respectively). At the remaining lumbar
levels, the presence of Modic changes were similar among cases and controls (all p>0.550).

There were significantly more individuals among the cases with a total endplate score (TEP-
score) >6 at level L5-S1 compared to the controls (p=0.001). No other significant differences
were seen regarding TEP-score.
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Figure 9. Pfirrmann grading for each lumbar disc level. Pfirrmann grading for level L5-S1 was not assessed in
one of the cases due to fusion of the segment. Ranging from Grade 1: homogeneous disc with bright
hyperintense white signal intensity and normal disc height (no degeneration) to Grade 5: inhomogeneous disc
with a hypointense black signal intensity, no difference between nucleus and anulus, and the disc space is
collapsed (severely degenerated).

Compared to the controls, the cases had more disability according to ODI (mean 12 vs 1,
p<0.001), more back pain according to VAS (mean 18 vs 3, p=0.002), lower quality of life
according to EQ-5D-3L (mean 0.83 vs 0.94, p=0.010) and lower physical function according
to PCS of SF-36 (mean 50 vs 56, p<0.001). There were no significant differences between the
groups for VAS leg pain (p=0.093) and MCS of SF-36 (p=0.844). Despite the poorer state of
health, 22 (96%) of the cases were satisfied with their surgery and 1 (4%) uncertain. In global
assessment for leg pain, 5 (23%) of the cases reported themselves as “pain free”, 14 (64%) as
“much improved” and 3 (14%) as “somewhat improved”. Corresponding numbers for global
assessment of back pain were 9 (39%), 12 (52%) and 2 (9%), respectively. None of the cases
were dissatisfied with their surgery and none reported a global assessment as “unchanged” or

“worse”.
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6 DISCUSSION

6.1 STRENGTHS AND LIMITATIONS

There are several strengths and limitations in all five papers. The common strength is the use
of validated outcome instruments and the use of these instruments in Swespine; a prospective
nationwide register with high external and internal validity (140). All five papers were
dependent on the reporting surgeon giving the correct diagnosis. However, studies of
Swespine and NORspine have shown that the diagnosis submitted corresponds to the surgical
file in 97% of the cases and in paper V the diagnosis was confirmed for the patients included
(140, 144). Hence, the number of incorrectly included patients in papers | to IV should be
small and likely randomly distributed between the groups. All papers were limited by the
termination of follow-up in case of a new index surgery. If patients had undergone a new
index surgery before their first short-term follow-up (one or two-year follow-up) they would
not be included in any of the papers. If a patient had undergone a new index surgery before
their first long-term follow-up (five or ten-year follow-up) they would not be included in the
analyses of patient-reported outcome measures in papers Il and IV but would still be
included for the primary outcome in papers Il and IV and would have the possibility to
participate in paper V. This could bias the patient-reported outcome measures to a slightly
better result, but it is probably evenly distributed between the groups. All papers had a loss to
follow-up, nevertheless, two studies of Swespine have shown that Swespine outcome data is
fairly representative (177, 188). In addition, a Norwegian study found that a loss to follow-up
of 22% would not bias conclusions of the overall treatment effect after spine surgery (189).

Paper | had at the time, to our knowledge, the largest prospectively collected material for
outcome in adolescents after lumbar disc herniation surgery. A large sample size, which is
also seen in papers I, 11l and 1V, gives a high precision of the estimates. Paper | was limited
due to the questionnaires not being validated for adolescents but the primary outcomes
(satisfaction and global assessment) were chosen because of their simplicity and we believe
they were easily interpreted, by adolescents too. Global assessment has been found to
aggregate important dimensions and give a reliable assessment of the outcome (145).

Paper Il further benefits from the use of two additional nationwide registers with similar data
collection and use of validated patient-reported outcome measures. The relatively high
coverage, completeness and follow-up in the three registers give a high external validity. The
registers have small differences in data collection, for example, co-morbidities are reported
by the physician in Norway and by the patient in Denmark and Sweden. This was likely the
cause of a higher rate of co-morbidities in Norway, but it was not reflected in a negative
impact on the outcomes for the Norwegian patients. The registers also differ in instruments
measuring back and leg pain. The VAS data from Denmark and Sweden was converted to
NRS which could be a source of bias (160). However, despite conversion, the results of NRS
had a pattern similar to the results in other patient-reported outcome measures. The
guestionnaires were given to the patients in the native language of the operating country and
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even though they have been cross-validated against other languages, we cannot exclude the
possibility of this influencing the results (190). To avoid differences in country-specific
conversion of EQ-5D-3L, all EQ-5D-3L answers were translated into indexes using the same
tariff (UK-TTO).

Papers 11l and 1V had the advantage of the comparably long follow-up time. Furthermore, the
primary outcome was not affected by the loss of patients due to a new index surgery if the
new index surgery did not occur before the first short-term follow-up. However, there might
be data missing on additional surgery, but given Swespine’s high coverage and completeness,
only a few surgeries are expected to be missing. The secondary outcomes could be biased
towards better results since patients undergoing a new index surgery before long-term follow-
up could not be included due to termination of the follow-up. However, the rate of
termination was similar in the different groups and should therefore not have a significant
influence on the group comparison.

Paper V benefits from the long follow-up time, matched controls, fulfilment of the pre-
planned power analysis, the blinded MRI evaluation, the use of recognised MRI measures
with sufficient intra and interobserver reliability and the use of validated outcome instruments
(57, 74, 88). Paper V was limited by the lack of preoperative MRI for the cases, though these
are set to be collected.

The strengths and limitations of the study designs and possible biases are discussed under
“3.4.1 Choice of study design”. Since the lion's share of patients with lumbar disc herniation
improve without surgery, all papers, and specifically paper V, would have profited from a
group of non-surgically treated patients.

6.2 GENERAL DISCUSSION

This thesis includes the first study with prospectively collected data on the outcome of
lumbar disc herniation surgery among adolescents. The rarity of surgical intervention among
adolescents was confirmed, and in Sweden adolescents account for about 1.4% of the
surgeries. At short-term follow-up we found significant improvements in all age groups and
better results among adolescents compared to adults. The improvements were more than the
suggested minimal clinically important difference (MCID) for each outcome (150-153). The
improvements also exceeded the suggested threshold for defining the surgical result as
successful (149). Even though the surgical result in all age groups could be defined as
successful at short-term follow-up, when comparing the mean score of EQ-5D-3L for each
group to age-corresponding population-based mean values, inferior results were seen in all
age groups (171, 191).

In line with the findings in a review by Lavelle et al., who reported that more than 90% of
adolescents experience a good or excellent short-term result, we found that among the
adolescents in paper I, 86% were satisfied, 87% experienced significantly reduced leg pain
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and 88% experienced significantly reduced back pain at short-term (5). In the secondary
patient-reported outcome measures at short-term follow-up, the adolescents also had a better
result compared to the adults, but the differences were smaller than the suggested MCID and
therefore the clinical relevance of the differences could be questioned.

We found a significantly longer duration of pain before surgery, especially duration of leg
pain, in the adolescent group, findings similar to what others have observed (38). Among
adults, a longer duration of leg pain has been associated with a poorer outcome after surgery
for lumbar disc herniation (192). In paper Il we found support for this association, and a
duration of leg pain >3 months was a predictor for poorer short-term outcome in ODI, NRS
back pain and NRS leg pain in adult patients. In paper Il we also found smoking to be a
predictor of poorer outcome, which has been described earlier (193, 194). Neither in paper |
nor paper I, did adjustments for these factors affect the results substantially. It is likely that
the longer duration of leg pain, and its associated poorer outcome, was counteracted by the
significantly smaller proportion of smokers among adolescents in paper | and that the same
counteracting effect occurred in paper Il, where adult Swedes had a longer duration of leg
pain but a smaller proportion of smokers compared to adult Danes and Norwegians. Similar
to paper I, the short-term outcomes in paper Il exceeded the thresholds for a successful
surgical result for all groups (countries).

One can speculate that the results among adolescents would have been even better compared
to adults if they were operated on earlier. Earlier surgery would, however, most likely
increase the number of operated adolescents, since the natural course is usually beneficial,
and more patients have time for spontaneous improvement if the time to surgery is longer.
However, with the results from paper Il in mind, where a higher incidence of surgery for
lumbar disc herniation was not associated with clinically relevant differences in outcome
compared to a lower incidence, earlier surgery could still be beneficial for adolescents as a
group, even if the numbers of surgeries would increase. This is further supported by the fact
that prolonged non-surgical care has not been proven superior to surgery among adults,
especially if symptoms have persisted for 4 to 12 months (120, 195, 196). Nevertheless, to
draw firm conclusions for adolescents regarding this, there is a need of an adolescent group
treated non-surgically as comparison.

The lower incidence of surgery in Sweden and the longer duration of leg pain seen in paper
I, could reflect differences in accessibility to surgical care and/or a more conservative
treatment tradition compared to Denmark and Norway. At least in Stockholm County today,
where index operations for spine disorders increased by 17% between 2013 and 2016, after
the introduction of a new reimbursement system, accessibility is not likely to be a problem
(197). Furthermore, in regard to accessibility in Stockholm, in paper V we collected
individuals from the Stockholm area and observed a higher rate of at least one additional
lumbar spine surgery among the previously operated individuals invited to participate in
paper V than the national average found in paper I1l. However, in paper V it is not certain that

49



the additional surgery was performed in Stockholm or if any individuals moved there after
their additional surgery.

In paper 11l we found a 16% long-term prevalence of at least one additional lumbar spine
surgery after surgery for lumbar disc herniation in adolescence. The prevalence is in line with
the 10-28% prevalence for adolescents previously reported (39, 40, 47, 116, 138). Even
though younger age has been reported as a risk factor for recurrent lumbar disc herniation
among adults, we found a similar risk of additional lumbar spine surgery and additional
lumbar disc herniation surgery among adolescents and young adults (130). The most common
cause of repeat surgery in adolescents and young adults was a new lumbar disc herniation,
supporting previous finding (116).

When comparing the risk of a new lumbar disc herniation surgery or at least one additional
spine surgery after surgery for lumbar disc herniation, it is important to take the follow-up
time into account. However, results from other studies differ, although the follow-up time
was similar. For example, at a mean follow-up of 9 years Parisini et al. found that 10% of the
adolescents operated on due to a lumbar disc herniation underwent additional spine surgery
while Durham et al. reported that 24% of the operated adolescents underwent surgery for
recurrent lumbar disc disease at a mean follow-up of 8.5 years (40, 47). Nevertheless, the
United States, where Durham et al. conducted their study, has high rates of spine surgery
compared to other countries and the difference in additional spine surgery could be due to
differences in accessibility of spine surgery or a more liberal view on spinal surgery in the
United States (100). Paper 11l had a slightly longer follow-up time (mean 11.4 years) than
previous studies and a comparably large sample size. One may speculate that surgeons refrain
from additional surgery in younger cases. This was not reflected in a lower risk in paper IlI,
however.

Similar findings of non-time-dependent variations have also been seen in adults. Atlas et al.
had a shorter follow-up time than paper 111 and paper 1V, but still reported that 25% of the
patients underwent at least one additional lumbar spine surgery as compared to 11-18% in
papers 11 and 1V (132). Like the study by Durham et al., Atlas et al. conducted their study in
the United States, a country with high rates of spinal surgery (100). The prevalence of
additional lumbar spine surgery among adults in papers Il and 1V is similar to previous
studies, with the reservation that some of them only report the prevalence of surgery for
recurrent lumbar disc herniation (94, 133, 135, 136, 198).

When comparing the risk of at least one additional lumbar spine surgery and additional
lumbar disc herniation surgery after surgery for lumbar disc herniation among adults 40-59
years old and individuals aged 60 years and older, we found a similar risk of at least one
additional lumbar spine surgery while the risk of additional lumbar disc herniation surgery
was lower among the elderly. Similar findings, with a lower prevalence of additional lumbar
disc herniation surgery among patients 60 years and older, have been made in a previous
Swedish study (94). In paper 1V, the adult group had a larger proportion of smokers than the
elderly group (25% vs 16%) and smoking has been found to be a risk factor highly associated
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with recurrent lumbar disc herniation (199). However, this was not reflected in our study,
since the risk of additional lumbar disc herniation surgery was not affected after adjustment
for sex and smoking. When the risk of at least one additional lumbar spine surgery was
adjusted for sex and smoking, the difference was attenuated, however. We cannot exclude the
possibility that older age might be a reason for both the patient and the surgeon to refrain
from additional surgery, which could be reflected in the slightly lower risk among the elderly
patients.

Among adolescents, the patient-reported outcome measures have been reported to deteriorate
between short and long-term follow-up, while the patient-reported outcomes among adults
have been reported to be steady as soon as after three months, though some report that
important individual differences occur between three and 12 months (47, 200-203). In papers
Il and 1V, we found a stable patient-reported outcome between short (mean 1.9 years) and
long-term (mean 7.0 to 7.2 years) follow-up in all age groups. Only minor or insignificant
differences were seen and none of the significant differences were close to the described
minimal clinically important difference (150, 151, 153).

Since only small or clinically insignificant changes occur between short and long-term
follow-up after surgery for lumbar disc herniation, it might be possible to obtain
representative group-level data for all age groups with only one or two-year follow-up. Since
one and two-year follow-up data were combined as short-term follow-up in papers I, 111 and
IV, we cannot conclude whether there are any relevant changes in patient-reported outcome
measures between these time-points. However, previous Swespine-based studies have not
found any clinically relevant changes between one and two-year follow-up (177, 204). One
could therefore speculate that characteristic group-level data could be obtained with only one
or two-year follow-up.

Despite the risk of additional lumbar spine surgery seen in papers Il and IV, all age groups
improved significantly, on a group level, from preoperatively to short-term follow-up and the
changes between short and long-term follow-up were only small or insignificant. In
combination with a maintained, or for some groups even higher, satisfaction at long-term
follow-up this suggests that surgery for lumbar disc herniation is feasible in all age groups,
including adolescents and the elderly. Furthermore, with regard to surgery in elderly patients,
when comparing the changes in outcome (mean A-score) between preoperative and long-term
follow-up to adults 40-59 years old, the elderly group only had inferior results in EQ-5D-3L
and PCS of SF-36. In the elderly, the mean A-score for all outcomes exceeded the suggested
minimal clinically important difference for each outcome and the A-score for mean ODI,
VAS for leg pain and EQ-5D-3L exceeded the suggested threshold corresponding to a
successful surgical result (149-151, 162, 205).

The similar risk of at least one additional lumbar spine surgery among adolescents and young
adults operated on due to a lumbar disc herniation, seen in paper Ill, indicated that a lumbar
disc herniation at youth is a sign of a beginning spinal degeneration. In paper V we compared
spinal degeneration, as seen on MRI, and patient-reported outcome measures between
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individuals operated on due to a lumbar disc herniation in adolescence, mean 13.8 years
earlier, and controls.

Compared to the controls, the cases had a significantly higher proportion with a total endplate
score (TEP-score) >6 at level L5-S1 and we observed a trend towards a higher proportion
also at level L4-L5. Endplate defects have been suggested as the initiating factor for the
cascade of degeneration of Pfirrmann grade and Modic changes, with Modic changes being
the last to occur on MRI (74, 75, 206). In line with this suggestion, we found a significantly
higher prevalence of severe degeneration according to Pfirrmann and presence of Modic
changes in the same levels among cases compared to controls.

The link between disc degeneration and lumbar back pain have been debated (207-211). By
using a grading system similar to Pfirrmann, Bendix et al. found a higher prevalence of low
back pain in subjects with severe degeneration compared to subjects with moderate
degeneration and subjects with normal discs (207). In line with the findings of Bendix et al.
we observed a higher mean VAS back pain among the cases, who had approximately five
times more individuals with severe degeneration at level L4-L5 and level L5-S1, compared to
controls (none of the controls had Pfirrmann grade 5).

Modic changes are found in asymptomatic individuals and are to some degree dependent on
age. The evidence for the presence of Modic changes as an association to low back pain is
conflicting (11, 209-214). Two reviews have found Modic type 1 changes to be relatively
correlated to low back pain (211, 212). Modic type 1 was also observed in a larger proportion
at level L4-L5 and particularly level L5-S1 among the cases compared to controls. This could
further explain the observation of more back pain among the cases.

Despite inferior results in patient-reported outcome measures compared to controls,
adolescents operated on due to a lumbar disc herniation are satisfied to a high degree and the
majority still experience an improvement according to global assessment for leg and back
pain more than a decade after surgery. This leads to a belief that surgery, regardless of the
degeneration seen 13.8 years postoperatively, could be a feasible alternative for adolescents.
However, it remains unclear whether it is the lumbar disc herniation, degeneration at
baseline, or the surgery performed, that causes a higher prevalence of degeneration. To
delineate this further, and to test this belief, we are already in the process of including
baseline MRIs and collecting a group of individuals treated non-surgically for lumbar disc
herniation in adolescence.
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7/ CONCLUSIONS

This thesis provides detailed and new information on lumbar disc herniation surgery in all
age groups, but particularly the long-term effects in adolescents. Surgery for lumbar disc
herniation in adolescence is associated with a risk of additional lumbar spine surgery similar
to the risk seen in young adults. Lumbar disc herniation surgery in adolescence is also
associated with a higher prevalence of spinal degeneration in the two lower segments of the
lumbar spine in adulthood compared to controls. Even though the rate of satisfaction is high
and surgery seems to be a viable alternative, adolescents operated on due to a lumbar disc
herniation experience slightly more back disability, more back pain and a lower quality of life
compared to age and sex-matched controls more than a decade after their operation.

Differences in surgical incidence of lumbar disc herniation is not reflected in differences in
patient-reported outcome. Patient-reported outcome measures in all age groups are stable
between short and long-term follow-up, putting into question the need for a long-term follow-
up to evaluate the results of lumbar disc herniation surgery.

7.1 CLINICAL IMPLICATIONS

This thesis clarifies the long-term results and the risk of additional lumbar spine surgery in
different age groups. It is important to inform the patients not only about benefits, but also
risks, for them to be able to make an informed decision whether to undergo surgery or not.

By increasing the surgical incidence in Sweden, patients with a lumbar disc herniation might
benefit from earlier surgery. However, without more knowledge of the outcome of non-
surgically treated patients this is an observation rather than a recommendation.

The stable results between short and long-term follow-up seen among all age groups in
papers Il and IV, indicate that there is little value in long-term patient-reported outcome
collection after surgery for lumbar disc herniation. With this in mind, registers could focus
their resources on a high follow-up rate at short-term rather than a long-term follow-up. Data
on additional surgeries would not be affected by this since it is reported by the surgeon.

7.2 FUTURE PERSPECTIVES

For a better understanding of the impact of surgery for lumbar disc herniation in adolescence,
there is a need to examine the progress of degeneration after surgery and to compare the
operated cases to patients treated non-surgically. A prospective register of patients treated
non-surgically could also help to examine the indications for surgery and to provide guidance
on which patients, both adolescents and adults, that should and should not be operated on.
The first of the perspectives is already ongoing and | hope that my future studies will bring
further clarity to this extremely interesting field.

53



8 ACKNOWLEDGEMENTS

I would like to express my deepest and heartfelt gratitude to everyone who has contributed to
my research, both within and outside this thesis. | would also like to express my gratitude to
all my friends, family and extended family who have supported me. In particular:

Paul Gerdhem, principal supervisor. You are the best supervisor and colleague one could
wish for. You are a true inspiration, within science as well as life. You seem to have more
hours per day than everyone else and you spend them full of enthusiasm and eagerness to
always achieve more. Thank you for introducing me to the field of spine surgery and
awakening my interest in research. Thank you for supporting me and believing in me since
we first met.

Hans Modller, co-supervisor. Thank you for providing me with advice on both science and
life. Your experience has been truly valuable, you constantly remind me to remember the
clinical approach, and that there is more to life than work.

Elias Diarbakerli, co-author, colleague, friend, lunch-buddy. For years we have been
working together, struggling, laughing and drinking lots of coffee, not to mention all the
lunches we have had. Thank you for supporting me and calming me down when things
seemed rough.

Karin Jensen and Granit Kastrati, co-authors. Thank you for your enthusiasm to
collaborate with us and for including me in your group. You have widened my perspectives
on my research. Thank you, Granit, for all the good times we had collecting MRIs and | am
sorry for making a lot of early morning appointments.

Mikael Skorpil, co-author. From the first time we met you have been an inspiration. Always
happy, always helpful and always available. It has been a pleasure working with you and |
hope we will join forces in future research projects.

My co-authors, Peter Elkan, Anna Grauers, Peter Fritzell, Olle Hagg, Dennis Nordvall,
Greger Lagnne, Tore K Solberg, Mikkel @ Andersen, Sgren Eiskjer, Martin Gehrchen,
Wilco C Jacobs and Miranda L van Hooff. Thank you for our collaboration and your help.
Thank you for expanding my understanding and my research network.

Amir Montazeri, Lars Blomberg, Rouslan Sitnikov, Yords Osterman. For all your
valuable help with the MRI collection.

The patients and controls. For contributions to the registers, for freely, without payment,
coming to the MRI examinations and for making it possible to take scientific steps forward.

Professor Li Fellander-Tsai. For putting up with my last-minute requests for signatures. For
encouraging words and for guiding me through these years as a PhD-student.

Per Nasman. For your statistical help and input and for always being polite and available.

54



Gisela Wegnelius, mentor. You have been my mentor through both medical school and my
PhD-studies. Thank you for being encouraging, open-minded and interested.

Ann-Charlott Nordstréom. For being the first in line to call whenever in doubt about
bureaucracy. Endless times the answer to a problem was “Call Lotta”. I am truly grateful for
your help since day one.

Lucy Bai, friend, M.D. and illustrator. For the illustration in this thesis.

Anastasios Charalampidis and Panayotis Savvides, my Greek/Cypriot friends. We have
shared laughs, good times, bad times and that awful office in Huddinge. It has been a
pleasure.

Peter Endler. For discussions, sometimes about research but mostly sports, for all the
almond cookies and the laughs. “A.L.K., det racker”.

Daniel Fell, David Frojdh Revesz, Thomas Reigo, Kourosh Jalalpour and all colleagues
from the Spine unit. For your guidance, patience and help as I took my first stumbling steps
into the clinical world of spine surgery.

Christina and Per Ake Lagerbéck, my mother and father. The pillar in life that has held
everything together. You have always let me be me and supported the routes | have chosen
through life. My love for you is unconditional, you are the best.

Lina, Jesper and Mattias Lagerback, my siblings. You have taught me a lot about life. It
has not always been easy but when things really matter, we are family and family comes first.

Astrid Eventsson, my grandmother. You have been there all my life, positive and
supportive. | truly miss our Tuesday calls, they meant a lot to me and you were always
interested in how | was doing in life, at work and in my research. | am sad that you are not
with us today.

Andrea Bjork Paulson, my girlfriend. You came storming into my life almost 5 years ago.
You have supported me throughout my research and life. You have made me grow as a
person and you even made me learn Danish. | do not know what the future holds, but we will
hold each other.

Ludwig Lindebratt, Michael Maroun and Oscar Tauberman. The crew of the journey of
both oceans and life. Thank you for trusting my crazy idea about crossing the Atlantic Ocean
and for being the best of friends.

Pendar Khalili, colleague and dear friend. I can always rely on you and when things are
tough, we back each other up (like when you cheered me on for the 90 kilometres that are
Vasaloppet).

Eric Thellman. Last but not least. A friend | always can turn to, a brother in crime and a part
of what | consider family.

55



This work was financially supported by Her Royal Highness Crown Princess Lovisa's Society
for Child Care, the Swedish Society of Spinal Surgeons, Karolinska Institutet funds and
Region Stockholm (ALF project).

56



9 REFERENCES

1. Moore KL, Dalley AF, Agur AMR. Clinically oriented anatomy. Philadelphia,
Pa.: Wolters Kluwer Health/Lippincott Williams & Wilkins; 2009.

2. Woon JT, Stringer MD. Clinical anatomy of the coccyx: A systematic review.
Clinical anatomy (New York, NY). 2012;25(2):158-67.

3. Bonavita R, Vincent K, Pinelli R, Dahia CL. Formation of the sacrum requires
down-regulation of sonic hedgehog signaling in the sacral intervertebral discs. Biology open.
2018;7(7).

4. Anderson DG, Tannoury C. Molecular pathogenic factors in symptomatic disc
degeneration. The spine journal : official journal of the North American Spine Society.
2005;5(6 Suppl):260s-6s.

5. Lavelle WF, Bianco A, Mason R, Betz RR, Albanese SA. Pediatric disk
herniation. The Journal of the American Academy of Orthopaedic Surgeons.
2011;19(11):649-56.

6. Rhee JM, Schaufele M, Abdu WA. Radiculopathy and the herniated lumbar
disc. Controversies regarding. The Journal of bone and joint surgery American volume.
2006;88(9):2070-80.

7. Bogduk N. Clinical anatomy of the lumbar spine and sacrum / Nikolai Bogduk ;
foreword by Stepen M. Endres. Endres SM, Bogduk NCaotls, editors. New York: Churchill
Livingstone; 2005.

8. Urban JP, Roberts S. Development and degeneration of the intervertebral discs.
Molecular medicine today. 1995;1(7):329-35.

9. Mulleman D, Mammou S, Griffoul I, Watier H, Goupille P. Pathophysiology of
disk-related sciatica. I.--Evidence supporting a chemical component. Joint, bone, spine :
revue du rhumatisme. 2006;73(2):151-8.

10. Olmarker K, Rydevik B. [New information concerning pain caused by
herniated disk and sciatica. Exposure to disk tissue sensitizes the nerve roots].
Lakartidningen. 1998;95(49):5618-22.

11. Brinjikji W, Luetmer PH, Comstock B, Bresnahan BW, Chen LE, Deyo RA, et
al. Systematic literature review of imaging features of spinal degeneration in asymptomatic
populations. AJNR American journal of neuroradiology. 2015;36(4):811-6.

12. Peacock A. Observations on the prenatal development of the intervertebral disc
in man. Journal of anatomy. 1951;85(3):260-74.

13. Williams S, Alkhatib B, Serra R. Development of the axial skeleton and
intervertebral disc. Current topics in developmental biology. 2019;133:49-90.

14. Nerlich AG, Schaaf R, Walchli B, Boos N. Temporo-spatial distribution of
blood vessels in human lumbar intervertebral discs. European spine journal : official
publication of the European Spine Society, the. 2007;16(4):547-55.

57



15. Rajasekaran S, Babu JN, Arun R, Armstrong BR, Shetty AP, Murugan S.
ISSLS prize winner: A study of diffusion in human lumbar discs: a serial magnetic resonance
imaging study documenting the influence of the endplate on diffusion in normal and
degenerate discs. Spine. 2004;29(23):2654-67.

16. Urban JP, Smith S, Fairbank JC. Nutrition of the intervertebral disc. Spine.
2004;29(23):2700-9.
17. Jensen MC, Brant-Zawadzki MN, Obuchowski N, Modic MT, Malkasian D,

Ross JS. Magnetic resonance imaging of the lumbar spine in people without back pain. The
New England journal of medicine. 1994;331(2):69-73.

18. Bick EM, Copel JW. The ring apophysis of the human vertebra; contribution to
human osteogeny. Il. The Journal of bone and joint surgery American volume. 1951;33-
a(3):783-7.

19. Jaremko JL, Siminoski K, Firth GB, Matzinger MA, Shenouda N, Konji VN, et
al. Common normal variants of pediatric vertebral development that mimic fractures: a
pictorial review from a national longitudinal bone health study. Pediatric radiology.
2015;45(4):593-605.

20. Chang CH, Lee ZL, Chen WJ, Tan CF, Chen LH. Clinical significance of ring
apophysis fracture in adolescent lumbar disc herniation. Spine. 2008;33(16):1750-4.

21. Wu X, Ma W, Du H, Gurung K. A review of current treatment of lumbar
posterior ring apophysis fracture with lumbar disc herniation. European spine journal :
official publication of the European Spine Society, the. 2013;22(3):475-88.

22. Shirado O, Yamazaki Y, Takeda N, Minami A. Lumbar disc herniation
associated with separation of the ring apophysis: is removal of the detached apophyses
mandatory to achieve satisfactory results? Clinical orthopaedics and related research.
2005(431):120-8.

23. Chang A, Lad EM, Lad SP. Hippocrates' influence on the origins of
neurosurgery. Neurosurgical focus. 2007;23(1):E9.

24, Marketos SG, Skiadas P. Hippocrates. The father of spine surgery. Spine.
1999;24(13):1381-7.

25. Xarchas KC, Bourandas J. Injuries and diseases of the spine in the ancient
times. Spine. 2003;28(13):1481-4.

26. Marketos SG, Skiadas PK. Galen: a pioneer of spine research. Spine.
1999;24(22):2358-62.

217. Gruber P, Boni T. Ischias. Von der Saftelehre zur Pathomorphologie. Der

Unfallchirurg. 2015;118 Suppl 1:43-52.

28. Schoenfeld AJ. Historical contributions from the Harvard system to adult spine
surgery. Spine. 2011;36(22):E1477-84.

29. Mixter WJ, Barr JS. Rupture of the Intervertebral Disc with Involvement of the
Spinal Canal. 1934;211(5):210-5.

30. Wahren H. Herniated nucleus pulposus in a child of twelve years. Acta
orthopaedica Scandinavica. 1945;16(1):40-2.

58



31. Jonsson B, Stromgvist B. Symptoms and signs in degeneration of the lumbar
spine. A prospective, consecutive study of 300 operated patients. The Journal of bone and
joint surgery British volume. 1993;75(3):381-5.

32. Deyo RA, Rainville J, Kent DL. What can the history and physical examination
tell us about low back pain? Jama. 1992;268(6):760-5.
33. van der Windt DA, Simons E, Riphagen, I1I, Ammendolia C, Verhagen AP,

Laslett M, et al. Physical examination for lumbar radiculopathy due to disc herniation in
patients with low-back pain. The Cochrane database of systematic reviews.
2010(2):Cd007431.

34. Jarvik JG, Deyo RA. Diagnostic evaluation of low back pain with emphasis on
imaging. Annals of internal medicine. 2002;137(7):586-97.
35. Kumar R, Kumar V, Das NK, Behari S, Mahapatra AK. Adolescent lumbar

disc disease: findings and outcome. Child's nervous system : ChNS : official journal of the
International Society for Pediatric Neurosurgery. 2007;23(11):1295-9.

36. Ozgen S, Konya D, Toktas OZ, Dagcinar A, Ozek MM. Lumbar disc herniation
in adolescence. Pediatric neurosurgery. 2007;43(2):77-81.
37. Wang H, Cheng J, Xiao H, Li C, Zhou Y. Adolescent lumbar disc herniation:

experience from a large minimally invasive treatment centre for lumbar degenerative disease
in Chongging, China. Clinical neurology and neurosurgery. 2013;115(8):1415-9.

38. Cahill KS, Dunn I, Gunnarsson T, Proctor MR. Lumbar microdiscectomy in
pediatric patients: a large single-institution series. Journal of neurosurgery Spine.
2010;12(2):165-70.

39. Papagelopoulos PJ, Shaughnessy WJ, Ebersold MJ, Bianco AJ, Jr., Quast LM.
Long-term outcome of lumbar discectomy in children and adolescents sixteen years of age or
younger. The Journal of bone and joint surgery American volume. 1998;80(5):689-98.

40. Durham SR, Sun PP, Sutton LN. Surgically treated lumbar disc disease in the
pediatric population: an outcome study. Journal of neurosurgery. 2000;92(1 Suppl):1-6.
41. McAvoy M, McCrea HJ, Chavakula V, Choi H, Bi WL, Mekary RA, et al.

Long-term outcomes of lumbar microdiscectomy in the pediatric population: a large single-
institution case series. Journal of neurosurgery Pediatrics. 2019:1-9.

42. Ropper AH, Zafonte RD. Sciatica. The New England journal of medicine.
2015;372(13):1240-8.

43. Deyo RA, Mirza SK. CLINICAL PRACTICE. Herniated Lumbar
Intervertebral Disk. The New England journal of medicine. 2016;374(18):1763-72.

44, Ramirez-Lassepas M, Tulloch JW, Quinones MR, Snyder BD. Acute radicular
pain as a presenting symptom in multiple sclerosis. Archives of neurology. 1992;49(3):255-8.

45, Wang YC, Chiu YS, Yeh CH. Leriche's syndrome presenting as sciatica.
Annals of vascular surgery. 2010;24(5):694.e1-3.

46. Stromaqvist B, Fritzell P, Hagg O, Jonsson B, Sanden B. Swespine: the Swedish
spine register : the 2012 report. European spine journal : official publication of the European
Spine Society, the. 2013;22(4):953-74.

47. Parisini P, Di Silvestre M, Greggi T, Miglietta A, Paderni S. Lumbar disc
excision in children and adolescents. Spine. 2001;26(18):1997-2000.

59



48. Gardner A, Gardner E, Morley T. Cauda equina syndrome: a review of the
current clinical and medico-legal position. European spine journal : official publication of the
European Spine Society, the. 2011;20(5):690-7.

49. Spangfort EV. The lumbar disc herniation. A computer-aided analysis of 2,504
operations. Acta orthopaedica Scandinavica Supplementum. 1972;142:1-95.

50. Chau AM, Xu LL, Pelzer NR, Gragnaniello C. Timing of surgical intervention
in cauda equina syndrome: a systematic critical review. World neurosurgery. 2014;81(3-
4):640-50.

51. Ahn UM, Ahn NU, Buchowski JM, Garrett ES, Sieber AN, Kostuik JP. Cauda
equina syndrome secondary to lumbar disc herniation: a meta-analysis of surgical outcomes.
Spine. 2000;25(12):1515-22.

52. Heyes G, Jones M, Verzin E, McLorinan G, Darwish N, Eames N. Influence of
timing of surgery on Cauda equina syndrome: Outcomes at a national spinal centre. Journal
of orthopaedics. 2018;15(1):210-5.

53. Quality Standards Subcommittee of the American Academy of Neurology.
Practice parameters: Magnetic resonance imaging in the evaluation of low back syndrome
(Summary statement). Neurology. 1994;44;767

54, Thornbury JR, Fryback DG, Turski PA, Javid MJ, McDonald JV, Beinlich BR,
et al. Disk-caused nerve compression in patients with acute low-back pain: diagnosis with
MR, CT myelography, and plain CT. Radiology. 1993;186(3):731-8.

55. Pfirrmann CW, Metzdorf A, Zanetti M, Hodler J, Boos N. Magnetic resonance
classification of lumbar intervertebral disc degeneration. Spine. 2001;26(17):1873-8.
56. Modic MT, Steinberg PM, Ross JS, Masaryk TJ, Carter JR. Degenerative disk

disease: assessment of changes in vertebral body marrow with MR imaging. Radiology.
1988;166(1 Pt 1):193-9.

57. Rajasekaran S, Venkatadass K, Naresh Babu J, Ganesh K, Shetty AP.
Pharmacological enhancement of disc diffusion and differentiation of healthy, ageing and
degenerated discs : Results from in-vivo serial post-contrast MRI studies in 365 human
lumbar discs. European spine journal : official publication of the European Spine Society,
the. 2008;17(5):626-43.

58. Buckwalter JA, Woo SL, Goldberg VM, Hadley EC, Booth F, Oegema TR, et
al. Soft-tissue aging and musculoskeletal function. The Journal of bone and joint surgery
American volume. 1993;75(10):1533-48.

59. Naylor A. The biophysical and biochemical aspects of intervertebral disc
herniation and degeneration. Annals of the Royal College of Surgeons of England.
1962;31:91-114.

60. Boos N, Weissbach S, Rohrbach H, Weiler C, Spratt KF, Nerlich AG.
Classification of age-related changes in lumbar intervertebral discs: 2002 Volvo Award in
basic science. Spine. 2002;27(23):2631-44.

61. Lama P, Le Maitre CL, Dolan P, Tarlton JF, Harding 1J, Adams MA. Do
intervertebral discs degenerate before they herniate, or after? The bone & joint journal.
2013;95-b(8):1127-33.

60



62. Trout JJ, Buckwalter JA, Moore KC, Landas SK. Ultrastructure of the human
intervertebral disc. I. Changes in notochordal cells with age. Tissue & cell. 1982;14(2):359-
69.

63. Raj PP. Intervertebral disc: anatomy-physiology-pathophysiology-treatment.
Pain practice : the official journal of World Institute of Pain. 2008;8(1):18-44.
64. Oichi T, Taniguchi Y, Oshima Y, Tanaka S, Saito T. Pathomechanism of

intervertebral disc degeneration. JOR spine. 2020;3(1):e1076.

65. Vergroesen PP, Kingma |, Emanuel KS, Hoogendoorn RJ, Welting TJ, van
Royen BJ, et al. Mechanics and biology in intervertebral disc degeneration: a vicious circle.
Osteoarthritis and cartilage. 2015;23(7):1057-70.

66. Battie MC, Videman T, Kaprio J, Gibbons LE, Gill K, Manninen H, et al. The
Twin Spine Study: contributions to a changing view of disc degeneration. The spine journal :
official journal of the North American Spine Society. 2009;9(1):47-59.

67. Kawaguchi Y. Genetic background of degenerative disc disease in the lumbar
spine. Spine surgery and related research. 2018;2(2):98-112.
68. Battie MC, Videman T, Gibbons LE, Fisher LD, Manninen H, Gill K. 1995

Volvo Award in clinical sciences. Determinants of lumbar disc degeneration. A study relating
lifetime exposures and magnetic resonance imaging findings in identical twins. Spine.
1995;20(24):2601-12.

69. Sambrook PN, MacGregor AJ, Spector TD. Genetic influences on cervical and
lumbar disc degeneration: a magnetic resonance imaging study in twins. Arthritis and
rheumatism. 1999;42(2):366-72.

70. Adams MA, Freeman BJ, Morrison HP, Nelson IW, Dolan P. Mechanical
initiation of intervertebral disc degeneration. Spine. 2000;25(13):1625-36.

71. Videman T, Nurminen M, Troup JD. 1990 Volvo Award in clinical sciences.
Lumbar spinal pathology in cadaveric material in relation to history of back pain, occupation,
and physical loading. Spine. 1990;15(8):728-40.

72. Adams MA, Dolan P. Intervertebral disc degeneration: evidence for two
distinct phenotypes. Journal of anatomy. 2012;221(6):497-506.
73. Adams MA, Lama P, Zehra U, Dolan P. Why do some intervertebral discs

degenerate, when others (in the same spine) do not? Clinical anatomy (New York, NY).
2015;28(2):195-204.

74. Rade M, Maatta JH, Freidin MB, Airaksinen O, Karppinen J, Williams FMK.
Vertebral Endplate Defect as Initiating Factor in Intervertebral Disc Degeneration: Strong
Association Between Endplate Defect and Disc Degeneration in the General Population.
Spine. 2018;43(6):412-9.

75. Farshad-Amacker NA, Hughes A, Herzog RJ, Seifert B, Farshad M. The
intervertebral disc, the endplates and the vertebral bone marrow as a unit in the process of
degeneration. European radiology. 2017;27(6):2507-20.

76. Cheung KM, Karppinen J, Chan D, Ho DW, Song YQ, Sham P, et al.
Prevalence and pattern of lumbar magnetic resonance imaging changes in a population study
of one thousand forty-three individuals. Spine. 2009;34(9):934-40.

77. Smyth MJ, Wright V. Sciatica and the intervertebral disc; an experimental
study. The Journal of bone and joint surgery American volume. 1958;40-a(6):1401-18.

61



78. Dower A, Davies MA, Ghahreman A. Pathologic Basis of Lumbar Radicular
Pain. World neurosurgery. 2019;128:114-21.

79. Takahashi N, Yabuki S, Aoki Y, Kikuchi S. Pathomechanisms of nerve root
injury caused by disc herniation: an experimental study of mechanical compression and
chemical irritation. Spine. 2003;28(5):435-41.

80. Scuderi GJ, Cuellar JM, Cuellar VG, Yeomans DC, Carragee EJ, Angst MS.
Epidural interferon gamma-immunoreactivity: a biomarker for lumbar nerve root irritation.
Spine. 2009;34(21):2311-7.

81. Brisby H, Olmarker K, Larsson K, Nutu M, Rydevik B. Proinflammatory
cytokines in cerebrospinal fluid and serum in patients with disc herniation and sciatica.
European spine journal : official publication of the European Spine Society, the.
2002;11(1):62-6.

82. Moen A, Lind AL, Thulin M, Kamali-Moghaddam M, Roe C, Gjerstad J, et al.
Inflammatory Serum Protein Profiling of Patients with Lumbar Radicular Pain One Year after
Disc Herniation. International journal of inflammation. 2016;2016:3874964.

83. Frymoyer JW. Lumbar disk disease: epidemiology. Instructional course
lectures. 1992;41:217-23.

84. Heliovaara M, Impivaara O, Sievers K, Melkas T, Knekt P, Korpi J, et al.
Lumbar disc syndrome in Finland. Journal of epidemiology and community health.
1987;41(3):251-8.

85. Younes M, Bejia I, Aguir Z, Letaief M, Hassen-Zrour S, Touzi M, et al.
Prevalence and risk factors of disk-related sciatica in an urban population in Tunisia. Joint,
bone, spine : revue du rhumatisme. 2006;73(5):538-42.

86. Konstantinou K, Dunn KM. Sciatica: review of epidemiological studies and
prevalence estimates. Spine. 2008;33(22):2464-72.

87. Heliovaara M, Makela M, Knekt P, Impivaara O, Aromaa A. Determinants of
sciatica and low-back pain. Spine. 1991;16(6):608-14.

88. Carrino JA, Lurie JD, Tosteson AN, Tosteson TD, Carragee EJ, Kaiser J, et al.
Lumbar spine: reliability of MR imaging findings. Radiology. 2009;250(1):161-70.

89. Tertti MO, Salminen JJ, Paajanen HE, Terho PH, Kormano MJ. Low-back pain

and disk degeneration in children: a case-control MR imaging study. Radiology.
1991;180(2):503-7.

90. Erkintalo MO, Salminen JJ, Alanen AM, Paajanen HE, Kormano MJ.
Development of degenerative changes in the lumbar intervertebral disk: results of a
prospective MR imaging study in adolescents with and without low-back pain. Radiology.
1995;196(2):529-33.

91. Lee JY, Ernestus RI, Schroder R, Klug N. Histological study of lumbar
intervertebral disc herniation in adolescents. Acta neurochirurgica. 2000;142(10):1107-10.
92. Gelalis ID, Papanastasiou EI, Theodorou DJ, Theodorou SJ, Pakos EE,

Samoladas E, et al. Postoperative MRI findings 5 years after lumbar microdiscectomy.
European journal of orthopaedic surgery & traumatology : orthopedie traumatologie.
2019;29(2):313-20.

93. The National Board of Health and Welfare [Socialstyrelsen]. The National
Patient Register. Unpublished data retrieved May 2017. http://www.socialstyrelsen.se/.

62


http://www.socialstyrelsen.se/

94. Jansson KA, Nemeth G, Granath F, Blomqvist P. Surgery for herniation of a
lumbar disc in Sweden between 1987 and 1999. An analysis of 27,576 operations. The
Journal of bone and joint surgery British volume. 2004;86(6):841-7.

95. Sundhedsdatastyrelsen. The Danish National Patient Registry available at
http://esundhed.dk/sundhedsregistre/LPR/Sider/LPRO6A.aspx. Accessed at Apr. 19 2017.

96. The Norwegian Directorate of Health [Helsedirektoratet]. The Norwegian
Patient Registry. Unpublished data retrieved May 2017. https://helsedirektoratet.no/.

97. Rutkow IM. Orthopaedic operations in the United States, 1979 through 1983.
The Journal of bone and joint surgery American volume. 1986;68(5):716-9.

98. Pokras R, Graves EJ, Dennison CF. Surgical operations in short-stay hospitals:
United States, 1978. Vital and health statistics Series 13, Data from the National Health
Survey. 1982(61):1-56.

99. Benn RT, Wood PH. Pain in the back: An attempt to estimate the size of the
problem. Rheumatology and rehabilitation. 1975;14(3):121-8.

100. Cherkin DC, Deyo RA, Loeser JD, Bush T, Waddell G. An international
comparison of back surgery rates. Spine. 1994;19(11):1201-6.

101. Epstein JA, Lavine LS. HERNIATED LUMBAR INTERVERTEBRAL
DISCS IN TEEN-AGE CHILDREN. Journal of neurosurgery. 1964;21:1070-5.

102. Grobler LJ, Simmons EH, Barrington TW. Intervertebral disc herniation in the
adolescent. Spine. 1979;4(3):267-78.

103. Wahlstrom J, Burstrom L, Nilsson T, Jarvholm B. Risk factors for
hospitalization due to lumbar disc disease. Spine. 2012;37(15):1334-9.

104. Samartzis D, Karppinen J, Chan D, Luk KD, Cheung KM. The association of
lumbar intervertebral disc degeneration on magnetic resonance imaging with body mass
index in overweight and obese adults: a population-based study. Arthritis and rheumatism.
2012;64(5):1488-96.

105. DelLuca PF, Mason DE, Weiand R, Howard R, Bassett GS. Excision of
herniated nucleus pulposus in children and adolescents. Journal of pediatric orthopedics.
1994;14(3):318-22.

106. Matsui H, Terahata N, Tsuji H, Hirano N, Naruse Y. Familial predisposition
and clustering for juvenile lumbar disc herniation. Spine. 1992;17(11):1323-8.

107. Matsui H, Tsuji H, Terahata N. Juvenile lumbar herniated nucleus pulposus in
monozygotic twins. Spine. 1990;15(11):1228-30.

108. Gunzburg R, Fraser RD, Fraser GA. Lumbar intervertebral disc prolapse in
teenage twins. A case report and review of the literature. The Journal of bone and joint
surgery British volume. 1990;72(5):914-6.

109. Obukhov SK, Hankenson L, Manka M, Mawk JR. Multilevel lumbar disc
herniation in 12-year-old twins. Child's nervous system : ChNS : official journal of the
International Society for Pediatric Neurosurgery. 1996;12(3):169-71.

110. Stromqvist F, Stromqvist B, Jonsson B, Gerdhem P, Karlsson MK. Lumbar
disc herniation surgery in children: outcome and gender differences. European spine journal :
official publication of the European Spine Society, the. 2016;25(2):657-63.

63


http://esundhed.dk/sundhedsregistre/LPR/Sider/LPR06A.aspx
https://helsedirektoratet.no/

111 Samartzis D, Karppinen J, Mok F, Fong DY, Luk KD, Cheung KM. A
population-based study of juvenile disc degeneration and its association with overweight and
obesity, low back pain, and diminished functional status. The Journal of bone and joint
surgery American volume. 2011;93(7):662-70.

112. Legrand E, Bouvard B, Audran M, Fournier D, Valat JP. Sciatica from disk
herniation: Medical treatment or surgery? Joint Bone Spine. 2007;74(6):530-5.

113. Schoenfeld AJ, Weiner BK. Treatment of lumbar disc herniation: Evidence-
based practice. International journal of general medicine. 2010;3:209-14.

114. Dang L, Liu Z. A review of current treatment for lumbar disc herniation in
children and adolescents. European spine journal : official publication of the European Spine
Society, the. 2010;19(2):205-14.

115. Ito T, Takano Y, Yuasa N. Types of lumbar herniated disc and clinical course.
Spine. 2001;26(6):648-51.

116. Ebersold MJ, Quast LM, Bianco AJ, Jr. Results of lumbar discectomy in the
pediatric patient. Journal of neurosurgery. 1987;67(5):643-7.

117. Peul WC, van den Hout WB, Brand R, Thomeer RT, Koes BW, Leiden-The
Hague Spine Intervention Prognostic Study G. Prolonged conservative care versus early
surgery in patients with sciatica caused by lumbar disc herniation: two year results of a
randomised controlled trial. BMJ (Clinical research ed). 2008;336(7657):1355-8.

118. van den Hout WB, Peul WC, Koes BW, Brand R, Kievit J, Thomeer RT.
Prolonged conservative care versus early surgery in patients with sciatica from lumbar disc
herniation: cost utility analysis alongside a randomised controlled trial. BMJ (Clinical
research ed). 2008;336(7657):1351-4.

119. Lequin MB, Verbaan D, Jacobs WC, Brand R, Bouma GJ, Vandertop WP, et
al. Surgery versus prolonged conservative treatment for sciatica: 5-year results of a
randomised controlled trial. BMJ open. 2013;3(5).

120. Bailey CS, Rasoulinejad P, Taylor D, Sequeira K, Miller T, Watson J, et al.
Surgery versus Conservative Care for Persistent Sciatica Lasting 4 to 12 Months. The New
England journal of medicine. 2020;382(12):1093-102.

121. Kurth AA, Rau S, Wang C, Schmitt E. Treatment of lumbar disc herniation in
the second decade of life. European spine journal : official publication of the European Spine
Society, the. 1996;5(4):220-4.

122. Slotkin JR, Mislow JM, Day AL, Proctor MR. Pediatric disk disease.
Neurosurgery clinics of North America. 2007;18(4):659-67.
123. Gugliotta M, da Costa BR, Dabis E, Theiler R, Juni P, Reichenbach S, et al.

Surgical versus conservative treatment for lumbar disc herniation: a prospective cohort study.
BMJ open. 2016;6(12):e012938.

124, Vroomen PC, de Krom MC, Wilmink JT, Kester AD, Knottnerus JA. Lack of
effectiveness of bed rest for sciatica. The New England journal of medicine.
1999;340(6):418-23.

125. Gotfryd A, Avanzi O. A systematic review of randomised clinical trials using
posterior discectomy to treat lumbar disc herniations. International orthopaedics.
2009;33(1):11-7.

64



126. Fritzell P, Hagg O, Gerdhem P, Abbott A, Songsong A, Parai C, et al. Swespine
25 &r - Arsrapport 2018. Svensk Ryggkirurgisk Férening. 2018;avaiable at
http://swespine.se/180911 Swespine_-arsrapport_2018.pdf, accessed April 2nd 2020.

127. Tullberg T, Isacson J, Weidenhielm L. Does microscopic removal of lumbar
disc herniation lead to better results than the standard procedure? Results of a one-year
randomized study. Spine. 1993;18(1):24-7.

128. Shriver MF, Xie JJ, Tye EY, Rosenbaum BP, Kshettry VR, Benzel EC, et al.
Lumbar microdiscectomy complication rates: a systematic review and meta-analysis.
Neurosurgical focus. 2015;39(4):ES6.

129. Vik A, Zwart JA, Hulleberg G, Nygaard OP. Eight year outcome after surgery
for lumbar disc herniation: a comparison of reoperated and not reoperated patients. Acta
neurochirurgica. 2001;143(6):607-10; discussion 10-11.

130. Abdu RW, Abdu WA, Pearson AM, Zhao W, Lurie JD, Weinstein JN.
Reoperation for Recurrent Intervertebral Disc Herniation in the Spine Patient Outcomes
Research Trial: Analysis of Rate, Risk Factors, and Outcome. Spine. 2017;42(14):1106-14.

131. Carragee EJ, Han MY, Yang B, Kim DH, Kraemer H, Billys J. Activity
restrictions after posterior lumbar discectomy. A prospective study of outcomes in 152 cases
with no postoperative restrictions. Spine. 1999;24(22):2346-51.

132. Atlas SJ, Keller RB, Wu YA, Deyo RA, Singer DE. Long-term outcomes of
surgical and nonsurgical management of sciatica secondary to a lumbar disc herniation: 10
year results from the maine lumbar spine study. Spine. 2005;30(8):927-35.

133. Leven D, Passias PG, Errico TJ, Lafage V, Bianco K, Lee A, et al. Risk Factors
for Reoperation in Patients Treated Surgically for Intervertebral Disc Herniation: A
Subanalysis of Eight-Year SPORT Data. The Journal of bone and joint surgery American
volume. 2015;97(16):1316-25.

134. Fritzell P, Knutsson B, Sanden B, Stromqvist B, Hagg O. Recurrent Versus
Primary Lumbar Disc Herniation Surgery: Patient-reported Outcomes in the Swedish Spine
Register Swespine. Clinical orthopaedics and related research. 2015;473(6):1978-84.

135. Martin BI, Mirza SK, Flum DR, Wickizer TM, Heagerty PJ, Lenkoski AF, et
al. Repeat surgery after lumbar decompression for herniated disc: the quality implications of
hospital and surgeon variation. The spine journal : official journal of the North American
Spine Society. 2012;12(2):89-97.

136. Nykvist F, Hurme M, Alaranta H, Kaitsaari M. Severe sciatica: a 13-year
follow-up of 342 patients. European spine journal : official publication of the European Spine
Society, the. 1995;4(6):335-8.

137. Kim CH, Chung CK, Park CS, Choi B, Kim MJ, Park BJ. Reoperation rate
after surgery for lumbar herniated intervertebral disc disease: nationwide cohort study. Spine.
2013;38(7):581-90.

138. DeOrio JK, Bianco AJ, Jr. Lumbar disc excision in children and adolescents.
The Journal of bone and joint surgery American volume. 1982;64(7):991-6.
139. Birkmeyer NJ, Weinstein JN, Tosteson AN, Tosteson TD, Skinner JS, Lurie

JD, et al. Design of the Spine Patient outcomes Research Trial (SPORT). Spine.
2002;27(12):1361-72.

65


http://swespine.se/180911_Swespine_-arsrapport_2018.pdf

140. Endler P, Ekman P, Moller H, Gerdhem P. Outcomes of Posterolateral Fusion
with and without Instrumentation and of Interbody Fusion for Isthmic Spondylolisthesis: A
Prospective Study. The Journal of bone and joint surgery American volume. 2017;99(9):743-
52.

141. Danish Society of Spinal Surgery, Eiskjaer S, Gehrchen M, Hgjmark K,
Andersen M. DaneSpine Rygkirurgi i Danmark 2009-2012, Arsrapport 2012 available at
http://drksdanespine.dk/wm420129. Published Feb. 2013, accessed at March 23 2020.

142. Andersen M, Gehrchen M, Eiskjer S, Danish Society of Spinal Surgery.
DaneSpine Rygkirurgi Arsrapport 2015 available at http://drksdanespine.dk/dwn674731.
Published Apr. 2016, accessed at Apr. 07 2020. 2016.

143. Solberg T, Olsen L. Yearly report from Norwegian Registry for Spine Surgery
(NKR) 2014. [Arsrapport fra Nasjonalt kvalitetsregister for ryggkirurgi (NKR) 2014.]
available at
https://unn.no/Documents/Kvalitetsregistre/Nasjonalt%20kvalitetsregister%20for%20ryggkir
urgi/%C3%85rsrapporter/%C3%A5rsrapport NKR_2014.pdf. Published Sep. 2015, accessed
at March 23 2020.

144, Solberg T, Olsen L. Yearly report from Norwegian Registry for Spine Surgery
(NKR) 2013. [Arsrapport fra Nasjonalt kvalitetsregister for ryggkirurgi (NKR) 2013.]
available at
https://unn.no/Documents/Kvalitetsregistre/Nasjonalt%20kvalitetsregister%20for%20ryggkir
urgi/%C3%85rsrapporter/%C3%85rsrapport NKR_2013.pdf. Published Oct. 2014, accessed
at March 23 2020. University Hospital of Northern Norway (UNN).

145, Hagg O, Fritzell P, Oden A, Nordwall A. Simplifying outcome measurement:
evaluation of instruments for measuring outcome after fusion surgery for chronic low back
pain. Spine. 2002;27(11):1213-22.

146. Parai C, Hagg O, Lind B, Brisby H. The value of patient global assessment in
lumbar spine surgery: an evaluation based on more than 90,000 patients. European spine
journal : official publication of the European Spine Society, the. 2018;27(3):554-63.

147. Fairbank JC, Pynsent PB. The Oswestry Disability Index. Spine.
2000;25(22):2940-52; discussion 52.
148. van Hooff ML, Mannion AF, Staub LP, Ostelo RW, Fairbank JC.

Determination of the Oswestry Disability Index score equivalent to a "satisfactory symptom
state" in patients undergoing surgery for degenerative disorders of the lumbar spine-a Spine
Tango registry-based study. The spine journal : official journal of the North American Spine
Society. 2016;16(10):1221-30.

149. Solberg T, Johnsen LG, Nygaard OP, Grotle M. Can we define success criteria
for lumbar disc surgery? : estimates for a substantial amount of improvement in core outcome
measures. Acta orthopaedica. 2013;84(2):196-201.

150. Copay AG, Glassman SD, Subach BR, Berven S, Schuler TC, Carreon LY.
Minimum clinically important difference in lumbar spine surgery patients: a choice of
methods using the Oswestry Disability Index, Medical Outcomes Study questionnaire Short
Form 36, and pain scales. The spine journal : official journal of the North American Spine
Society. 2008;8(6):968-74.

151. Hagg O, Fritzell P, Nordwall A. The clinical importance of changes in outcome
scores after treatment for chronic low back pain. European spine journal : official publication
of the European Spine Society, the. 2003;12(1):12-20.

66


http://drksdanespine.dk/wm420129
http://drksdanespine.dk/dwn674731
https://unn.no/Documents/Kvalitetsregistre/Nasjonalt%20kvalitetsregister%20for%20ryggkirurgi/%C3%85rsrapporter/%C3%A5rsrapport_NKR_2014.pdf
https://unn.no/Documents/Kvalitetsregistre/Nasjonalt%20kvalitetsregister%20for%20ryggkirurgi/%C3%85rsrapporter/%C3%A5rsrapport_NKR_2014.pdf
https://unn.no/Documents/Kvalitetsregistre/Nasjonalt%20kvalitetsregister%20for%20ryggkirurgi/%C3%85rsrapporter/%C3%85rsrapport_NKR_2013.pdf
https://unn.no/Documents/Kvalitetsregistre/Nasjonalt%20kvalitetsregister%20for%20ryggkirurgi/%C3%85rsrapporter/%C3%85rsrapport_NKR_2013.pdf

152. Ostelo RW, Deyo RA, Stratford P, Waddell G, Croft P, Von Korff M, et al.
Interpreting change scores for pain and functional status in low back pain: towards
international consensus regarding minimal important change. Spine. 2008;33(1):90-4.

153. Asher AL, Kerezoudis P, Mummaneni PV, Bisson EF, Glassman SD, Foley
KT, et al. Defining the minimum clinically important difference for grade I degenerative
lumbar spondylolisthesis: insights from the Quality Outcomes Database. Neurosurgical focus.
2018;44(1):E2.

154, Brooks R. EuroQol: the current state of play. Health policy (Amsterdam,
Netherlands). 1996;37(1):53-72.

155. Dolan P. Modeling valuations for EuroQol health states. Med Care.
1997;35(11):1095-108.

156. Burstrom K, Johannesson M, Diderichsen F. Health-related quality of life by
disease and socio-economic group in the general population in Sweden. Health policy
(Amsterdam, Netherlands). 2001;55(1):51-69.

157. Briggs M. A descriptive study of the use of visual analogue scales and verbal
rating scales for the assessment of postoperative pain in orthopedic patients. Journal of Pain
and Symptom Management. 1999;18(6):438-46.

158. Lee KA, Kieckhefer GM. Measuring human responses using visual analogue
scales. Western journal of nursing research. 1989;11(1):128-32.

159. Zanoli G. Outcome assessment in lumbar spine surgery. Acta orthopaedica
Supplementum. 2005;76(318):5-47.

160. Hjermstad MJ, Fayers PM, Haugen DF, Caraceni A, Hanks GW, Loge JH, et
al. Studies comparing Numerical Rating Scales, Verbal Rating Scales, and Visual Analogue
Scales for assessment of pain intensity in adults: a systematic literature review. J Pain
Symptom Manage. 2011;41(6):1073-93.

161. Ware JE, Jr. SF-36 health survey update. Spine. 2000;25(24):3130-9.

162. Badhiwala JH, Witiw CD, Nassiri F, Akbar MA, Jaja B, Wilson JR, et al.
Minimum Clinically Important Difference in SF-36 Scores for Use in Degenerative Cervical
Myelopathy. Spine. 2018;43(21):E1260-€6.

163. Modic MT, Masaryk TJ, Ross JS, Carter JR. Imaging of degenerative disk
disease. Radiology. 1988;168(1):177-86.
164. Craig CL, Marshall AL, Sjostrom M, Bauman AE, Booth ML, Ainsworth BE,

et al. International physical activity questionnaire: 12-country reliability and validity.
Medicine and science in sports and exercise. 2003;35(8):1381-95.

165. IPAQ Research Committee. Guidelines for Data Processing and analysis of the
International Physical Activity Questionnaire (IPAQ) — Short and Long Forms 2005.
Available from:

https://docsgooglecom/viewer?a=v&pid=sites&srcid=Z2GVmY XVsdGRvbWFpbnx0aGVpc
GFxfGd40jJEONDgxMDK3NDU1YWRIZTM Accessed on Feb 24, 2020.

166. Saltin B, Grimby G. Physiological analysis of middle-aged and old former
athletes. Comparison with still active athletes of the same ages. Circulation. 1968;38(6):1104-
15.

67


https://docsgooglecom/viewer?a=v&pid=sites&srcid=ZGVmYXVsdGRvbWFpbnx0aGVpcGFxfGd4OjE0NDgxMDk3NDU1YWRlZTM
https://docsgooglecom/viewer?a=v&pid=sites&srcid=ZGVmYXVsdGRvbWFpbnx0aGVpcGFxfGd4OjE0NDgxMDk3NDU1YWRlZTM

167. loannidis JP, Haidich AB, Pappa M, Pantazis N, Kokori S, Tektonidou MG, et
al. Comparison of evidence of treatment effects in randomized and nonrandomized studies.
Jama. 2001;286(7):821-30.

168. Jacobs WC, Kruyt MC, Verbout AJ, Oner FC. Spine surgery research: on and
beyond current strategies. The spine journal : official journal of the North American Spine
Society. 2012;12(8):706-13.

169. Benson K, Hartz AJ. A comparison of observational studies and randomized,
controlled trials. The New England journal of medicine. 2000;342(25):1878-86.

170. Concato J, Shah N, Horwitz RIl. Randomized, controlled trials, observational
studies, and the hierarchy of research designs. The New England journal of medicine.
2000;342(25):1887-92.

171. Burstrom K, Johannesson M, Diderichsen F. Swedish population health-related
quality of life results using the EQ-5D. Quality of life research : an international journal of
quality of life aspects of treatment, care and rehabilitation. 2001;10(7):621-35.

172. Sedgwick P. Bias in observational study designs: case-control studies. BMJ
(Clinical research ed). 2015;350:h560.

173. Grimes DA, Schulz KF. Compared to what? Finding controls for case-control
studies. Lancet (London, England). 2005;365(9468):1429-33.

174. Schulz KF, Grimes DA. Case-control studies: research in reverse. Lancet
(London, England). 2002;359(9304):431-4.

175. Rothman, Greenland KSJ. Validity and Generalizability in Epidemiologic
Studies. 2005. p. 5662-8.

176. Kang H. The prevention and handling of the missing data. Korean journal of
anesthesiology. 2013;64(5):402-6.

177. Elkan P, Lagerback T, Moller H, Gerdhem P. Response rate does not affect

patient-reported outcome after lumbar discectomy. European spine journal : official
publication of the European Spine Society, the. 2018;27(7):1538-46.

178. Curtis K, Youngquist ST. Part 21: categoric analysis: Pearson chi-square test.
Air medical journal. 2013;32(4):179-80.

179. Welch BL. The generalisation of student's problems when several different
population variances are involved. Biometrika. 1947;34(1-2):28-35.

180. Ruxton GD. The unequal variance t-test is an underused alternative to Student's
t-test and the Mann—Whitney U test. Behavioral Ecology. 2006;17(4):688-90.

181. Miller GA, Chapman JP. Misunderstanding analysis of covariance. Journal of
abnormal psychology. 2001;110(1):40-8.

182. Wilcoxon F. Individual Comparisons by Ranking Methods. Biometrics
Bulletin. 1945;1(6):80-3.

183. McNemar Q. Note on the sampling error of the difference between correlated
proportions or percentages. Psychometrika. 1947;12(2):153-7.

184. Markowski CA, Markowski EP. Conditions for the Effectiveness of a
Preliminary Test of Variance. The American Statistician. 1990;44(4):322-6.

68



185. Gudicha DW, Schmittmann VD, Vermunt JK. Statistical power of likelihood
ratio and Wald tests in latent class models with covariates. Behavior research methods.
2017;49(5):1824-37.

186. Marill KA. Advanced statistics: linear regression, part Il: multiple linear
regression. Academic emergency medicine : official journal of the Society for Academic
Emergency Medicine. 2004;11(1):94-102.

187. Cox DR. Regression Models and Life-Tables. Journal of the Royal Statistical
Society Series B (Methodological). 1972;34(2):187-220.
188. Endler P, Ekman P, Hellstrom F, Moller H, Gerdhem P. Minor effect of loss to

follow-up on outcome interpretation in the Swedish spine register. European spine journal :
official publication of the European Spine Society, the. 2019.

189. Solberg TK, Sorlie A, Sjaavik K, Nygaard OP, Ingebrigtsen T. Would loss to
follow-up bias the outcome evaluation of patients operated for degenerative disorders of the
lumbar spine? Acta orthopaedica. 2011;82(1):56-63.

190. Verma K, Lonner B, Toombs CS, Ferrise P, Wright B, King AB, et al.
International utilization of the SRS-22 instrument to assess outcomes in adolescent idiopathic
scoliosis: what can we learn from a medical outreach group in Ghana? Journal of pediatric
orthopedics. 2014;34(5):503-8.

191. Diarbakerli E, Grauers A, Gerdhem P. Population-based normative data for the
Scoliosis Research Society 22r questionnaire in adolescents and adults, including a
comparison with EQ-5D. European spine journal : official publication of the European Spine
Society, the. 2017;26(6):1631-7.

192. Nygaard OP, Kloster R, Solberg T. Duration of leg pain as a predictor of
outcome after surgery for lumbar disc herniation: a prospective cohort study with 1-year
follow up. Journal of neurosurgery. 2000;92(2 Suppl):131-4.

193. Madsbu MA, Salvesen O, Werner DAT, Franssen E, Weber C, Nygaard OP, et
al. Surgery for Herniated Lumbar Disc in Daily Tobacco Smokers: A Multicenter
Observational Study. World neurosurgery. 2018;109:e581-€7.

194, Sanden B, Forsth P, Michaelsson K. Smokers show less improvement than
nonsmokers two years after surgery for lumbar spinal stenosis: a study of 4555 patients from
the Swedish spine register. Spine. 2011;36(13):1059-64.

195. Peul WC, van Houwelingen HC, van den Hout WB, Brand R, Eekhof JA, Tans
JT, et al. Surgery versus prolonged conservative treatment for sciatica. The New England
journal of medicine. 2007;356(22):2245-56.

196. Jacobs WC, van Tulder M, Arts M, Rubinstein SM, van Middelkoop M, Ostelo
R, et al. Surgery versus conservative management of sciatica due to a lumbar herniated disc: a
systematic review. European spine journal : official publication of the European Spine
Society, the. 2011;20(4):513-22.

197. Eriksson T, Levin L. Utvérdering av vardval ryggkirurgi i Stockholms lan.
Centrum for utvardering av medicinsk teknologi, Linkdpings Universitet. Available at
http://liudiva-portalorg/smash/get/diva2:1253506/FULL TEXTO01pdf, accessed 14 Apr 2020.
2018.

198. Kim CH, Chung CK, Choi Y, Kim MJ, Yim D, Yang SH, et al. The Long-term
Reoperation Rate Following Surgery for Lumbar Herniated Intervertebral Disc Disease: A
Nationwide Sample Cohort Study With a 10-year Follow-up. Spine. 2019;44(19):1382-9.

69


http://liudiva-portalorg/smash/get/diva2:1253506/FULLTEXT01pdf

199. Huang W, Han Z, Liu J, Yu L, Yu X. Risk Factors for Recurrent Lumbar Disc
Herniation: A Systematic Review and Meta-Analysis. Medicine. 2016;95(2):e2378.

200. Mannion AF, Porchet F, Kleinstuck FS, Lattig F, Jeszenszky D, Bartanusz V, et
al. The quality of spine surgery from the patient's perspective. Part 1: the Core Outcome
Measures Index in clinical practice. European spine journal : official publication of the
European Spine Society, the. 2009;18 Suppl 3:367-73.

201. Fekete TF, Loibl M, Jeszenszky D, Haschtmann D, Banczerowski P,
Kleinstuck FS, et al. How does patient-rated outcome change over time following the surgical
treatment of degenerative disorders of the thoracolumbar spine? European spine journal :
official publication of the European Spine Society, the. 2018;27(3):700-8.

202. Asher AL, Chotai S, Devin CJ, Speroff T, Harrell FE, Jr., Nian H, et al.
Inadequacy of 3-month Oswestry Disability Index outcome for assessing individual longer-
term patient experience after lumbar spine surgery. Journal of neurosurgery Spine.
2016;25(2):170-80.

203. Parker SL, Asher AL, Godil SS, Devin CJ, McGirt MJ. Patient-reported
outcomes 3 months after spine surgery: is it an accurate predictor of 12-month outcome in
real-world registry platforms? Neurosurgical focus. 2015;39(6):E17.

204. Parai C, Hagg O, Lind B, Brisby H. Follow-up of degenerative lumbar spine
surgery-PROMs stabilize after 1 year: an equivalence study based on Swespine data.
European spine journal : official publication of the European Spine Society, the.
2019;28(9):2187-97.

205. Park KB, Shin JS, Lee J, Lee YJ, Kim MR, Lee JH, et al. Minimum Clinically
Important Difference and Substantial Clinical Benefit in Pain, Functional, and Quality of Life
Scales in Failed Back Surgery Syndrome Patients. Spine. 2017;42(8):E474-e81.

206. Maatta JH, Rade M, Freidin MB, Airaksinen O, Karppinen J, Williams FMK.
Strong association between vertebral endplate defect and Modic change in the general
population. Scientific reports. 2018;8(1):16630.

207. Bendix T, Kjaer P, Korsholm L. Burned-out discs stop hurting: fact or fiction?
Spine. 2008;33(25):E962-7.
208. Takatalo J, Karppinen J, Niinimaki J, Taimela S, Nayha S, Mutanen P, et al.

Does lumbar disc degeneration on magnetic resonance imaging associate with low back
symptom severity in young Finnish adults? Spine. 2011;36(25):2180-9.

2009. Herlin C, Kjaer P, Espeland A, Skouen JS, Leboeuf-Yde C, Karppinen J, et al.
Modic changes-Their associations with low back pain and activity limitation: A systematic
literature review and meta-analysis. PloS one. 2018;13(8):e0200677.

210. Steffens D, Hancock MJ, Maher CG, Williams C, Jensen TS, Latimer J. Does
magnetic resonance imaging predict future low back pain? A systematic review. European
journal of pain (London, England). 2014;18(6):755-65.

211. Ract I, Meadeb JM, Mercy G, Cueff F, Husson JL, Guillin R. A review of the
value of MRI signs in low back pain. Diagnostic and interventional imaging. 2015;96(3):239-
49.

212. Rahyussalim AJ, Zufar MLL, Kurniawati T. Significance of the Association
between Disc Degeneration Changes on Imaging and Low Back Pain: A Review Article.
Asian spine journal. 2019.

70



213. Tarukado K, Ono T, Tono O, Tanaka H, Ikuta K, Harimaya K, et al. Does
Modic Change Progresss With Age? Spine. 2017;42(23):1805-9.

214, Udby PM, Bendix T, Ohrt-Nissen S, Lassen MR, Sorensen JS, Brorson S, et al.
Modic Changes Are Not Associated With Long-term Pain and Disability: A Cohort Study
With 13-year Follow-up. Spine. 2019;44(17):1186-92.

71



