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General introduction and outline

Lumbosacral radiculopathy, often used interchangeably with sciatica in the
literature despite referring more broadly to a condition of the lumbar or sacral
nerve roots, is a neurological disorder with a reported lifetime prevalence of up
to 43% [1]. Generally, it is characterized by unilateral radicular pain extending
along one of the exiting nerve roots and is caused by either lumbosacral disc
herniation (LDH) or degenerative spinal stenosis (LSS) due to age-related disc
degeneration, hypertrophy of the ligamentum flavum and zygapophyseal joint,
and osteophyte formation [2]. Radicular pain is frequently accompanied by
functional impairments, back pain and motor-sensory deficits [3]. Originally,
nerve root compression was assumed to be the primary cause of symptoms.
However, research over the past decades has demonstrated that a significant
proportion of patients exhibit severe symptoms despite the absence of nerve
root compression on imaging. Conversely, some patients present with clear
radiological evidence of nerve root impingement but experience little to no
symptoms [4-6]. As a result, the general idea has changed and it is now ac-
cepted that the pathophysiology of lumbosacral radiculopathy is a multifaceted
interplay involving inflammatory processes and immunological responses in
conjunction with mechanical compression [7-10]. Exposure of the nerve root to
nucleus pulposus material has been shown to elicit an inflammatory response,
including cytokine release and recruitment of pro-inflammatory cells, which
exacerbates pain and neural dysfunction. Stenosis can result in nerve root oe-
dema and inflammation caused by local ischemia as a result from congestion
of venous blood around the nerve root inducing cytokine release. Additionally,
vertebral end plate devascularization may strengthen this response [10-13].

Disease progression, however, usually differs as patients with LDH are younger
on average and have a more acute onset of symptoms which may aggravate
when coughing, sneezing or leg-straightening, while patients with LSS often
are older and experience gradually increasing symptoms that may exacerbate
during standing or walking. However, for both patient groups, the impact on
daily functioning can be severe, necessitating effective management strate-
gies [14]. Since lumbosacral radiculopathy due to LDH may follow a favorable,
self-limiting course, and patient outcomes after one year of follow-up have been
shown to be similar between surgical and non-surgical groups, initial treatment
is conservative for several weeks to months before considering imaging and
non-conservative interventions [15-18]. There is less consensus on the optimal
treatment approach for LSS, as its symptoms usually follow a more chronic
course, though some patients may still experience spontaneous resolution
of their symptoms [19-21]. In both patient groups, oral pain medication often
provides inadequate relief, and the substantial impact of the condition leads to
significant medical and socio-economic costs [22].
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Chapter1

One of the primary interventional treatments for lumbosacral radiculopathy is
an epidural steroid injection (ESI), which aims to mitigate inflammation and pro-
vide symptomatic relief. The origins of this technique date back to 1895 when
Bier anesthetized the lower body of one of his residents by injecting a cocaine
solution into the intrathecal space [23]. Building on this, Cathelin and Sicard
in the early 1900s adapted the approach by using the caudal route to remain
within the epidural space [24,25], and it was not until the 1950s that Robecchi
and Capra introduced the first periradicular steroid injection with hydrocor-
tisone, laying the foundation for modern ESI [26]. In addition to the caudal
approach, interlaminar and transforaminal techniques have been developed.
Particularly the transforaminal epidural steroid injection (TEIl) approach is now
widely employed as it is considered the most selective one of techniques to
deliver corticosteroids near the affected nerve root.

Given its potential to reduce inflammatory mediators and modulate immune re-
sponses [11,27-29], TEl is commonly administered as a minimally invasive alter-
native for patients with lumbar radiculopathy who do not respond adequately to
conservative treatment [30]. However, its efficacy remains a topic of debate due
to inconsistent findings in the literature. While some studies report significant
pain relief and functional improvement, others suggest only limited benefits
compared to placebo treatments. A 2012 systematic review and meta-analysis
by Pinto et al. found a slight favour for corticosteroids but questioned the clini-
cal utility [31]. Since then, several additional randomized controlled trials have
been conducted, specifically for the transforaminal approach, highlighting the
need for a renewed evaluation of the effectiveness of TEI.

The effectiveness of TEl in patients with lumbosacral radiculopathy may depend
on the underlying etiology; however, this remains uncertain. The majority of
studies have focused on patients with MRI-confirmed LDH, while relatively few
have evaluated TEIl outcomes in those with radiculopathy due to other etiolo-
gies or in the absence of a compressive lesion on imaging [32,33]. The studies
that have compared the effect of TEl between patients with LDH and those with
other etiologies suggest comparable outcomes, though findings vary based on
the outcome measure and duration of follow-up [34-36]. If TEI provides symp-
tom relief independent of the underlying pathology, routine pre-treatment MRI
scans may not be necessary. One study specifically indicated that MRI prior to
TEI may be redundant, as it did not significantly influence treatment effective-
ness or clinical decision-making [36]. However, the overall body of evidence
remains constrained by the small number of studies and the lack of prospective
data.
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General introduction and outline

Beyond the underlying etiology of symptoms, no consensus exists regarding
other factors associated with TEIl effectiveness. Some studies suggest that
patients with a shorter duration of symptoms may experience greater benefit
from TEI compared to those with a more chronic history [32], or that early pain
relief following TEI could serve as a prognostic indicator of long-term outcomes
[37,38]. Various demographic, clinical, and radiological variables have been
explored; however, no strong conclusions have been drawn, largely due to the
considerable heterogeneity in patient populations, epidural steroid techniques,
and outcome measures. This lack of consistency has precluded the develop-
ment of a predictive model for TEI treatment success and, consequently, the
implementation of more patient-tailored therapeutic strategies for patients
suffering from lumbosacral radiculopathy.

AIMS AND OUTLINE OF THIS THESIS:

1. The only systematic review and meta-analysis comparing the effective-
ness of a transforaminal epidural steroid injection (TEI) to placebo - either
a transforaminal injection with saline or a sham-injection in the para-spinal
muscle - dates back to 2012 [31]. Since then, multiple randomized controlled
trials have been conducted, primarily evaluating transforaminal injections.
Given these new studies, a reassessment is warranted to determine whether
the additional data alter the existing conclusions. Therefore, this first aim
is to systematically review and update the current evidence on TEI efficacy
compared to placebo in patients with lumbosacral radiculopathy (Chapter
2).

2. TEl has become an increasingly popular treatment for patients with lumbo-
sacral radiculopathy. Since this condition can be caused by a variety of spinal
pathology, it is essential to determine whether TEI effectiveness depends on
the underlying etiology. Hence, the second aim is to assess the effectiveness
of TEIl in patients with MRI-confirmed lumbar disc herniation (LDH) com-
pared to those with alternative causes or no compressive lesion on imaging,
using data from a large retrospective cohort (Chapter 3).

3. To optimize treatment strategies, it is essential to identify factors that posi-
tively or negatively affect patient outcome after treatment with TEI. There-
fore, the third aim is to comprehensively review all studies that have exam-
ined demographic, clinical, or radiological parameters and their association
with the outcome of a single transforaminal injection in patients with lumbar
radiculopathy secondary to disc herniation or spinal stenosis (Chapter 4).

4. Current literature suggests that patients with a shorter duration of symp-
toms may benefit more from TEI. Moreover, there is some evidence that
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routine MRI before TElI may be redundant. At present, patients are treated
conservatively for several weeks to months before referral to a neurologist
and subsequent MRI examination. It is usually only after these steps that
they become eligible for TEIl or surgical intervention. During this period,
symptoms often remain inadequately managed, impairing daily function
and contributing to absenteeism. Given these findings, our fourth aim is to
investigate whether patients may benefit from early TElI administration. To
address this, we present the protocol for a randomized controlled trial com-
paring the effectiveness of TEI to usual care in patients experiencing acute
lumbar radiculopathy symptoms (Chapter 5).

The identification of prognostic factors for TEl is significantly limited by the
lack of large cohorts and prospective data. Furthermore, substantial het-
erogeneity in study designs and treatment protocols—combining outcomes
from caudal, interlaminar, and transforaminal injections using various corti-
costeroids—complicates personalizing treatment strategies. To achieve this,
the fifth aim is to develop a prediction model for TEl success. We present
the protocol for a large, multi-center, prospective cohort study designed
to assess the effects of TEIl in patients with MRI-confirmed disc herniation
or stenosis, congruent with clinical findings, and to identify demographic,
clinical and radiological parameters associated with treatment outcomes
(Chapter 6).

Vertebral endplate changes, known as Modic changes (MC), have been
proposed as markers of inflammatory processes and are associated with
disc herniation and less favorable outcomes after surgery [39-46]. It has
been suggested that the absence of MC correlates with reduced radicular
pain and improved clinical outcomes, whereas their presence may aggravate
symptoms [46]. Consequently, in patients with MC at the level of disc her-
niation, inflammation may play a more significant role, and TEI may be more
effective. The sixth aim is to assess this association using prospective data
from our large cohort study (Chapter 7).
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Chapter 2

ABSTRACT

Purpose

The purpose of this systematic review and meta-analysis was to determine
whether epidural steroid injections (ESI) are superior to epidural or non-epidural
placebo injections in sciatica patients.

Methods

The PubMed, Embase, Cochrane Library, and Web of science databases were
searched for trials comparing ESI to epidural or non-epidural placebo. Risk of
bias was assessed using the Cochrane RoB 2 tool. The primary outcome mea-
sures were pooled using a random-effects model for 6-week, 3-month, and
6-month follow-up. Secondary outcomes were described qualitatively. Quality
of evidence was graded using GRADE classification.

Results

Seventeen out of 732 articles were included. ES| was superior compared to epi-
dural placebo at 6 weeks (- 8.6 [~ 13.4; - 3.9]) and 3 months (- 5.2 [- 10.1; - 0.2])
for leg pain and at 6 weeks for functional status (- 4.1 [~ 6.5; — 1.6]), though the
minimally clinical important difference (MCID) was not met. There was no dif-
ference in ESI and placebo for back pain, except for non-epidural placebo at 3
months (6.9 [1.3; 12.5]). Proportions of treatment success were not different. ESI
reduced analgesic intake in some studies and complication rates are low.

Conclusion

The literature indicates that ESI induces larger improvements in pain and dis-
ability on the short term compared to epidural placebo, though evidence is of
low to moderate quality and MCID is not met. Strong conclusions for longer
follow-up or for comparisons with non-epidural placebo cannot be drawn due
to general low quality of evidence and limited number of studies. Epidural injec-
tions can be considered a safe therapy.
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INTRODUCTION

Sciatica is a common spinal condition with high reported lifetime prevalence
and is generally caused by a lumbosacral disc herniation (LDH) [1]. Patients
usually present with unilateral leg pain with ensuing disabilities. Other associ-
ated clinical manifestations include back pain, motor-sensory deficits, and
reflex abnormalities [2]. Despite the debilitating physical burden, sciatica has a
favourable prognosis due to its self-limiting essence and hence, most patients
are initially treated conservatively [3].

It is assumed that sciatica symptoms are triggered by a complex interaction of
compression-related, inflammatory, and immunological mechanisms [4]. Physi-
cal impingement of a nerve root from LDH is not necessarily sufficient to induce
pain, as a substantial group of patients presents with neural compromise on
imaging in absence of clinical symptoms and vice versa [5-7]. Possibly, in ad-
dition to nerve root compression, immunological and inflammatory processes
play a key role. Exposure to nucleus pulposus tissue is assumed to cause an
auto-immune response leading to cytokine production and involvement of
pro-inflammatory cells. Additionally, vertebral end plate devascularization may
strengthen this response [8-12].

These inflammatory processes are the primary target of epidural steroid injec-
tion (ESI) treatment. Through an interlaminar (IL), transforaminal (TF) or caudal
approach anti-inflammatory medication can be deposited in close proximity of
the affected nerve root, which is presumed to inhibit production of inflammatory
mediators and to downregulate the immunological response. Subsequently,
inflammation is decreased resulting in pain reduction and functional improve-
ment for the patient [8, 13-15]. Although several studies have investigated the
efficacy of ESI in comparison with placebo, they have generated inconsistent
results precluding an unequivocal recommendation on ESI therapy. However,
despite the lack of consensus on efficacy, this treatment has been firmly es-
tablished as a minimally invasive method for pain management in sciatica with
continuously increasing utilization rates [16-18]. Therefore, this review explores
the validity of ESI treatment compared to epidural and non-epidural placebo in
sciatica patients in current practice.
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METHODS

This systematic review and meta-analysis were conducted in accordance with
the PRISMA guidelines.

Search and selection

The PubMed, Embase, Cochrane Library and Web of Science databases were
searched on August 20, 2020, using an all-encompassing search strategy
constructed by an expert librarian. The search strategy combined strings for
randomized-controlled trials with sciatica patients, treatment with ESI com-
pared to epidural or non-epidural placebo and appropriate outcome measures
(ESM 1). Retrieved studies were selected first on title and abstract by three
independent reviewers (EV, CB, EA). Consequently, selected studies and previ-
ously published systematic reviews were subjected to citation tracking and all
obtained articles were reviewed in full text. In case of a discrepancy, consensus
was reached through discussion or consultation of a fourth reviewer (CVL).

Inclusion and exclusion criteria

Articles were eligible if they described an RCT that compared injection of ste-
roid into the epidural space with injection of placebo using the same technique
or with non-epidural placebo. All three techniques (caudal, IL and TF) were
accepted. Epidural placebo was defined either as an inert substance without
pharmacological activity (e.g. saline) or as a short-living local anaesthetic (e.g.
lidocaine) delivered to the epidural space. Non-epidural placebo was defined
as an inert substance without pharmacological activity administered into soft
tissue surrounding the lumbar spine (e.g. subcutaneous). Studies were eligible
if they provided data on sciatica patients, unless they only reported specifically
on patients with a stenosis, or if they provided data separately for a subgroup of
sciatica patients without stenosis. Studies were included if treatment efficacy
was assessed using a validated instrument for pain or disability in at least 20
patients for a minimum follow-up of 2 weeks. Studies that evaluated pain with-
out specifying whether this was leg pain were eligible as well, since leg pain is
usually worse than back pain in sciatica patients. For assessment of pain, the
visual analogue scale (VAS) and numerical rating scale (NRS) and for disability,
the Oswestry Disability Index (ODI) and Roland-Morris Disability Questionnaire
(RMDQ) were considered appropriate instruments. Only reports in English,
Dutch, German, French, or Spanish were accepted.
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Risk-of-bias assessment

The three reviewers individually assessed the risk of bias of included articles
using the Cochrane risk of bias tool (RoB 2) [19]. For the second domain, the ef-
fect of assignment to intervention was determined. In addition to the published
article, trial registrations and protocols were used if available to assess risk-of-
bias questions, or the corresponding author was contacted for clarification. Dif-
ferences between answers to the questions were resolved during a consensus
meeting. Data extraction and analysis Descriptive and quantitative data were
retrieved from each study by two reviewers independently with the third review-
er verifying the final data extraction sheet. Information was collected regarding
authors, publication date, patients, interventions, primary and secondary out-
comes and results. Leg pain, back pain and disability were assessed as the pri-
mary patient outcomes. Pain medication use and complications were assessed
as secondary outcomes. For continuous outcome data, means and standard
deviations (SD) and mean differences (MD) with corresponding standard error
(SE) and 95% confidence interval (Cl) adjusted for baseline differences were
collected. Alternatively, unadjusted MDs and SE were calculated preferring
the use of change scores to final values [20]. If SD was missing, the value was
imputed preferably using SD values from the same study or else from a com-
parable study. For dichotomous outcome data, absolute numbers, percentages,
risk ratio (RR) or odds ratio (OR) with SE or 95% CI were obtained. In case out-
come data were only presented graphically, numeric data was extracted from
the figure. Continuous data were converted to a 0-100 scale for comparability
purposes. Treatment arms of the same type within a study were combined (e.g.
three steroid groups were merged) and analysed as a single intervention group
[20].

Meta-analysis using random-effects model in R (R Foundation for Statistical
Computing, Vienna, Austria) was performed for pooling of primary outcomes
if patient groups were considered sufficiently clinically homogeneous. Results
were pooled separately for each epidural technique and together combining
all three approaches for three follow-up timeframes: 6 weeks, 3 months and 6
months. Sensitivity analyses were performed for the combined pooled estimate.
Sensitivity analysis for heterogeneity (12) was conducted when 12 > 25%. Publica-
tion bias was assessed using funnel plots and Egger’s test but only discussed
if assessment included at least five studies [21]. Quality of evidence for pooled
results was graded using the GRADE system [22]. Secondary outcomes were
assessed qualitatively. Detailed study data and figures are available as Elec-
tronic Supplementary Material (ESM).
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RESULTS

Article selection

The search yielded a total of 413 unique references of which 57 articles were
selected for full-text assessment. Ultimately, 17 reports [15, 23-38] were in-
cluded for this review (Fig. 1). Thirteen articles focussed on epidural placebo [15,
24-27, 29, 32-38], two on non-epidural placebo [23, 30] and two included both
placebo groups [28, 31]. A more elaborate overview of study characteristics is
given in ESM 2.

c
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@
=
A 4 A 4
PR Records after duplicates removed
(n=413)
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3 (n=57) e NORCT(n=17)
é” e Results from same
il trial (n = 4)
e Inappropriate
Studies included in patient selection
qualitative synthesis (n=9)
(n=17) e Inappropriate
treatment (n = 1)
° v e Inappropriate
S outcome measure
S Studies included in (n=8)
£ quantitative synthesis e Language (n=1)
(meta-analysis)
(n=17)

Fig.1Flowchart of the article search and selection process
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Risk-of-bias assessment

Of the 17 trials, five were considered low risk of bias [23, 26, 28, 31, 32], two
raised some concerns [15, 30] and ten studies were scored as high-risk [24,
25, 27, 29, 33-38]. Initially, the five low-risk reports were categorized as raising
some concerns only due to unavailability of a pre-specified statistical analysis
plan. Since a statistical analysis plan was unavailable for all studies, these five
trials were judged as low risk (ESM 3).

An overview of study data used for meta-analysis is given in ESM 4. Publication
bias data is presented in ESM 10.

Treatment effect on leg pain

Epidural steroid versus epidural placebo

For 6-week and for 3-month follow-up, the pooled estimate favoured ESI to
epidural placebo for reduction of leg pain. Pooling for 6-month follow-up only
demonstrated a statistically significant difference after exclusion of three stud-
ies [29, 32, 36] for heterogeneity (Table 1) (ESM 7). Assessment of publication
bias was inconclusive for 3- and 6-month follow-up and showed an absence
for 6-week follow-up. Sensitivity analyses demonstrated various changes in
direction of the pooled estimate for all follow-up timeframes with the most pro-
nounced shift being between sciatica patients with a radiological and patients
with a clinical diagnosis for 6-week follow-up (ESM 11).

GRADE quality of evidence: low (ESM 12).

Table 1 Pooled effect estimates from continuous data for leg pain and adjusted for sensi-
tivity analysis of heterogeneity

Primary analysis Sensitivity analysis for heterogeneity
Num- Num- MD P- 12 Num- Num- MD P- 12
berof berof (95%CIl) value berof berof (95%CIl) value
stud- pa- stud- pa-
ies tients ies tients

Epidural steroid vs. epidural placebo

6-week 10 997 -8.6 <0.01 70% 7 =5 <0.01 14%
FU (-13.4; -3.9) (-8.7;-3.2)
3-month 10 188 -5.2(-10.1; 0.04 83% 7 -6.8 <0.01 25%
FU -0.2) (-10.3;-3.2)
6-month 7 677 -2.7 0.31 75% 4 -5.1 <0.01 0%
FU (-8.0; 2.6) (-8.0; -2.3)
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Table 1 Pooled effect estimates from continuous data for leg pain and adjusted for sensi-
tivity analysis of heterogeneity (continued)

Primary analysis Sensitivity analysis for heterogeneity
Num- Num- MD P- I? Num- Num- MD P- ?
berof berof (95%Cl) value berof berof (95%CIl) value
stud- pa- stud- pa-
ies tients ies tients

Epidural steroid vs. non-epidural placebo

6-week 4 399 -8.1 0.10 80% 2 -0.1 0.97 0%
FU (-17.8; 1.6) (-3.9;3.7)

3-month 3 337 -1.0 0.90 92% ’ - - -

FU (-17.9;15.8)

6-month 2 294 1.7 0.38 0% ’ = = =

FU (-2.1;5.4)

A negative MD indicates a favour for ESI; a positive MD indicates a favour for placebo
Cl confidence interval, FU follow-up, MD mean difference

" The limited number of studies did not allow for sensitivity analysis of heterogeneity

Epidural steroid versus non-epidural placebo

When comparing ESI to non-epidural placebo, the pooled estimate was non-
significant for all three follow-up periods (Table 1) (ESM 7). Sensitivity analyses
could only be performed for 6-week and 3-month follow-up and demonstrated
large differences between effect estimates (ESM 11).

GRADE quality of evidence: low (6-week and 6-month) and moderate (3-month)
(ESM 12).

Treatment effect on back pain

Epidural steroid versus epidural placebo

The pooled effect estimate was not significantly different between ESI and
epidural placebo for all follow-up time frames (Table 2) (ESM 8). Sensitivity
analyses affected the 6-week pooled result only slightly, whereas for 3-month
follow-up larger variations were observed. For 6-month follow-up, sensitivity
analysis showed favour for ESI when fluoroscopic image guidance was used and
in patients with (sub) acute symptoms (ESM 11).

GRADE quality of evidence: moderate (6-week), very low (3-month) and low
(6-month) (ESM 12).
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Table 2 Pooled effect estimates from continuous data for back pain

Primary analysis
Number of Number of MD (95% ClI) P-value I?
studies patients

Epidural steroid vs. epidural placebo

6-week FU 3 290 -2.9(-6.8;0.9) 0.14 0%
3-month FU 2 227 0.7 (-23.5; 25.0) 0.95 Q4%
6-month FU 2 225 -4.9(19.9;10.2) 0.53 84%
Epidural steroid vs. non-epidural placebo

6-week FU 2 302 -1.7 (-6.6; 3.1) 0.49 34%
3-month FU 2 298 6.9 (1.3;12.5) 0.02 42%
6-month FU 2 294 1.3(-2.2; 4.9) 0.46 0%

A negative MD indicates a favour for ESI; a positive MD indicates a favour for placebo.
Sensitivity analysis of heterogeneity was not feasible for all follow-up time-frames due to
the limited number of studies.

Cl confidence interval, FU follow-up, MD mean difference

" The limited number of studies did not allow for sensitivity analysis of heterogeneity

Epidural steroid versus non-epidural placebo

The pooled effect estimate was only statistically significant for 3-month follow-
up in favour of non-epidural placebo (Table 2) (ESM 8). Sensitivity analyses were
not feasible due to the limited number of studies included.

GRADE quality of evidence: moderate (ESM 12).

Treatment effect on functional status

Epidural steroid versus epidural placebo

ESI was favoured to placebo for improvement of disability at 6-week follow-up,
and at 3-month follow-up after

adjustment for heterogenic studies [31]. For 6-month follow-up, none of the
interventions was favoured (Table 3) (ESM 9). Assessment of publication bias
was inconclusive. Sensitivity analyses resulted in different pooled estimates at 3
and 6-month follow-up (ESM 11).

GRADE quality of evidence: moderate (6-week), low (3-month) and very low
(6-month) (ESM 12).
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Table 3 Pooled effect estimates from continuous data for functional status and adjusted
for sensitivity analysis of heterogeneity

Primary analysis Sensitivity analysis for heterogeneity
Num- Num- MD P- ? Num- Num- MD P- P
berof berof (95%Cl) value ber of ber of (95% ClI) value
stud- pa- stud- pa-
ies tients ies tients

Epidural steroid vs. epidural placebo

6-week 6 624 -41 <0.01 35% 5 -2.5 0.01 0%
FU (-6.5; -1.6) (-4.5;-0.5)

3-month 9 981 -2.5 010 71% 8 -4.1 <0.01 0%
FU (-5.5;0.5) (-5.9; -2.3)

6-month 6 653 -1.0 0.67 84% 2 -2.6(-6.1;0.8) 014 0%
FU (-5.4; 3.5)

Epidural steroid vs. non-epidural placebo

6-week 2 302 -0.8 0.52 25% : - - - -
FU (-3.3;1.6)

3-month 2 298 4.0 0.26 83% ’ - - - -
FU (-3.0; 11.0)

6-month 2 294 2.8 0.41 84% ’ - - - -
FU (-3.9; 9.5)

A negative MD indicates a favour for ESI; a positive MD indicates a favour for placebo.
Cl: confidence interval; FU: follow-up; MD: mean difference

" The limited number of studies did not allow for sensitivity analysis of heterogeneity
Epidural steroid versus non-epidural placebo

The effect estimate favoured none of the interventions for 6-week, 3- and
6-month follow-up (Table 3) (ESM 9). Sensitivity analyses were not feasible due
to the limited number of studies included.

GRADE quality of evidence: moderate (ESM 12).

Proportions of treatment success

For studies with treatment success defined as = 50% improvement in pain
scores, neither ESI nor epidural pla-

cebo were favoured at 6-week, 3-month and 6-month follow-up (Table 4) (ESM
7). Sensitivity analyses produced varying results with mostly minor differences

in effect estimates (ESM 11).

GRADE quality of evidence: high (6-week) and very low (3-month and 6-month)
(ESM 12).
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Table 4 Pooled effect estimates from proportional data for leg pain and functional status,
and adjusted for sensitivity analysis of heterogeneity

Primary analysis Sensitivity analysis for heterogeneity
Num- Num- RR P- I? Num- Num- RR(95% P- I?
berof berof (95%Cl) value ber of ber of Cl) value
stud- pa- stud- pa-
ies tients ies tients
>50% improvement in pain scores
6-week 2 150 2.3 0.08 81% = = = =
FU (0.9;5.9)
3-month 5 487 11 015 51% 4 418 11 0.29 0%
FU (1.0;1.3) (1.0;1.2)
6-month 5 487 11 0.24 60% 2 178 1.0 0.98 24%
FU (0.9;-1.3) (0.7,1.4)
>50% improvement in ODI scores
3-month 3 360 11 0.43 28% 2 240 11 0.09 0%
FU (0.9;1.2) (1.0; 1.3)
6-month 3 360 11 0.50 72% 2 240 1.0 0.66 0%
FU (0.9;1.4) (0.8;1.1)

A negative MD indicates a favour for ESI; a positive MD indicates a favour for placebo.
Cl: confidence interval; FU: follow-up; RR: risk ratio

" The limited number of studies did not allow for sensitivity analysis of heterogeneity

Pooling of success data on disability (= 50% improvement in ODI scores) fa-
voured none of the interventions for 3- and 6-month follow-up, while 6-week
data was lacking (Table 4) (ESM 9). Sensitivity analyses were not feasible due to
similarity in methodology between trials.

GRADE quality of evidence: very low (ESM 12).

Success data from non-epidural placebo studies could not be pooled due to
varying definitions of success. Data on proportions of treatment success are
summarized in ESM 5.

Treatment effect on pain medication use

Acetaminophen use was significantly more reduced after ESI at 6 weeks, but
not at 3 weeks [25]. Diclofenac usage was described in one study [27], but the
results seemed unrealistic as an inordinate maximum daily intake of 26 tab-
lets was recorded. (Non)opioid analgesic usage was not found to be different
between treatments at one month [26], while stronger NSAID and morphine
reductions were observed after ES| at 6 weeks [31]. Three other trials all dem-
onstrated equal morphine equivalents during 2-year follow-up [34-36]. For
analgesic usage after ESI and non-epidural placebo [23, 30], no significant
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differences between treatment groups were found for up to 1-year follow-up.
These data are summarized in ESM 6.

Adverse events

Five articles [28, 30, 33, 34, 37] reported absence of any complication due to ESI
or placebo during follow-up. Of the remaining 12 trials, one study [32] described
a retroperitoneal hematoma after ESI. Several studies [25, 34-36] mentioned
periprocedural complications without adverse consequences: dural punctures
(1.5% of procedures) [25, 35], intravascular infiltrations (4.1%) [29, 36], nerve
root irritations (1.5%) [36] and vasovagal response after placebo (0.8%) [29].
Several minor adverse events similarly occurred in both treatment arms: head-
ache (14.2%) [15, 23, 25, 27, 38], local pain (15.6%) [27, 31], tinnitus (5.5%) [27]
and nausea (8.2%) [23, 27]. In the steroid group, single cases of weight gain [27],
nonlocal rash [26], irregular periods for several months [24] and two patients
with backache and hypotension [15] were reported. In the placebo group, tem-
porary worsening of pain (10.0%) [26] and one case of thoracic pain [38] were
described.

DISCUSSION

This review has demonstrated that ESI results in significantly greater leg pain
relief and functional improvement

compared to epidural placebo at 6 weeks in patients with sciatica. Caudal and
TF injections provided more leg pain relief than IL injections and patients with
radiologically confirmed lumbar disc herniation benefitted more than clinically
diagnosed patients. In comparison with non-epidural placebo, ESI did not result
in more improved leg pain at 6 weeks, although in patients explicitly diagnosed
with disc herniation ESI had considerably more effect. For disability and back
pain differences were smaller and non-significant.

At 3 months, ESI only resulted in better improvement of leg pain compared to
epidural placebo. For other 3-month and all 6-month outcomes, ESI did not
demonstrate greater efficacy regardless of the type of placebo. However, these
results are to be expected since sciatica is considered a self-limiting condition
with a favourable prognosis and steroids are presumed to have only a temporary
effect of weeks to months that attenuates gradually. For epidural placebo, TF
and IL steroid injections were generally more effective than the caudal approach
while for non-epidural placebo differences between epidural routes were less
distinct. Differences in treatment efficacy between ESI and placebo injections
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were mostly not statistically significant and overall, quality of evidence was
moderate to very low.

Several authors consider control injections into the epidural space to be no true
placebos, due to their assumed physiological and mechanical effects [39-42].
Instead, they assume that non-epidural injections with an inactive injectate
into inactive tissues are genuine placebos. The effect estimate between ESI
and non-epidural placebo therapy would expectedly be larger than between
ESI and epidural placebo. Interestingly, pooled estimates between ESI and epi-
dural placebo more often favoured steroids than comparisons between ESl and
non-epidural placebo. However, due to the very limited number of non-epidural
placebo studies it is possible that this result may be changed by conclusions
from future trials.

Although several trials have compared ESI to (non-)epidural placebo for sci-
atica, the study populations and methods broadly differ. Varying aetiology, dura-
tion of symptoms, injection contents, placebo types and concomitant therapies
introduce clinical heterogeneity which can lead to inaccurate effect estimates
and reduced generalizability complicating appropriate conclusions for clini-
cal practice [11, 43, 44]. In order to minimize clinical heterogeneity, all three
epidural approaches and placebo types were assessed separately. Additionally,
only studies that addressed sciatica patients with a clinical diagnosis or with
radiologically confirmed LDH were accepted and assessed independently in
sensitivity analyses among other variables. Furthermore, all effect estimates
were calculated for three follow-up periods, which allowed for the use of mul-
tiple data from primary studies and minimized pooling of less compatible data
(e.g. 1-month data used for 3-month effect). Hence, the results in our review are
based on analyses of patient groups and treatments with maximized clinical
homogeneity.

While ESI induces significantly greater improvement compared to epidural
placebo at 6 weeks and 3 months, the absolute treatment differences appear
to be modest. A minimally clinical important difference (MCID) for pain and dis-
ability has been proposed by a consensus group of experts of, respectively, 10
and 15 points, both on a 0-100 scale [45]. Several of the included studies dem-
onstrated results not meeting this MCID and consequently, the pooled effect
estimates are lower than the proposed thresholds. However, the effect of ESI
may be obscured by the use of continuous data since ‘responders’ and ‘non-re-
sponders’ exist [28, 46]. Hence, categorical data based on a pre-defined cut-off
condition may be more suitable and is common practice in spinal intervention
research, but authors often use variable definitions for ‘success’ and ‘failure’
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strongly reducing comparability. Therefore, we only pooled studies with the
same definition of ‘success’. simultaneously, omitting studies with other defini-
tions may introduce bias. In this review, no significant differences in treatment
success based on categorical data were observed. The use of a standardized
definition in future trials would allow for pooling of more studies that could af-
fect this result [45, 47-50]. Additionally, identification of subgroups of patients
more responsive to ESI could justify steroid injections for these specific groups
[28, 35, 51]. Although some sensitivity analyses identified more responsive
subgroups (e.g. radiological versus clinical diagnosis for 6-week leg pain), these
results must be interpreted with caution due to the limited number of studies
included in each analysis.

In addition to treatment efficacy, complications must be considered when
reviewing the validity of ESI therapy in clinical practice. Complications can
generally be associated with needle placement or with administration of corti-
costeroids. In our review, only one patient with a serious complication and sev-
eral minor events were described. This is in accordance with the observations
from large cohort studies that the most frequently reported complications are
minor and transient, but serious complications can develop, although very rarely
and that, with correct safety measures, ESI can be considered a safe therapy
[52-58].

Our review is limited by the paucity of literature on ESI for sciatica. A relatively
small number of studies was eligible for inclusion particularly fo r comparisons
with non-epidural placebo. Therefore, sensitivity analyses for each epidural
approach separately were not feasible. Additionally, this paucity of literature
complicated the interpretation of sensitivity analyses and publication bias [59].
Furthermore, the wide variety of definitions of treatment success precluded
pooling of all available studies for categorical data.

The increasing demand for evidence-based medicine calls for studies with ap-
propriate methodological quality and applicability [60-62]. Future studies that
compare ESI to (non-)epidural placebos should consider the aetiology of sci-
atica and carefully monitor concomitant therapy. Moreover, studies should use
a standardized cut-off condition for treatment success and focus on clinical,
radiological and pathological features that can differentiate between respond-
ers and non-responders.

With the current evidence, ESI can be recommended as short-term pain man-

agement therapy compared to epidural placebo, although it must be stressed
that generally MCID is not met. ESI has no proven additional value at 3 and 6
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months or compared to non-epidural placebo at present. Absolute treatment
differences are modest, but possibly subgroups of patients exist that will benefit
more than others. With appropriate safety measures, ESI is a safe treatment.
In clinical practice, physicians and patients should discuss the possible small
short-term benefits and complications of ESI in a process of shared decision-
making.

Electronic Supplemental Materials (ESM) can be reviewed online:
https://doi.org/10.1007/s00586-021-06854-9
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ABSTRACT

Objective

Lumbar radiculopathy is a condition with major physical, social, and economic
consequences. Despite its favorable prognosis, the burden can be significant.
In this study, we aimed to determine the value of magnetic resonance imaging
(MRI) and the efficacy of transforaminal epidural injections (TEls) in patients
with lumbar radiculopathy secondary to lumbar disc herniation (LDH) and other
causes (non-LDH).

Methods

Patients with lumbar radiculopathy were reviewed for radiologic diagnosis
based on MRI. For patients receiving TEI therapy, response after 6-8 weeks
(short-term) and 16 weeks (long-term), number of injections, subsequent sur-
gery, and patient outcome were evaluated. Treatment response was assessed
by patient-reported symptom relief and numeric rating scale pain scores.

Results

Overall, 66% of MRI examinations showed a clinically relevant LDH. A total of
486 of 1824 patients received TEI, of whom one third did not show LDH. Of pa-
tients, 70% reported a short-term effect with significant pain reduction and 44%
reported a long-term effect. No significant differences were observed between
the LDH and non-LDH groups. Of patients, 59% required multiple injections and
reported similar efficacy compared with patients treated with a single injection.

Conclusions

A considerable part of MRI examinations in patients with lumbar radiculopathy
do not show a clinically relevant LDH. Regardless of the radiologic diagnosis,
most patients treated with TEI benefit in both the short-term and the long-term
after a single-injection or multiple-injection regime. Subsequent injections are
advisable if the effect from the first injection is unsatisfactory or wears off. MRI
examination before TEI therapy may be redundant, which allows for expedition
of this treatment.
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INTRODUCTION

Lumbar radiculopathy is a common spinal condition characterized by radicular
pain toward the lower extremity." Although lumbar disc herniation (LDH) is the
most prevalent cause, a variety of degenerative spinal disorders can instigate
unilateral radicular symptoms originating from the lumbar spine.? It is assumed
that the origin of lumbar radiculopathy is multifactorial, involving a complex
interplay of physical impingement, inflammatory processes, and immunologic
responses resulting from degenerative spinal changes, which, consequently,
induce lumbosacral nerve root irritation.®* Patients often present with severe
leg pain, paresthesia, and other neurologic deficits that seriously impede their
daily functioning and decrease their quality of life.®

Despite the severity of symptoms, most patients with lumbar radiculopathy
spontaneously recover within 1 year.®” Therefore, patients are initially treated
conservatively for several weeks before consultation with a neurologist and
extensive radiologic imaging,® considering the absence of warning signs that
require immediate attention. After referral, surgical options can be discussed
with the neurosurgeon, but generally, patients are encouraged to prolong con-
servative therapy up to 16 weeks.” Nevertheless, the physical and mental burden
while awaiting natural resolution can be intolerable.

Transforaminal epidural injection (TEl) therapy is a widely used treatment to
create a more bearable situation for these patients.”" A small amount of local
anesthetic and corticosteroid is administered in the vicinity of the affected
nerve root to alleviate symptoms by reducing the surrounding inflammatory
processes.” Treatment with TEl is intended as a temporary pain management
strategy because the effect of a single injection may wear off after a couple of
weeks to months. In part of the patients, this treatment is sufficient to await
natural resolution of symptoms, obviating further treatment.”

Although TEI has been a long-established treatment for lumbar radiculopathy,
controversy remains over its efficacy and the correlation with radiologic findings
because of discrepancies between studies and a paucity of literature for causes
other than LDH.?14, 15, 16, 17, 18, 19, 20, 21 Moreover, it is still unclear whether
multiple injections can produce equal long-term improvement compared with a
single injection. In addition, it has been hypothesized that short-term response
to TEI might predict long-term patient outcome, making it useful as a clinical
decision-making tool.22, 23, 24
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The main goal of this study is to retrospectively assess the correlation between
the presence of a herniated disc on magnetic resonance imaging (MRI) and out-
come of TEl in patients with lumbar radiculopathy in clinical practice. Second,
the effect of a regimen of multiple injections, difference in surgery frequency,
and patient outcome after treatment are evaluated.

METHODS

Patients

For this large retrospective cohort study, data from the Spaarne Gasthuis,
Hoofddorp/Haarlem, the Netherlands, were used with consent from the medical
ethical committee and the board of directors. The hospital's electronic patient
record system was searched to select all patients who were diagnosed with lum-
bar radiculopathy between January 1, 2016 and September 1, 2017. The following
inclusion criteria were used: 1) clinical diagnosis of lumbar radiculopathy by a
neurologist or neurosurgeon, 2) radiologic examination of the lumbar and sacral
spine with MRI, and 3) patient age of 18 years or older.

Data collection

For all patients data was collected concerning MRI examination and primary
treatment choice. For patients treated with TEl, additional data were collected
regarding demographics, cause of symptoms as deduced from MRI examina-
tion by the neurologist or neurosurgeon, history of back surgery, analgesic use,
level of primary injection, additional injections, surgical intervention, and patient
outcome after treatment. Response to TEl in the short-term was evaluated after
6-8 weeks after the first epidural injection by the anesthesiologist, neurologist,
or nurse by telephone. Patients reported overall pain scores (numeric rating
scale [NRS] ranging from O [no pain] to 10 [worst imaginable pain]) and whether
they considered the treatment to be effective. Long-term response to TEl was
evaluated at 16 weeks by patient-reported symptom relief. If patients were sub-
jected to spinal surgery subsequent to TEl within these 16 weeks, TEI therapy
was considered to have failed for the long-term. Patient outcome at the end of
treatment was evaluated at the last hospital appointment for this episode of
sciatic symptoms using a Likert scale with 3 categories, defined by “unsatisfac-
tory”, “satisfactory,” and “good” outcome. Unsatisfactory was defined as no or
only slight improvement compared with the patient’s initial situation. A satis-
factory outcome constituted significant improvement, but with the patient still
experiencing some degree of pain or disability. A good outcome signified nearly
complete or full recovery.
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Treatment

Patients visited the outpatient clinic of the anesthesiology department to
receive treatment with a TEIl. The procedures were performed by several ex-
perienced anesthesiologists. The segmental level to be treated was chosen by
the anesthesiologist based on MRI results and clinical findings. During the TEI
procedure, the patient was positioned in a prone position on the table. After
verification of the correct side and level, the skin was disinfected. Under fluo-
roscopic guidance with anteroposterior and lateral views, a spinal needle was
inserted into the targeted neuroforamen. To confirm correct positioning of the
needle, a contrast agent was injected, showing a neurogram. If the needle was
mistakenly placed, it was repositioned and verified for epidural placement into
the neuroforamen. A combination of a local anesthetic (lidocaine, chirocaine,
or bupivacaine) and a corticosteroid (methylprednisolone 20-80 mg or dexa-
methasone 7.5-20 mg) was administered. The procedure lasted 15 minutes and
afterward, the patient was monitored for half an hour in the recovery room by the
nurse. If the first injection yielded an unsatisfactory outcome, a second injection
was offered to the patient, either at the same or an adjacent level. Moreover, if
the first injection was satisfactory but the effect gradually decreased, subse-
quent injections were offered. The injection regimen was continued until symp-
toms had sufficiently ameliorated, subsequent injections were unsuccessful to
relieve symptoms, or the patient had decided to discontinue treatment. Patients
were offered surgery by the neurosurgeon if conservative treatment failed and
MRI showed a clinically relevant operable component.

Analysis

Patients were stratified according to findings derived from radiologic imaging.
One group included patients with MRI-confirmed LDH concordant with clinical
findings. Disc herniation was defined as a radiologically evident bulging disc,
protrusion, or extrusion of an intervertebral disc in the lumbosacral spine. The
non-LDH group comprised patients with LDH inconsistent with clinical find-
ings, a degenerative cause of lumbar radiculopathy, or MRl examination without
an evident cause. Consequently, patients were categorized based on primary
treatment choice. For patients initially treated with TEl, treatment efficacy was
extensively evaluated. Statistical analysis was performed using SPSS version 25
(IBM Corp., Armonk, New York, USA). Missing values were imputed adjusting for
covariates. Continuous data were presented using mean and standard devia-
tion and compared between groups with the unpaired t test and within groups
with the paired t test. Percentages and exact numbers were used to present
categorical data and the x? test was used for comparisons. A P value <0.05 was
considered statistically significant.
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RESULTS

Patient population

A total of 1824 patients were diagnosed with lumbar radiculopathy and sub-
jected to an MRI of the lumbar spine. In 66% (n = 1200), LDH concordant with
the clinical condition was observed. In 53% (n = 630) of these patients with
LDH, conservative treatment was prolonged, 19% (n = 233) underwent surgery,
and 28% (n = 337) were referred to the anesthesiologist for TEl. Of 624 patients
without radiologic evidence of a clinically relevant herniated disc, 69% (n = 430)
continued conservative therapy, 7% (n = 45) were surgically treated, and 24% (n =
149) received TEI therapy.

A total of 486 patients were treated with 1 or multiple epidural injections at
the anesthesiology outpatient clinic: 337 patients with a clinically important
LDH and 149 patients without LDH. Patients received an average of 1.7 injections
until 16 weeks follow-up. Demographic and clinical characteristics are shown
in Table 1. Patients with LDH were on average 8.21 (95% confidence interval,
5.31-11.12) years younger, had less often chronic symptoms, and had less often
been subjected to previous back surgery. Females were more represented in the
non-LDH group. Baseline NRS for overall pain in the LDH group was comparable
to the non-LDH group (0.2; 95% confidence interval, -0.6 to 0.3). Use of an-
algesic medication was equal between the 2 groups. However, when the type
of analgesic was considered, patients with LDH-induced radiculopathy more
frequently used nonsteroidal antiinflammatory drugs and opioids, although this
latter type of medication was prescribed for a significant number of patients in
both groups.

Table 1Baseline characteristics
LDH group (n=337) Non-LDH group (n=149) P-value

Age, yrs. (mean + SD) 55.12 +15.28 63.34+14.42 0.000
Sex: M/F 162 (48.1%) /175 51(34.2%) / 98 (65.8%)  0.005
(51.9%)

Duration of symptoms 0.006
<3 months 91(27.0%) 23 (15.4%)

>3 months 246 (73.0%) 126 (84.6%)

Radiological diagnosis 0.000
LDH 337 (100.0%) 0(0.0%)

Degenerative stenosis 0(0.0%) 97 (65.1%)

Cyst 0 (0.0%) 11(7.4%)

Scar tissue 0(0.0%) 11(7.4%)
Spondylolisthesis 0 (0.0%) 5(3.4%)
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Table 1Baseline characteristics (continued)
LDH group (n=337) Non-LDH group (n=149) P-value

Inconclusive 0 (0.0%) 25 (16.8%)

History of back surgery 63 (18.7%) 41(27.5%) 0.029
Same level 47 (74.6%) 30 (73.2%) 0.798
Other level 16 (25.3%) 11(26.8%)

Level of injection 012
L1 1(0.3%) 2 (1.3%)

L2 4(1.2%) 2 (1.3%)

L& 27 (8.0%) 12 (8.1%)

L4 52 (15.4%) 25 (16.8%)

L5 167 (49.6%) 85 (57.0%)

(e} 3(0.9%) 2 (1.3%)

S1 83 (24.6%) 20 (13.4%)

S3 0 (0.0%) 1(0.7%)

NRS overall pain (mean * SD) 8.0+1.4 7.8+1.4 0.471
Pain medication use 307 (91.1%) 138 (92.6%) 0.51
Paracetamol 210 (62.3%) 102 (68.4%) 0.212
NSAIDs 168 (49.9%) 53 (35.6%) 0.003
Opioids 202 (59.9%) 75 (50.3%) 0.042
Antineuropathic drugs (gabapentin, 71(21.1%) 23 (15.4%) 0.157

pregabalin, amitriptyline)

Short-term efficacy of TEI

Of the 337 patients with LDH receiving TEIl, 71% (n = 239) reported pain relief
between 6 and 8 weeks after the first injection, whereas in the non-LDH group,
68% (n = 102) experienced a pain-reducing effect after treatment with an epi-
dural injection. The mean NRS score decreased significantly after treatment to
4.7 +2.8 and 4.5 + 2.6 for, respectively, the LDH group and non-LDH group com-
pared with baseline. However, the difference in NRS reduction between groups
was not statistically significant (P =0.868) (Table 2).
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Table 2 Outcome parameters at follow-up after TEI therapy between LDH and non-LDH
patients

LDH group Non-LDH group P-value
(n=337) (n=149)
Short-term effect (y/n) 239 (71%) / 98 (29%) 102 (68%) / 47 (32%) 0.491
NRS overall pain (mean
+SD)
At 8-week follow-up 47+28 45+2.6 0.469
Absolute change’ -3.2+3.0 -3.3+29 Intragroup: (<0.001/
<0.001)
Intergroup: 0.868
Additional injections 197 (58%) / 140 (42%) Q0 (60%) / 59 (40%) 0.688
(y/n)
Long-term effect (y/n) 149 (44%) / 188 (56%) 63 (42%) | 86 (58%) 0.781
Surgery (y/n) 73(22%) | 265 (79%) 18 (12%) / 131(88%) 0.013
Likert treatment 58 (17%) /162 (48%) / 117 13 (9%) / 72 (48%) / 0.029
outcome (g/s/u)’ (35%) 64 (43%)

"Compared to NRS score at baseline
' g =good; s = satisfactory; u = unsatisfactory

Additional injections

Although 71% of patients in the LDH group experienced a relevant pain reduc-
tion after TEl, 59% of these patients (n = 140) required additional injections. Of
patients in the LDH group who did not benefit from the first injection, 58% (n =
57) also received additional epidural injections (Figure 1). Similar results were
found in the non-LDH group: 61% (n = 62) of patients responsive to the first
TEI received subsequent injections, whereas this was true for 60% (n = 28) of
patients unresponsive to the first epidural injection (Figure 2). Hence, a total
of 58% (LDH) and 60% (non-LDH) received supplemental epidural injections,
which was a nonsignificant difference (P =0.688) (Table 2).

Long-term efficacy, surgery, and patient outcome

at end of treatment

Long-term efficacy was assessed at 16 weeks follow-up (range, 13-18 weeks). Ten
percent of patients in the LDH group (n = 33) and 6% in the non-LDH group (n =
8) underwent surgery before the 16-week follow-up moment. In these patients,
TEI therapy was considered to have failed in the long-term (Figures 1 and 2). Of
patients with LDH, 44% (n = 149) compared with 42% (n = 63) of patients without
LDH reported a positive effect of TEI at 16 weeks (P = 0.203). More patients in
the LDH group opted for surgery (P = 0.013). The outcome at the end of treat-
ment using a 3-point Likert scale showed that a satisfactory or good outcome
was more frequently observed in the LDH group (P = 0.029) (Table 2).
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Patients with long-term effect after one or more epidural
injections

Of the 337 patients with LDH, 239 (71%) initially experienced pain relief after the
first injection in the short-term. In 24% of those patients (n = 57), this effect was
still present at 16 weeks if treatment was restricted to a single injection. If ad-
ditional injections were administered, another 29% (n = 70) reported improved
symptoms in the long-term. Of the 98 patients with LDH not responding to
the first injection, 22% (n = 22) indicated improved symptoms at 16 weeks after
administration of additional injections. Therefore, 44% of patients with LDH (n =
149) showed symptom relief with a regimen of >1 injections at 16 weeks follow-
up (Figure 1).

LDH group (337)

Short-term
effect (239)
(71%)

No short-term
effect (98) (29%)

Additional
injections (57)
(58%)

No additional
injections (41)
(42%)

Additional
injections (140)
(59%)

No additional
injections (99)
(41%)

No long-term
effect (41/98)
(42%)

Long-term effect
(22/98) (22%)

Long-term effect
(70/239) (29%)

Long-term effect
(57/239) (24%)

No long-term

No long-term
effect (42/239)
(18%)

No long-term
effect (70/239)
(29%)

effect (35/98)
(36%)

Fig. 1 Summary of transforaminal epidural injection results for patients with lumbar disc
herniation (LDH).

Comparable results were observed in the group of 149 patients without LDH.
A total of 102 patients (68%) initially experienced a pain-reducing effect after
the first injection. If treatment was limited to that single injection, 23% (n = 23)
reported a long-term effect. However, if patients required additional epidural
injections despite a positive effect after the first injection, an additional 29%
(n =30) experienced an effect at 16 weeks. In the group of patients without LDH
who lacked a response to the initial injection but were subjected to subsequent
injections, 22% (n = 10) reported a long-term effect. Therefore, for all patients
without LDH, 42% (n = 63) had improved symptoms at 16 weeks with >1 epidural
injections (Figure 2).

53



Chapter 3

Non-LDH group
(149)

Short-term effect No short-term
(102) (68%) effect (47) (32%)

No additional Additional No additional Additional
injections (40) injections (62) injections (19) injections (28)
(39%) (61%) (40%) (60%)

No long-term
effect (19/47)
(40%)

Long-term effect
(10/47) (22%)

Long-term effect
(30/102) (29%)

Long-term effect
(23/102) (23%)

No long-term
effect (18/47)
(38%)

No long-term
effect (17/102)
(17%)

No long-term
effect (32/102)
(31%)

Fig. 2 Summary of transforaminal epidural injection results for patients without lumbar
disc herniation (non-LDH).

DISCUSSION

The current study highlights that the efficacy of TEl in patients with lumbar
radiculopathy is independent of the radiologic diagnosis. Comparable success
rates and pain score reductions were observed in the LDH and non-LDH group
for both short-term and long-term follow-up. These results indicate that nerve
root compression secondary to a clinically concordant LDH is not a prerequisite
for effective treatment with TEI. In the absence of nerve root compression or
detectable disc herniation on MRI, inflammatory processes resulting from de-
generative changes in other spinal structures may play a fundamental role.25,
26, 27,28, 29, 30, 31 TEl therapy is assumed to target the inflammatory cascade
directly and indirectly through multiple pathways, causing a decrease in nerve
root inflammation, nociception of afferent fibers, and activity of proinflamma-
tory cytokines.®*32, 33, 34, 35 Therefore, treatment with TE| can be effective in
these patients as shown in our study for the non-LDH group.

Controversy exists over symptom improvement because of a placebo effect af-
ter TEI, as with other pain management strategies. An injection into the epidural
space may achieve a washout of proinflammatory cytokines or result in lysis of
inflammatory-mediated adhesions in some patients because injections with
only a local anesthetic or saline have been shown to induce some degree of
improvement.36, 37, 38 However, several studies have shown transforaminal
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steroid injections to be superior compared with placebo in the short-term, vin-
dicating the addition of steroid for TEI.'*3¢3°

The literature on TEI for lumbar spinal conditions other than LDH is limited.*® A
study by Ng et al.” found no significant difference in pain reduction between
patients with lumbar radiculopathy with LDH and patients with spinal steno-
sis at 6 weeks follow-up. In addition, Cohen et al.*? reported that routine MRI
before epidural injection had no additional value because equal efficacy after
treatment was observed in 127 MRI-blinded and nonblinded patients with lum-
bar radiculopathy and physicians. These results are in line with results from our
study.

A meta-analysis of studies comparing epidural steroid injections with conserva-
tive treatment in patients with lumbar radiculopathy*® found that pain reduction
was significantly greater after epidural steroid injections in the short-term.
Because the cause of lumbar radiculopathy cannot be correlated with outcome
results after TEI, pretreatment MRI examination may not always be necessary.
Therefore, TEl therapy could be expedited with extensive imaging postponed to
a later stage. Evidently, red flag indications need to be excluded by the general
practitioner, concurring with local and national guidelines for treatment of lum-
bar radiculopathy and referring accordingly. Such a treatment strategy would
allow for more adequate symptom management in an earlier stage of lumbar
radiculopathy.

A previous study that compared early MRI or computed tomography with de-
layed imaging in patients with low back pain** reported no large effect on overall
treatment results. Another trial®® compared early examination of the lumbar
spine with MRI with plain radiography in similar patients and found no significant
benefit of MRI scans over radiographic imaging but stressed the higher financial
costs of MRI. Hence, plain radiography may be sufficient to detect extreme ab-
normalities of the lumbar spine that can complicate TEl procedures at an early
stage, and periprocedural safety in the absence of extensive imaging can be
maintained with, for example, the use of fluoroscopic guidance. Expedition of
TEI therapy could lead to improved maintenance of functionality, prevention of
financial costs because of absenteeism, and reduction of oral analgesic intake,
specifically of opioids, which are prescribed with rapidly increasing frequency
despite the serious risk of drug dependence.*®

Overall, 70% of patients in our study experienced short-term pain relief after

a single TEI, with substantial pain reduction. These results are in line with re-
lated, although smaller, studies in the medical literature. In a report by Nandi
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et al.,”” 47 patients with LDH received epidural steroid injections, of whom 68%
were considered to show success at 4 weeks follow-up. Joswig et al.?® studied
57 patients with LDH who received TEI, of whom 66.7% were identified as re-
sponders after 1 month.

Furthermore, 44% of patients reported long-term pain relief in the current study.
Equal long-term effect size could be achieved after treatment with a regimen
of multiple injections compared with a single injection in our study population.
Additional TEls were administered to 59% of patients, regardless of their initial
response and were beneficial for most patients, resulting in 42%-44% of pa-
tients with a satisfactory long-term effect. Moreover, 22% of patients in the LDH
group and non-LDH group experienced a good long-term effect after multiple
TEls despite an unsuccessful first injection.

Patients who required additional injections to have a satisfactory outcome at 16
weeks may not have received the primary injection at the appropriate lumbar
level. Because the second injection was applied at the adjacent level in a few
of these patients, identification of the correct nerve root can be ambiguous at
first despite extensive radiologic imaging. Murthy et al.*® investigated patients
with radicular pain and inferred that repeat injections could have a similar effect
to the primary injection. Furthermore, when administered within 3 months from
the first injection, multiple injections could have a cumulative effect because
pain reduction after a subsequent injection was larger than after previous
injection(s).

In more recent years, it has been theorized that short-term response to TEI may
be used as a predictor for the course of pain during follow-up.22, 23, 24 The
rationale is that if the short-term response has predictive value for the sever-
ity of symptoms at 16 weeks (the time at which patients are eligible for surgical
intervention), it can be used to predict the need for surgery. Early prediction
results in surgery at an earlier stage after onset of symptoms. Because of the
limited availability of data, it was not feasible to accurately determine whether
prediction of long-term patient outcome based on short-term response is pos-
sible and this concept should be assessed in a prospective study.

The current study has a few limitations, including its retrospective nature. First,
the type and amount of injection contents and exact moment of long-term
follow-up varied among patients. Second, only NRS was systematically reported
in the patients who received TEI. For all patients who were diagnosed with lum-
bar radiculopathy and subjected to an MRI of the lumbar spine, it would have
been optimal if the clinical condition had been reported using the International

56



The outcome of epidural injections in lumbar radiculopathy is independent of disc herniation

Consortium for Health Outcomes Measurement-dictated outcome measures
(i.e., NRS, Oswestry Disability Index, and Quality of Life score [EQ-5D]). The 2
cohorts were not completely similar at baseline. The slightly higher age in the
non-LDH group may be explained by the correlation between increasing age
and a more degenerative state of the spine.49, 50, 51, 52

The findings of this study indicate that TEIl is an effective treatment method
to temporarily relieve symptoms for many patients with lumbar radiculopathy
regardless of their radiologic diagnosis. MRI examination before TEl may not
be necessary and TEI might be planned at an earlier stage, resulting in more
adequate treatment of symptoms, reduction of opioid use, and avoidance of
surgical intervention. For patients unresponsive or with recurring pain after a
single epidural injection, multiple injections could be beneficial. To properly as-
sess the efficacy of TEl in the acute phase of lumbar radiculopathy without ex-
tensive radiologic examination and determine the potential predictive value of
epidural injections, a randomized controlled trial is required. Moreover, adverse
events need to be registered to determine the safety of TEl without preceding
MRI.
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ABSTRACT

Purpose

Lumbar radicular pain is usually caused by a herniated disc (LDH) or spinal
stenosis which instigates inflammatory and immunological responses. Trans-
foraminal epidural injections (TEI) with steroids are aimed at reducing these
responses in order to relieve pain symptoms and improve physical functionality.
However, it is unknown which factors can differentiate between responders and
non-responders. The purpose of this systematic review is to elucidate which
demographical, clinical and radiological factors are associated with patient
outcome after TEL.

Methods

The PubMed, Embase, Web of Science, Cochrane Library, Emcare and Academic
Search Premier databases were searched for studies assessing the association
between demographic, clinical and radiological variables, and clinical outcome
after a unilateral, single-level TEI in patients with lumbar radiculopathy second-
ary to disc herniation or degenerative stenosis. Risk of bias was evaluated us-
ing an adjusted version of the Cowley risk of bias criteria. Outcome measures
included patient-reported symptom relief, leg pain or physical functionality
scores. A qualitative analysis of included studies was performed.

Results

A total of 36 studies were included assessing 37 different factors and their
association with TEl outcome. Among demographic variables there was some
evidence for an association between shorter duration of symptoms and superior
outcome after TEI. For clinical factors there was limited evidence associating
a positive Slump test with better patient outcome. Among radiological factors
limited evidence was found for an association with stenosis rather than LDH,
more centrally located LDH compared to more laterally locations of the her-
niation, the absence of transitional vertebrae and a higher degree of nerve root
compression with a favorable outcome after TEL.

Conclusion

Several factors were identified that associated with TEI outcome possibly indi-
cating some predictive power, although generally the evidence was limited. The
small number of studies that assessed each factor and heterogeneity among
studies precluded a quantitative analysis of the results. Additional studies are
necessary to further substantiate these associations before strong conclusion
can be drawn.
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INTRODUCTION

Lumbar radiculopathy is generally caused by lumbar disc herniation or spinal
stenosis secondary to degenerative changes located in the lateral recess or in
the neuroforamen [1]. Due to an intricate interplay of physical compression, in-
flammatory and immunological processes, irritation of a nerve root arises which
may result in symptoms of leg pain, sensory and motor deficits [2, 3]. Since these
symptoms usually interfere with daily activities, lumbar radiculopathy is often
considered strongly invalidating and patients seek for effective treatments to
relieve symptoms [4]. For lumbar disc herniation current guidelines recommend
starting conservative therapy during the first weeks to months before switch-
ing to more invasive options as this condition is generally self-limiting over time
[5-7]. For spinal stenosis there is no full consensus on treatment strategies as
some patients may experience spontaneous relief of symptoms despite the
general idea that spinal stenosis has a more chronic character than disc her-
niation. As a result, clinical guidelines are more incongruous with each other
[8-11]. Nevertheless, for both conditions there are treatment options aside from
surgery for patients whose symptoms do not resolve naturally within reasonable
time.

Transforaminal epidural steroid injections (TEI) is a treatment that has been of-
fered to patients with (unilateral) lumbar radiculopathy due to disc herniation
or stenosis for decades [12]. These steroid injections are aimed at reducing
inflammatory cytokines and downregulating immunological reactions in order
to relieve pain symptoms [13, 14]. They are assumed to have a temporary an-
algesic effect but may result in complete resolution of symptoms in some pa-
tients. In addition to the transforaminal route, epidural steroid injections can be
administered through a caudal or interlaminar approach, but the transforaminal
injection is considered to be the most selective one. Despite the wide use of
TEI in patients with lumbar radiculopathy due to disc herniation or spinal ste-
nosis its effectiveness remains a matter of debate. Studies have demonstrated
contradictory results with large variation in efficacy and success percentages,
but it remains unclear which determinants are of influence on the efficacy of
TEI [10, 12, 15-18]. Some studies have suggested that TEI| effectiveness may be
affected by the etiology of lumbar radiculopathy (i.e., disc herniation or steno-
sis), whereas other studies propose alternative subgroups of patients that may
benefit more from treatment with TEI. The varying effectiveness of TEl across
studies and the uncertainty of which patient groups benefit more than others
have led to discrepancies between clinical guidelines on the applicability and
timing of TEI [5, 6, 8, 12, 15, 18-20]. Therefore, establishing predictive factors
for treatment success with TEI could aid in tailoring treatment strategies for

65



Chapter 4

patients with lumbar radiculopathy, possibly obviating the need for surgery or
expediting the timing of surgical intervention. For this reason, we aim to provide
a comprehensive overview of the current literature on demographic, clinical
and radiological factors and their association with TEI efficacy in patients with
unilateral lumbar radiculopathy due to disc herniation or stenosis.

METHODS

This systematic review was conducted in accordance with the PRISMA guide-
lines.

Search and selection

Six databases (PubMed, Embase, Web of Science, Cochrane Library, Emcare
and Academic Search Premier) were searched from inception to 25 July 2025.
A search strategy was constructed and adapted to every database by an expert
librarian (Appendix 1). Full texts as well as meeting abstracts were included in
the search. Strings were included for prospective and retrospective studies on
patients with lumbar disc herniation or degenerative stenosis with unilateral
symptoms. Acceptable outcome measures were the Numerical Rating Scale
(NRS) or the Visual Analogue Scale (VAS) for pain scores and the Oswestry
Disability Index (ODI) or the Roland Morris Disability Questionnaire (RMDQ) for
physical disability scores. All results were screened by two reviewers (EV and
NV) separately based on title and, consequently, on abstract. The remaining full
texts were evaluated by two reviewers independently. Any discrepancies were
resolved by discussion or consulting a third reviewer (CVL).

Inclusion and exclusion criteria

Studies analyzing the association between predictive factors and the success of
TEI were included if they met the inclusion and exclusion criteria. Studies were
eligible if the study design was a Randomized Controlled Trial (RCT), prospec-
tive cohort or retrospective cohort and patients had unilateral radicular pain.
The choice to only include patients with unilateral symptoms was based on the
idea that patients with bilateral complaints may not be sufficiently helped with
a single transforaminal injection and pain and disability scores would not rep-
resent the treatment efficacy accurately. In addition, studies were eligible if pa-
tients had MRI confirmed LDH or degenerative stenosis (central, lateral recess
and/or foraminal), they were injected on only one level on one side, received TEI
containing any type of steroids, the outcome measure was based on symptom
relief, leg pain, functionality scores or need for subsequent surgery, the cohort
consisted of at least 20 patients, the follow-up was at least two weeks, and the
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article was written in English. Studies were excluded if they presented a case
report or series, systematic review or meta-analysis, included patients with
previous back surgery, scoliosis or spondylolisthesis, allowed for administration
of multiple injections, used an injection approach other than the transforaminal
route, evaluated technical aspects of transforaminal injections, evaluated dif-
ferent types or concentrations of corticosteroids, used non-fluoroscopy guided
injections, only measured back pain, or investigated a predictive factor derived
from invasive examinations that are not part of routine work-up (e.g., not every
patient with lumbar radiculopathy undergoes EMG).

Risk-of-bias assessment

Risk of bias assessment was performed by two reviewers separately (EV and
NV), using an adjusted version of the Cowley risk of bias criteria (Appendix 2)
[21]. Each study could be awarded a minimum of O and maximum of 10 points.
Studies with a score above seven points were classified as low risk of bias, stud-
ies with 5-7 points as intermediate risk of bias and studies with fewer than 5
points as high risk of bias. Differences between the two assessors were resolved
during a consensus meeting with a third reviewer (CVL).

Data extraction and analysis

From all included studies, data on methods (study design, cohort size), patients
(inclusion and exclusion criteria, baseline characteristics, diagnostic character-
istics), treatment, outcome variables and results were gathered by one reviewer
with a second reviewer verifying the final data extraction. When patients were
dichotomized based on treatment outcome the definition of treatment suc-
cess was included. Results were based on data from text, tables or graphs and
included raw data, whether an association was found and the conclusion the
authors had drawn. For continuous outcome measures means and standard de-
viation (SD) or median value and range were retrieved, whereas for dichotomized
outcomes absolute numbers, percentages, or odds ratios (OR) were gathered. A
qualitative analysis was performed for all results.

RESULTS

Article selection

The literature search yielded a total of 2057 unique articles of which 162 refer-
ences were selected for full-text screening. Eventually, 36 articles were included
for this review (Fig. 1) [22-57]. Twenty-two articles assessed patients with lum-
bar disc herniation, five articles evaluated patients with spinal stenosis and nine
studies included both patient groups. Twenty-one studies were prospective,
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and fifteen studies were conducted retrospectively. All studies were published
between 2006 and 2025 and the patient population size ranged between 20
and 2024 patients. A more elaborate overview of study characteristics is given

in Appendix 3.

Fig.1Flowchart of the article search and selection process. A total of 2057 records were
screened of which 36 articles were included in this review.
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Of the 36 reports, ten scored 8 or 9 out of ten points and were considered low
risk of bias [28, 31, 32, 39, 45, 50, 52, 53, 55, 57]. A total of 22 reports were
awarded 5 to 7 points and were categorized as intermediate risk of bias [22, 24-
27,29, 30, 35, 36, 38, 40-44, 46-49, 51, 54, 56]. Four studies scored four points
or lower and were judged as high-risk of bias [23, 33, 34, 37] (Appendix 4).
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Factors associated with patient outcome

In all studies, a total of 37 different factors were assessed for their association
with patient outcome after treatment with a TEl. Of these 37 factors, eight
variables were demographic, ten were clinical and nineteen were radiological.
Results are summarized in Table 1. All extracted data are provided in Appendix
5.

Table 1 An overview of all demographic, clinical and radiological variables studied for
their association with TEl outcome. For each variable the number of studies that found
an association and the number of studies that did not find an association are provided.

Number of studies stur::ltiI:;I:::\::li d
Variable that found an References . References
. L. not find an
association . .
association
Demographic factors
Age 1 [37] 8 [22, 24, 29, 36,
38, 41, 46, 50]
BMI 1 [37] 4 [36, 40, 46, 50]
Duration of symptoms 4 [29, 35, 37, 48] 6 [24, 36, 38, 41,
46,50]
Injection level 6 [22, 24, 42, 50,
56]
Injection side 4 [24,37, 38, 56]
MRI to block [38]
Sex [37] 6 [24, 36, 38, 41,
42,50]
Smoking status 1 [36]
Clinical factors
hsCRP [44]
Positive Slump test [31,32] 0
Pre-injection func- [36, 37] 1 [45]
tional score
Pre-injection pain [37] 5 [29, 36, 45, 46,
score 50]
Presence of HACS [47] 0
Presence of neuro- [36] [31]
logic deficit
Presence of neuro- [51] 0
pathic pain
Vitamin D deficiency [43] 0
Post-injection func- [36] 1 [45]
tional score
Post-injection pain [50] 2 [36, 45]

score
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Table 1 An overview of all demographic, clinical and radiological variables studied for
their association with TElI outcome. For each variable the number of studies that found
an association and the number of studies that did not find an association are provided.

(continued)
Number of studies stuh:.ltilt'ansI::::::ii d
Variable that found an References - References
.. not find an
association . ..
association
Radiological factors

Facet tropism 1 [27] 0
Gadolinium enhance- 1 [54] 0
ment of nerve root
IVD signal intensity 1 [56] 0
Lesion level 0 3 [24, 29, 36]
Lesion severity 2 [28, 39] 3 [24, 33, 36]
Lesion side 0 1 [36]
Location of LDH 2 [32,34] 3 [29, 36, 56]
Grade of facet degen- 1 [49] 0
eration
Grade of nerve root 3 [31,32, 56] 4 [26, 40, 46, 50]
compression
Mean spinal nerve 1 [38] 0
intensity
Morphology of LDH 2 [36, 55] 1 [30]
Nerve-to-fat signal 1 [38] 0
ratio
Paraspinal muscle 0 1 [46]
area
Presence of Modic 0 1 [57]
changes
Presence of transi- 3 [36,52, 53] 1 [50]
tional vertebrae
Radiological etiology 3 [24, 25, 42] 3 [29, 31, 41]
of symptoms
Type of disc degen- 1 [32] 2 [36,56]
eration
Type of Gadolinium 0 1 [54]
enhancement of nerve
root
Type of transitional 1 [53] 0

vertebrae

BMI: Body Mass Index; HACS: human assumed central sensitization; hsCRP: high-sensi-
tivity C-reactive protein; IVD: intervertebral disc; LDH: lumbar disc herniation; MRI: Mag-
netic Resonance Imaging
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Demographic factors

One high risk-of-bias study reported that age was positively associated with
improvement in pain and disability scores following TEI [37], whereas eight oth-
ers did not demonstrate a relationship [22, 24, 29, 36, 38, 41, 46, 50]. Duration of
symptoms was negatively associated in four out of ten studies in terms of pain
and functionality scores [29, 35, 37, 48], including one high-risk-of-bias study
[37].

Sex was evaluated in seven studies [24, 36-38, 41, 42, 50], but only one (high risk
of bias) observed better outcomes in men at two months follow-up [37]. Among
fives studies investigating body mass index (BMI) [36, 37, 40, 46, 50], only a
single high-risk-of-bias report found a marginal positive association with short-
term functional improvement but not with pain or longer-term results [37].

For injection level [24, 38, 42, 50, 56], injection side [24, 37, 38, 56], the number
of days between MRI and TEI treatment [38] and smoking status [36], no as-
sociation was found in any of the studies.

Clinical factors

Six studies assessed pre-injection pain scores [29, 36, 37, 45, 46, 50] and three
pre-injection functional scores [36, 37, 45]. Only one high-risk of bias study
found an association between pre-injection pain scores and better short-term
outcome [37]. That same study, along with another [36], reported an associa-
tion between baseline functional scores and post-injection outcomes.

High-sensitivity C-reactive protein levels were not associated with TEl out-
come [44]. One study showed that patients with neuropathic pain experienced
greater functional improvement at three months than those without [51]. A
positive Slump test correlated with greater reductions in pain and disability at
three weeks [31, 32], whereas vitamin D deficiency and the presence of central
sensitization were negatively associated with outcome [43, 47]. One study
found no association between neurological deficit and treatment effect [31],
while, contrastingly, another reported poorer outcomes in patients with sensory
symptoms [36].

Pain reduction one hour post-injection predicted three-month success in one
study [50], although two other studies found no such association [36, 45]. How-
ever, one of these did find an association between higher functionality at three
weeks and one-year outcome [36].
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Radiological factors

Three of six studies demonstrated an association between the radiological eti-
ology (LDH or stenosis) and treatment effect [24, 25, 29, 31, 41, 42]. Patients with
lumbar stenosis achieved greater immediate post-injection improvement than
those with LDH in one study [24], whereas another reported superior long-term
results for foraminal stenosis compared to LDH or spinal/lateral recess stenosis
[42]. Contrastingly, the third study demonstrated better pain reduction in LDH
than LSS at four weeks [25].

Type of disc degeneration (i.e., bulging, protrusion, extrusion) was assessed
in three studies [32, 36, 56], but only one found greater short-term functional
improvement for disc extrusion compared to disc protrusion [32]. Two of three
studies evaluating disc morphology reported an association with TElI outcome,
though one was high risk-of-bias [23, 55].

Findings on LDH location were inconsistent: three studies found no correlation
[29, 36, 56], whereas two other studies suggested better outcomes for central/
subarticular or paramedian herniations compared with foraminal/extraforami-
nal lesions [32, 34], one of which had high risk of bias.

Three studies investigated MRI signal characteristics. Increased nerve-to-fat
signal ratio and mean spinal nerve intensity on axial T2-weighted images pre-
dicted better post-injection outcomes in one study [38], and gadolinium en-
hancement of the nerve root was also associated with improvement in another,
independent whether the post-dorsal root ganglion enhanced [54]. High signal
intensity zones within the intervertebral disc were associated with lower pain
scores at two weeks, but not for success rates or for three-month post-injection
outcomes [56].

Lesion level and side were not associated with TEl outcome [24, 29, 36]. Lesion
severity (grading of LDH or stenosis) was examined in five studies using vari-
ous grading scales [24, 28, 33, 36, 39]. Four categorized lesion severity as mild,
moderate or severe: two reported better outcomes for mild-moderate or mod-
erate stenosis compared to severe cases [28, 39], whereas two studies found no
association for either LDH or stenosis patients [24, 33], though the latter study
had a high risk of bias. Another study also found no correlation between Pfir-
rmann grade and post-injection outcome [36].

Seven studies evaluated the degree of nerve root compression using different

grading systems. Three demonstrated outcome differences by compression
grade. In two studies, high-grade subarticular compression was associated with
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greater short-term functional improvement compared to high-grade foraminal
or low-grade (subarticular) compression, whereas pain scores and outcomes
between low- and high-grade foraminal compression did not differ [31, 32].
A third study reported lower pain scores at three months in patients with any
compression versus none, but not at two weeks or in success-rate analyses
[56]. By contrast, three studies using the (modified) Pfirrmann scale and one
dichotomizing discoradicular contact found no association between compres-
sion grade and TEl outcome [26, 40, 46, 50].

Four studies assessed the presence of transitional vertebrae of which three
found a negative association with TEl outcome [36, 52, 53]. Specifically, sa-
cralization was associated with worse results than lumbarization or absence of
transitional vertebrae [53]. Facet tropism and high-grade facet degeneration
were associated with less favorable TEI responses [27, 49]. No associations were
demonstrated for paraspinal muscle area or the presence of Modic changes
[46,57].

DISCUSSION

This systematic review summarizes the current literature on demographic,
clinical and radiological variables, and their association with patient outcome
after TEl. For demographic variables, there is some evidence for an association
between duration of symptoms and outcome after TEI, with four out of ten stud-
ies indicating worse patient outcome when symptom duration was longer. Chro-
nicity of inflammatory processes can result in pain perception and conduction
alterations, and, therefore, may render local treatment with corticosteroids less
effective [29, 37, 58, 59]. However, of these studies, three had an intermediate
and one had a high risk of bias. Of the studies that found no association, five
were intermediate and one was low risk of bias. As a result, there is no convinc-
ing evidence that can fully sustain this association and, thus, no implication that
patients with chronic radicular symptoms should be advised against treatment
with TEL.

In terms of clinical factors, a positive Slump test was positively associated with
TEI outcome. A possible explanation for the positive association may be that this
test makes a distinction between lumbar radiculopathy and leg pain symptoms
without neural compromise, while TEI is only aiming to relieve radicular pain.
However, the evidence was limited with only two studies reporting on this vari-
able. In addition, five out of six studies found no association with pre-injection
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pain score, indicating that both patients with mild and severe radicular pain may
benefit from TEI.

Similarly, there was limited evidence for the association between stenosis
rather than LDH patients and improved outcome after TEl. This appears to
contrast with the results related to symptom duration in some studies, since,
in general, patients with lumbar stenosis tend to suffer from chronic symptoms
more frequently than LDH patients. However, it is possible that the inflamma-
tory component plays a more significant role in stenosis patients compared to
LDH patients. Some evidence was available for the association between the
presence of transitional vertebrae and inferior TEl results. This association may
be due to a more challenging identification of the affected nerve root to aim
for with TEI, or to the technically more complicated procedure in applying TEL.
Furthermore, there was limited evidence suggesting that more centrally located
LDH are associated with better outcomes following TEI compared to more
lateral locations. Central or paramedian herniated discs may be larger, poten-
tially eliciting a higher release of inflammatory cytokines. Although this would
also result in more compression, lateral herniations may actually exert greater
physical impingement due to the restricted space available for the nerve root
within the foramen. Hence, in the case of central and paramedian disc hernia-
tions, the inflammatory component rather than mechanical compression may
affect the nerve root more, leading to a higher response to TEI. Conversely,
three out of seven studies demonstrated a positive correlation between higher
grades of nerve root compression and superior TEl outcomes. This finding ap-
pears counterintuitive, as patients with less physical compression are generally
thought to have a larger inflammatory or immunological component and would
therefore be expected to respond better to TEI. However, the reliability of this
association is limited: it was observed in fewer than half of the available studies
and only for functional improvement, not for pain scores [31, 32]. Moreover, one
study included only patients with either marked (= 10-point) improvement in ODI
or no response, thereby excluding those with intermediate outcomes [31], while
another found a statistically but not clinically significant difference [56].

A strength of the current review is that strict inclusion and exclusion criteria
were applied during the literature search. Only studies that described treatment
with a single transforaminal epidural steroid injection were eligible for inclusion
in order to maximize the comparability between treatments. Moreover, only
studies on patients with unilateral radiculopathy could be included as it was hy-
pothesized that TEI may not be as effective in patients with bilateral complaints
due to its route of administration, hence our results would be confounded by
this. Furthermore, reports using outcome instruments for pain symptoms other
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than NRS and/or VAS, or for functional disability other than ODI and/or RMDQ
scores were excluded for comparability purposes. However, our strict inclusion
and exclusion criteria may have resulted in the omission of articles that held
interesting results but not fully met our criteria. Another limitation is that com-
parability of studies may be restrained by the diversity of steroids, volumes and
dosages used for TEI, and the variety in follow-up moments across studies. This
may have affected the results from our review.

To our best knowledge, only three other reviews have been published before
that evaluated the association of factors with outcome after epidural steroid
injections [60-62], though they had different approaches than we chose for the
current paper. One review focused on RCTs of epidural steroid injection versus
placebo, different epidural injection approaches, different type and dose of
corticosteroids, and yielded only limited evidence for epidural corticosteroid
efficacy, without appointing clear prognostic factors [60]. Another review
considered laboratory markers and imaging characteristics as predictive tools
for epidural steroid injection efficacy [61], and concluded that there is some
evidence for an association of more pain relief in patients with more nerve root
compression. Additionally, they reported that IFN-y obtained from epidural
lavage fluid predicts short-term pain reduction, although it was mentioned that
the use of this assay is challenging and expensive in a clinical setting. Yet, for
that particular review studies on all epidural techniques and both patients with
cervical and lumbar radicular pain were included. A more recent review on prog-
nostic factors in disc-related sciatica reported findings consistent with ours,
demonstrating some evidence of a negative association between symptom du-
ration and TEl outcome, as well as for the degree of nerve root compression, for
which our review provided only limited support [62]. However, the authors ac-
cepted studies on patients with bilateral sciatica, all three epidural techniques
with or without image-guidance, multi-level injections, they did not include the
PubMed database, excluded stenosis patients and included fewer prospective
studies.

The heterogeneity with regard to design and methodology between studies
complicates the comparability of findings and may explain that some results are
contradictory. In order to identify subgroups of LDH and stenosis patients that
benefit more from TEI treatment, future studies should be specifically designed
for development of a prediction model for TEIl success. Moreover, future studies
should focus on predictive factors for the effect of a single injection rather than
a series of injections.
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Overall, there is no strong evidence for any association between the assessed
variables and TEIl outcome based on the studies in this review. There is limited
support that duration of symptoms, positive Slump test, radiological etiology of
symptoms, location of LDH, transitional vertebrae and nerve root compression
may influence TEI efficacy, but these associations need to be further substanti-
ated in future studies before firm conclusions can be drawn.

Appendices will be available online after publication.
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ABSTRACT

Background

Sciatica is a condition that is characterised by radicular pain in the leg and pri-
marily caused by a herniated lumbar intervertebral disk. In addition to leg pain,
patients can experience back pain, leg numbness and leg weakness resulting
in decreased productivity and social activity. The majority of sciatica cases re-
covers spontaneously and therefore patients are initially treated conservatively
with oral pain medication. However, some patients experience intractable pain
that severely impedes them and no consensus exists on the optimal conserva-
tive treatment to reduce this discomfort in the acute phase of sciatica. The aim
of the TEIAS trial is to assess the effectiveness, cost-effectiveness and predic-
tive capability on patient outcome of transforaminal epidural injection (TEI)
compared to treatment with standard pain medication.

Methods

This study is designed as a prospective, open-label, mono-centered, random-
ized controlled trial. Patients that visit their general practitioner with complaints
of radicular leg pain and meet the selection criteria are asked to participate
in this study. Eligible patients will be randomized to treatment with TEI or to
treatment with standard oral pain medication. Treatment of TEIl will comprise
lidocaine with methylprednisolone acetate for L3 and below and lidocaine with
dexamethasone above L3. A total of 142 patients will be recruited and follow-up
will occur after 1, 2, 4, 10 and 21weeks for assessment of pain, functionality, pa-
tient received recovery and cost-effectiveness. The primary outcome will be the
average score for leg pain at 2 weeks. For this outcome we defined a clinically
relevant difference as 1.5 on the 11-point NRS scale.

Discussion

Adequate conservative treatment in the acute phase of sciatica is lacking,
particularly for patients with severe symptoms. Focusing on effectiveness, cost-
effectiveness and predictive capability on patient outcome of TEI will produce
useful information allowing for more lucid decision making in the conservative
treatment of sciatica in the acute phase.
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BACKGROUND

Sciatica is a condition that is characterised by radicular pain in the leg and gen-
erally caused by a herniated lumbar intervertebral disk. The herniated disk ex-
erts pressure onto a lumbar nerve root that follows its way into the sciatic nerve.
In addition to leg pain, this can lead to back pain, muscle weakness or muscle
numbness resulting in decreased productivity and social activity [1-5]. This
condition is regularly reported in GP practices and a lifetime prevalence around
40% has been recorded [6]. Together with other back pain-related conditions
sciatica has a vast impact on the economy. In 2007, total costs of patients with
lower back pain were estimated to be 3.5 billion euros in the Netherlands of
which 88% was contributable to absenteeism and loss of productivity [7].

The prognosis of sciatica is favourable since the majority of cases recovers
spontaneously. Therefore, patients are initially treated conservatively with stan-
dard oral pain medication unless cauda equine syndrome or progressive paresis
is reported. Those groups of patients are directly referred to the neurologist
or neurosurgeon. An earlier RCT demonstrated that surgical therapy resulted
in a similar outcome compared to conservative therapy at 26 weeks follow-up
and 40% of the patients assigned to the conservative group crossed over to the
surgical group with a mean delay of 15 weeks [8]. Due to this knowledge it is now
common to only offer surgery after 8 weeks of conservative care and preferably
extend this time period to a total of 14-16 weeks in a process of Shared Decision
Making [9, 10]. After this period of ‘wait-and-see’ patients can opt for surgery if
symptoms have not ameliorated sufficiently. However, during the first weeks it
can be challenging to sufficiently control the patient’s pain and adequate treat-
ment to reduce this discomfort in the acute phase of sciatica is yet to be found.

Transforaminal epidural injections (TEI) therapy might be the answer as it is
postulated to have an analgesic and anti-inflammatory effect which can last
several days to weeks. Analgesics and/or corticosteroids are deposited through
a transforaminal approach in close proximity of the affected nerve root. Theo-
retically, this treatment would enable the patient to remain physically active
while awaiting spontaneous recovery. Although its use is widespread, some
patients experience a beneficial effect while others report no effect at all or
only initial pain relief followed by recurrence of pain after several hours, days or
weeks [11, 12]. In the Netherlands some hospitals offer TEl as standard care for
sciatica but usually only after 14-16 weeks of conservative therapy.
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Due to limited literature on TEI in patients with acute sciatica, it is still unclear
whether TEl is a more (cost-)efficacious type of conservative treatment than oral
pain medication in the acute phase. It remains difficult to differentiate between
responders and non-responders and suggestions that response to TEl can be a
predictor for long-term patient outcome require further research [12-14]. This
study has the potential to answer relevant questions about TEIl as minimally in-
vasive conservative treatment in acute sciatica, assessing effectiveness on the
short term and long term, predictive capability and cost-effectiveness.

DESIGN AND METHODS

Study design

The TEIAS (Transforaminal Epidural Injection in Acute Sciatica) Trial is designed
as a prospective, open-label, mono-centred, randomized controlled trial. Eli-
gible patients will be randomized to treatment with TEI (intervention group) or
to treatment with standard oral pain medication (control group). Patients will be
followed for a total of 21weeks.

Aims and objectives

The aim of the TEIAS Trial is to determine whether transforaminal epidural
injections are a more efficacious treatment to alleviate symptoms in patients
suffering from acute sciatica than the current standard treatment with oral pain
medication.

The primary objective is to estimate:
1. The average score on leg pain at 2 weeks after treatment with TEl compared
to usual conservative care.

Secondary objectives are to estimate:

2. The duration of effect from TEl;

3. The percentage of patients that have experienced a satisfactory decrease
in leg pain and increase in functionality at 4 weeks after treatment with TEI
compared to usual conservative care;

4. The response to TEl at 2 weeks as a predictor of leg pain at 14-16 weeks and
26 weeks after onset of symptoms;

5. Thecorrelationbetweenresponseinlegpain,functionalityandpatientsatisfactionat
Tweekandat2weeksafterrandomizationandat10and21weeksafterrandomiza-
tion;
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6. The correlation between baseline data and responders and non-responders
to TEl after 2 weeks;
7. Cost-effectiveness of TEI to alleviate symptoms for acute sciatica;

Study setting and patient recruitment

This study will take place at the Spaarne Gasthuis (SG), Hoofddorp and Haarlem,
the Netherlands in cooperation with researchers from the Department of Neu-
rosurgery, Leiden University Medical Center (LUMC), Leiden, the Netherlands.
Patient recruitment will occur at general practitioner offices that are part of the
GP collective Haarlemmermeer and Kennemerland which embodies a total of
185 GP's. Patient inclusion will continue until the target sample size has been
reached.

Patient enrolment

Patients suffering from acute sciatica that visit their general practitioner will
be referred for participation in this study if they have a Numerical Rating Score
(NRS) for leg pain of 6 or more on a 11-point scale and symptom duration of
3-8weeks. Patients are contacted by the study investigator and inclusion and
exclusion criteria are checked to determine whether the patient is eligible. Fur-
thermore, it will be ascertained that the patient has access to e-mail in order to
fill in the digital questionnaires at home. If patients are willing to cooperate and
submit their informed consent to the researcher, they are referred to the neuro-
surgeon. The neurosurgeon will examine the patient and if the neurosurgeon is
convinced that the patient is suffering from sciatica, the patient is enrolled by
the researcher and randomized to receive TEl from the anaesthesiologist or to
continue usual conservative care (oral pain medication). A complete description
of inclusion and exclusion criteria can be found in Table 1.

Table 1 Patient inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Diagnosed with sciatica by GP Age under 18 years or above 55 years

NRS leg pain of 6 or more points on a 11-point Condition preventing to receive TEI
scale with a duration of >3 and <8 weeks Severe scoliosis
Confirmation of sciatica by neurosurgeon

Signed informed consent TEl received in 6 months before randomization
date
Surgery for sciatica at the same level

Surgery for sciatica at another level within one
year before inclusion

Pregnancy
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Description of processes

If the patient is eligible and decides to participate, block randomization in a
1:1 allocation ratio will determine which treatment the patient will follow. Ran-
domization is done by using web-based randomization algorithm software
(Castor EDC, Ciwit B.V., Amsterdam, The Netherlands). Details on blocking of
randomization are unavailable to the researcher that will perform allocation.
Consequently, baseline data will be collected, questionnaires will be filled in and
the patient will receive instructions for follow-up questionnaires to be filled in
at home. If the patient is randomized to the intervention group, the injection will
be received within 4 working days after randomization. Level of injection will be
determined by the anaesthesiologist although the neurosurgeon can advise.
Patients from the control group will receive oral pain medication according to
the care of their GP. Patients will be evaluated at baseline and after 1, 2, 4,10 and
21weeks. A schematic overview of the trial is shown in Fig. 1.

Patients that are randomized to the TEI group can receive additional injections
if deemed profitable by the anaesthesiologist but an injection is only repeated
after a certain time interval according to anaesthesiology guidelines for usual
care. For all injections, details on timing, frequency and prevailing complica-
tions will be gathered.
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Fig.1Flow diagram of TEIAS study procedures.

Diagnosis sciatica by GP

.

Inclusion/exclusion criteria

.

Randomisation

.

Baseline data/questionnaires

Transforaminal Epidural Injection by Oral pain medication by family doctor
anaesthesiologist = =

y A
Follow up 1 week: NRS leg pain, NRS back pain, ODI, Likert, TEIl data®

.

Follow up 2 weeks: NRS leg pain, NRS back pain, ODI, EQ-5D, Likert, EQ-VAS, TEI data®

.

Follow up 4 weeks: NRS leg pain, NRS back pain, ODI, Likert, TEI data®

.

Follow up 10 weeks: NRS leg pain, NRS back pain, ODI, EQ-5D, Likert, EQ-VAS, cost diary, TEI data®

'

Follow up 21 weeks: NRS leg pain, NRS back pain, ODI, EQ-5D, Likert, EQ-VAS, cost diary, TEI data®

Description of interventions

Transforaminal epidural injection (intervention group)

Patients allocated to the intervention group will receive TEIl within 4 working
days after randomization. Before this procedure, the patient will undergo an
X-ray of the lumbar spine in order to identify any spinal abnormalities that may
complicate the treatment. Administration of TEI will be performed by an expe-
rienced anaesthesiologist. The patient will lie in a prone position on the table.
The skin is sterilized with chlorhexidine. Under X-ray guidance using the “tunnel
vision” technique the needle is placed via a transforaminal approach in close
proximity of the nerve root and contrast agent is injected to confirm correct
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positioning of the needle. In accordance with current Dutch anaesthesiologic
guidelines, injections at L3 and below will contain 1,5 ml lidocaine 2% and 40 mg
methylprednisolone acetate whereas injections above L3 will contain 1,5 ml lido-
caine 1% and 10 mg dexamethasone. This is due to the possibility that particulate
steroids like methylprednisolone acetate can occlude arterial blood vessels and
result in an infarction of the spinal cord, the brain stem, cerebrum or cerebel-
lum and therefore injections above L3 contain a non-particulate corticosteroid
[15]. After the procedure, the patient will stay for 30 min at the recovery room for
monitoring. If during the course of the study patients request additional injec-
tions, the complete procedure will be repeated for every injection.

Continued conservative care (control group)

The current standard for conservative care in patients with sciatica during the
first 14 to 16 weeks is oral pain medication. Patients randomized to the control
group can use over the counter medication or pain medication prescribed by
the GP according to national guidelines. Use of pain medication will be recorded
through the web-based questionnaires. If deemed necessary, the GP can addi-
tionally prescribe physiotherapy.

Referral to neurologist or neurosurgeon

If leg pain remains severe at 2 weeks after randomization, the patient is allowed
to deviate from the study protocol. The GP can refer the patient to the neurolo-
gist and the patient can be offered surgery if applicable. An NRS for leg pain of
4 or higher makes the patient eligible for surgery if the patient requests surgery.
Patients are still encouraged to postpone surgery till 14-16 weeks after onset
of pain. This decision is made using Shared Decision Making and it is possible
that the patient is operated before this time point. However, patients that are
randomized cannot receive surgery within the first two weeks, unless cauda
equine syndrome or progressive paresis is reported. It is expected that during
these two weeks the transforaminal epidural injection will have its effect.

Table 2 Data collection schedule

Baseline Weeks of follow-up

1 2 4 10 21
Demographic v
data
NRS leg pain v v v v v v
NRS back pain v v v v Ng v
ODI v v v v v v
EQ-5D v v v v
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Table 2 Data collection schedule (continued)

Baseline Weeks of follow-up
Likert score v v v v v
EQ-VAS v v v v
Cost diary v v
TEl data® v v v v v

@ Only collected for subjects that received TEI

Adjuvant care

Intake of oral pain medication is allowed in addition to assigned treatment.
Since it is a randomized controlled trial, it is reasonable to expect that partici-
pants in both treatment arms will demonstrate comparable variation in oral pain

medication.

Description of study parameters

Study parameters are assessed at baseline by a researcher and consequently
by patients through online questionnaires at home. Data on the administration
of TEl is collected by the anaesthesiologist. A summary of all study parameters

and correlating follow-up moments can be found in Table 2.

Primary study parameter

The primary study parameter, NRS leg pain, will be measured at all follow-up
visits: at baseline and at 1, 2, 4,10 and 21weeks after randomization. NRS leg
pain will be scored on a O to 10-point scale with increments of 1 point and pa-
tients are not entitled to see pain scores from previous follow-up moments.
Each patient will score the NRS leg pain based on the mean leg pain over the
past week.

Secondary study parameters

In order to assess functionality, perceived recovery, perceived general well-
being and cost-effectiveness secondary study parameters will be measured.
NRS back pain will be scored at all follow-up visits: at baseline and at 1, 2, 4,
10 and 21weeks after randomization. NRS back pain will be measured on a
0 to 10-point scale with increments of 1 point and patients are not entitled
to see pain scores from previous follow-up moments. Each patient will score
the NRS back pain based on the mean back pain over the past week;

The Oswestry Disability Index (ODI) will be measured to assess the function-
ality of the patient directed at walking and daily activities. The ODI will be
scored on a 0 to 50-point scale at all follow-up visits: at baseline and at 1, 2,
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4,10 and 21weeks after randomization. Patients are not entitled to see ODI
scores from previous follow-up moments;

Perceived recovery will be measured using the Likert scale. This is a 7-point
scoring scale that ranges from ‘completely recovered’ to ‘worse than ever’.
The Likert score will be determined at baseline and at 1, 2, 4, 10 and 21weeks
follow-up;

As an indicator for the patients’ perspective on his or her health state, Euro-
QoL Visual Analogue Scale (EQ-VAS) will be determined using a O (as bad as
death) to 100-point scale (perfect health) with increments of 1 point. This will
be measured at baseline and at 2, 10 and 21weeks follow-up;

Data on timing of the injection (days after randomization), frequency of the
injection, NRS leg pain after injection, prevailing complications and certainty
of the anaesthesiologist that the patient is suffering from sciatica and that
the injection has been administered at the correct lumbar level will be gath-
ered during the total follow-up period of 21weeks;

For the economic evaluation (CEA), the five-level EuroQoL (EQ-5D) will be
used. This questionnaire measures five aspects: mobility, self-care, daily
activities, pain/discomfort, and anxiety/depression. The EQ-5D scores will
be assessed at baseline and at 2, 10 and 21weeks follow-up. In addition, cost
diaries will be filled out by the patient at 10 and 21weeks after randomization.
Health care utilization including physiotherapy, visits to GP and specialists,
nursing care and medication, patients costs, and absenteeism will be evalu-
ated;

Data collection and protection

Data will be gathered using Castor EDC, a web-based secured data-capture
platform (Ciwit B.V., Amsterdam, The Netherlands). This digital system will give
each patient an untraceable ID. Only the main investigator, an independent
monitor from the LUMC and the Inspection Healthcare and Youth (IGJ) will have
access to the key that links these IDs to the patient’s personal details. All data
will be safeguarded and stored for 15years after end of study. Patients will fill
in digital questionnaires for all follow-up moments at home using the link they
received in an e-mail. When the questionnaire is completed, it will automatically
be processed in Castor EDC. Only members of the research team, an indepen-
dent monitor from the LUMC and the Inspection Healthcare and Youth (IGJ) will
have access to the final dataset.

Sample size

It is hypothesized that patients in the intervention group will have a mean NRS
for leg pain of 4.0 on a 11-point scale at two weeks after treatment with TEl and
patients in the control group will have a mean NRS for leg pain of 5.5 two weeks
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after randomization. Based on literature review, a difference of 1.5 points on
the NRS scale will be considered clinically relevant and a standard deviation of
2.6 is considered [12, 16]. Together with a power of 90% (=0.10) and a level of
significance of 5% (a=0.05), 64 patients per group are needed. With two study
groups and an estimated loss to follow-up of 10% a total of 142 patients needs to
be recruited.

Statistical analysis

All study parameters will be analysed according to the intention-to-treat (ITT)
principle.

Demographic statistics

Demographic data on age, gender, length, weight, tobacco exposure, alcohol
abuse, history of previous radicular symptoms in the legs and usage of pain
medication will be reported using mean and standard deviation or median and
ranges if distribution is skewed. Presuming distribution is normal age, length
and weight will be compared between groups using t-tests. Gender, tobacco
exposure, alcohol abuse, history of previous radicular symptoms in the legs and
usage of pain medication will be assessed using the Chi-square test.

Primary analysis

The primary study outcome, the average score on the NRS leg pain scale at
two weeks, will be compared between groups utilizing the unpaired t-tests.

Secondary analysis

The average score on the NRS leg pain scale at 4weeks will be compared
between groups utilizing the unpaired t-tests.

The absolute decrease of NRS leg pain, NRS back pain, ODI and increase of
EQ-5D will be analysed using t-tests for the period from baseline to 2weeks
follow-up and from baseline to 4 weeks follow-up;

Perceived recovery Likert scores will be dichotomized: 1-2 will be considered
a success and 3-7 will be considered no success. Consequently, data will be
compared using the Chi-square test at 2 and 4 weeks after randomization or
injection to 10 and 21weeks after randomization;

The success data from the 2-week follow-up will be correlated to the success
data at 14 weeks and 26 weeks using Chi-square tests to make predictions.
In order to correlate 2-week and 4-week success data to the absolute data
for NRS leg pain, NRS back pain, ODI and EQ-5D at 10 and 21weeks, logistic
regression analysis will be used;
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Baseline data will be correlated to the 2-week success data after treatment
with TEI using t-tests for numerical variables and Chi-square test for cat-
egorical variables;

The cost-effectiveness analysis will be evaluated from a healthcare perspec-
tive (the costs per extra patient with symptom relief) and a cost-utility analy-
sis from a societal perspective (costs per Quality Adjusted Life Year (QALY)).
Both analyses will be trial-based, with a time horizon of 21weeks. Use of
health care and productivity will be valued according to the Dutch guidelines.
QALYs will be assessed as the area under the utility curve based on the Dutch
tariff for the EQ-5D. For sensitivity analysis, QALYs will be determined using
the VAS for quality of life with power transformation. The average costs and
patient outcome will be compared according to intention-to-treat, using net-
benefit analysis, and using multiple imputation to account for missing data;

Withdrawal of subjects

Subjects can withdraw from the study at any time for any reason without conse-
quences and will not be replaced. Subjects that refuse TEI after randomization
to the TEI group, will be considered as cross-over subjects. Patients that with-
draw during the study will be considered lost-to-follow-up patients. The study
investigator can decide to withdraw a subject for urgent medical reasons.

Study monitoring

Data monitoring

Data monitoring will be performed by an independent monitor from the LUMC
twice per year and will oversee the handling, safeguard and storage of data in
accordance with the LUMC protocol and Good Research Practice (GRP) guide-
lines. No data monitoring committee is involved since TEl is considered usual
care and risks are considered to be moderate.

Adverse event management

Adverse events (AEs) are defined as any undesirable experience occurring to a
subject during the study, whether or not considered related to TEI. All adverse
events reported spontaneously by the subject or observed by the investigator
or his staff will be recorded. Adverse events from treatment with TEI are rare.
The most common AEs reported in literature are transient exacerbation of pain
(2.4%), pain at site of injection (1.1%) and accidental dural puncture (2.3%) [17].
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Serious adverse events (SAEs) are defined as any untoward medical occurrence
or effect that result in the subject’s death or is life threatening, require hospitali-
sation or prolongation of existing inpatients’ hospitalisation, result in persistent
or significant disability or incapacity, is a congenital anomaly or birth defect or
any other important medical event that did not result in any of the outcomes
listed above caused by medical or surgical therapy, but could have been based
upon appropriate judgement by the investigator. Elective hospitalization will not
be considered as a serious adverse event. SAEs are reported by the investigator
through the online web portal ToetsingOnline to the accredited Medical Ethics
Committee (MEC) that approved the protocol within one week of first knowl-
edge of SAEs that result in death or are life threatening followed by a period of
maximum of 8days to complete the initial preliminary report. All other SAEs
will be reported within a period of maximum 15 days after first knowledge of the
events.

All AEs will be followed until they have subsided or until a stable situation has
been reached. Dependent of the kind of event, additional tests or medical pro-
cedures may be required for follow-up, and the subject may be referred to the
general practitioner or a medical specialist.

In literature arachnoiditis and ‘nervous system disorder’ have been described
as major complications. Despite the lack of exact data, these complications are
considered to be rare [17].

Interim analysis

The investigator will annually submit a summary of the progress of the trial to
the accredited MEC. Information will be provided on the date of inclusion of first
subject, total number of subjects included to that point, total number of sub-
jects that have completed the trial, serious adverse events, other problems and
amendments. Additionally, the independent data monitor and the Inspection
Healthcare and Youth (IGJ) will have access to interim analyses.

Premature termination of study

In case the study is ended prematurely, the sponsor will notify the accredited
MEC within 15 days, including the reasons for the premature termination.

Dissemination of results

The results from the TEIAS Trial will be published in international peer reviewed
neurological and neurosurgical related journals. Results will be presented at
national and international spine and pain congresses. Furthermore, the results
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can influence the usual care in the Netherlands and will subsequently be offered
to be considered by (inter) national guideline-authors for treatment of sciatica.

DISCUSSION

The current guidelines on treatment of sciatica state that a period of conserva-
tive therapy up to 14-16weeks is preferred and these guidelines are based on
the results from the Sciatica trial by Peul et al. During this trial, 40% from the
group that received continued conservative care crossed-over to the surgical
group with a mean delay of 15 weeks [8]. The TEIAS-trial is focused on finding
an appropriate type of conservative treatment to bridge the time during this
period of conservative care in the acute phase of sciatica.

For the TEIAS study it is presumed that eligible patients will have an average
duration of symptoms of 5weeks when randomized to either the treatment
arm or control arm. Therefore, follow-up at 10 weeks will correspond with the
14-16 week time point from the Sciatica trial. In the same manner, the 21week
follow-up moment will be similar to the 26 week time point in the Sciatica trial at
which surgical intervention did not yield a superior patient outcome compared
to conservative therapy. Therefore, the short-term effect of TEI will be evalu-
ated at 1, 2 and 4weeks and long-term evaluation will be performed at 10 and
21weeks.

The burden from the pain and resulting immobility during the acute phase of
sciatica have been a challenge and an adequate routine treatment strategy
to alleviate symptoms during this period of ‘wait-and-see’ is lacking. TEl has
often been proposed as an option to reduce pain and inflammation caused by
mechanical compression of the nerve root and literature has demonstrated this
treatment to be efficacious in part of the sciatica patients [18-21]. However, only
few studies have investigated the use of TEl specifically in patients with acute
sciatica (<8 weeks). One study randomized 63 patients with a duration of symp-
toms between 2 and 4 weeks to either TE| or usual conservative care [11]. The
TEI group experienced a greater improvement in functionality and back pain,
but differences between groups were small. However, the effect of the interven-
tion group was averaged over both responders and non-responders. Therefore,
it is plausible that if the effect had been averaged only over the responders a
clear effect could have been found for these patients. Moreover, the epidural
injection lacked an analgesic medicament, baseline pain scores for back and
leg as well as Roland Disability score were lower in the control group, and size
of patient groups were small. Another study that studied TEl in the acute phase
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of sciatica found that 66% of patients were considered responders within hours
after an injection. The VAS score for leg pain lied around 30mm on a 100 mm
scale during the first 14 days for this group. For the non-responders the VAS leg
pain score remained around 55mm on average during these two weeks [12].

A Dutch study by Spijker-Huiges et al. investigated the effect of epidural steroid
injections containing 80 mg of triamcinolone in normal saline in acute sciatica
patients (2-4 weeks of symptoms) [22]. They compared this intervention in ad-
dition to usual care to usual care alone similarly to our study protocol. Results
showed a small but clinically irrelevant difference between groups, but cost-
utility analysis demonstrated that adding epidural steroid injections decreased
total health care costs for these patients. However, despite randomization of
patients baseline characteristics differed statistically significantly between
groups and current anaesthesiologic guidelines advise injections with dexa-
methasone or Depo-Medrol instead of triamcinolone which was administered
in the aforementioned study. Additionally, steroids were administered through
a translaminar approach in contrast to the currently preferred transforaminal
technique which will be used in our study. Furthermore, patients allocated to
the treatment group received only one epidural injection. Part of these patients
had a positive response to the injection but the effect deteriorated after sev-
eral weeks. Therefore, additional injections might be suitable for this group of
patients and in our study patients can opt for further treatment with TEI if the
anaesthesiologist considers this step to be advantageous.

Due to the pragmatic nature of this study patients suffering from sciatica are
directly referred by the GP to the anaesthesiologist without interference of any
type of imaging. With the current organization of usual care it takes several
weeks before the patient has visited the neurologist, undergone MRI examina-
tion and received TEI. In order to minimize this waiting time only a neurosurgeon
will shortly examine the patient before inclusion to confirm that the patient is
suffering from sciatica. This means that determination of the herniated disc
level is based on medical history taking and physical examination. The neuro-
surgeon will advise the anaesthesiologist on the affected nerve root level, but if
a disagreement exists the anaesthesiologist has the final decision on the level
to be treated. In order to determine whether uncertainty with regard to the level
of injection may play a role in the effectiveness of TEl the anaesthesiologist is
asked to express his confidence in the correctness of the diagnosis and of the
treated disc level.

Aninteresting feature of TEl that has only been studied before to a limited extent
is its predictive capability on long-term patient outcome. In theory, if such pre-
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dictive power of TEl exists, patients that will not do well on the long term based
onthe short-term effect of TEl can be offered surgery at an earlier time point. For
instance, a patient could become eligible for surgery after two weeks based on
the two-week TEI outcome and would not have to wait until the 14-16 week time
point. Joswig et al. addressed this predictive feature in a prospective study [12].
The results demonstrated that a decrease of less than 50% in leg pain within
one week indicated an unfavourable outcome at one month and therefore other
treatment options should be considered. Furthermore, data suggested that
prediction of the 3-month outcome might be possible which makes this a prom-
ising concept [13]. A study by El-Yahchouchi et al. investigated the predictive
power of TEI for long-term outcome in patients with radicular pain, regardless
of the presence of radiculopathy [14]. They assessed the effect of the epidural
injection immediately after administration, at 2weeks and at 2months. Results
showed that patient outcome at two months, the long-term effect, was not as-
sociated with immediate pain relief. However, the long-term effect was strongly
related to pain relief at 2weeks. They argued that the delayed effect from the
anti-inflammatory steroid agent was not observable directly post-injection, but
only established thereafter and thus was observable at the two-week follow-up
moment. This is an indication that a predictive value might exist.

List of abbreviations

AE: adverse event; CEA: cost-effectiveness analysis; EQ-VAS: EuroQol Visual
Analogue Scale; EQ-5D: EuroQolL-5 Dimension; GP: general practitioner; GRP:
good research practice; IGJ: Inspection for Healthcare and Youth; ITT: inten-
tion-to-treat; LUMC: Leiden University Medical Center; MEC: Medical Ethical
Committee; MRI: magnetic resonance imaging; NRS: numerical rating scale;
ODI: Oswestry disability index; QALY: quality adjusted life year; RCT: random-
ized controlled trial; SAE: serious adverse event; SG: Spaarne Gasthuis; TEI:
transforaminal epidural injection; TEIAS: transforaminal epidural injection in
acute sciatica; VAS: visual analogue scale.
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Chapter 6

ABSTRACT

Background

Transforaminal epidural injections (TEI) can alleviate symptoms and help to
maintain physical functioning and quality of life in patients with lumbar ra-
dicular pain. We aim to develop a prediction model for patient outcome after
TEl in patients suffering from unilateral lumbar radicular pain due to lumbar
disc herniation (LDH) or single-level spinal stenosis (LSS). The secondary aim
is to estimate short-term patient outcome differences between LDH and LSS
patients, the association between psychological variables and patient outcome,
the rate of additional injections, surgery and complications, and to explore the
short-term cost-effectiveness of TEI.

Methods

This study is designed as a multi-centre, observational, prospective cohort
study in two large regional hospitals in the Netherlands. Patients diagnosed with
unilateral lumbar radicular pain secondary to LDH or LSS and congruent with
MRI findings, who are referred for TEIl along usual care pathways, are eligible for
study participation. A total of 388 patients with LDH or LSS will be included. A
pre-defined set of demographic, clinical and radiological variables will be used
as the predictors in the model. The primary outcome measure is the Numerical
Rating Scale (NRS) for leg pain. Secondary outcome measures include back
pain, physical functioning, perceived recovery, pain coping strategies, anxiety
and depression and use of analgesics and physical therapy. Patients will be eval-
uated at baseline, 2 weeks and 6 weeks after treatment. NRS leg pain and Likert
perceived recovery data will be used as the dependent variables in a generalized
linear mixed model for prediction of TEl outcome, with internal validation of per-
formance (explained variation) by bootstrap resampling. Cost-effectiveness for
a period of 6 weeks prior to and after treatment will be performed with decision-
analytic modelling.

Discussion

Patients with severe lumbar radicular pain often request additional treatment
when conservative care is insufficient. TEl can offer relief of symptoms. Cur-
rently, it is not possible to predict responsiveness to this treatment for individual
patients. This study is designed to explore predictors that can differentiate be-
tween patients that will and will not have a positive outcome after TEl. This
information may support treatment strategies for this patient group.
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BACKGROUND

Unilateral lumbar radicular pain is a common symptom of lumbar radiculopathy,
a spinal condition with a reported lifetime prevalence of up to 43%, depending
on the exact definition of this condition [1]. Generally, lumbar radicular pain is
explained as a symptom when the function of one of the exiting lumbosacral
nerve roots is affected [2]. The two most common causes are lumbar disc her-
niation (LDH) and degenerative lumbar spinal stenosis (LSS) due to age-related
disc degeneration, hypertrophy of the ligamentum flavum and zygapophyseal
joint, and osteophyte formation [3]. Both may result in radiating leg pain, which
can be accompanied by back pain, and sensory and motor deficits. Lumbar ra-
dicular pain is often insufficiently explained by merely mechanical compression
of the nerve root, and, therefore, it is suggested that, additionally, inflammatory
and immunological processes are involved in LDH and LSS [4-6]. Disease pro-
gression, however, usually differs as patients with LDH are younger on average
and have a more acute onset of symptoms which may aggravate when cough-
ing, sneezing or leg-straightening, while patients with LSS often are older and
experience gradually increasing symptoms that may exacerbate during stand-
ing or walking. Nonetheless, in both patient groups symptoms can severely
limit physical functioning, decrease quality of life, and result in absenteeism.
Symptoms are expected to spontaneously diminish with time in the majority of
LDH patients as this condition is considered to be self-limiting. Hence, guide-
lines advise conservative treatment for the first weeks to months before opting
for non-conservative therapies [7-9]. For LSS there is less general agreement
on the most appropriate treatment strategy as symptoms usually follow a more
chronic course, although some patients may experience natural resolution of
symptoms as well [10-12]. For both patient groups, however, symptoms are
frequently insufficiently alleviated with oral pain medication, and, due to the
debilitating consequences, medical and socio-economic costs are tremendous
in this patient population [13-16].

Transforaminal epidural steroid injections (TEI) have become a growingly popu-
lar treatment modality in patients with severe lumbar radicular pain to relieve
symptoms. TEl aims to reduce the inflammation around the affected nerve root
by limiting nerve root oedema, blocking prostaglandin synthesis and altering
the conduction of nociceptive C-fibres [17-20]. The rationale behind this mini-
mally invasive treatment is that it enables the patient to maintain physical func-
tioning, restores quality of life, and, if satisfactorily effective, obviates the need
for neurosurgical intervention. However, TEl is considered to have a temporary
effect, and it remains unclear in what part of the patients symptoms may reoc-
cur necessitating repeat injections or surgery on the short term nonetheless.
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Specifically in patients with LSS, which is thought to be more chronic and less
self-limiting than LDH, there is debate regarding the efficacy of TEI.

Several systematic reviews and meta-analyses have been conducted on the ef-
ficacy of TEl in patients with lumbar radicular pain due to LDH and LSS which
demonstrated varying success rates ranging between 19% and 88.4% [21-30].
It is suggested that TEI is likely to be more beneficial in carefully selected
subgroups of patients with lumbar radicular pain, explaining the variation and
overall modest effect of this treatment in the whole patient group. Therefore,
prognostic factors should be identified that could aid in improving patient se-
lection allowing for more tailored treatment strategies in patients with lumbar
radicular pain. Numerous demographic, clinical and radiological factors have
been assessed for their association with TEl outcome across multiple studies,
but few factors have been demonstrated to be consistently significantly associ-
ated [31-47] (Table 1). The most consistent prognostic factors for TEl included a
shorter duration of symptoms in 3 out of 7 studies (OR 2.6 and 2.5 for VAS 250%
and Roland-Morris disability score>40% reduction; r -0.48 and -0.36 for VAS
and ODI) [38, 43], a positive Slump test in 2 out of 2 studies (Nagelkerke R? 0.10
for VAS leg pain and 0.17 for ODI) [34], degree of nerve root compression in 3
out of 4 studies (R? 0.06 for VAS leg pain and ODI) [35] and radiological etiol-
ogy of symptoms in 2 out of 5 studies (measure of strength of association not
reported). Since there was large methodological variability among studies,
strength of association was not always reported and the majority of variables
were evaluated in a small number of studies. A reliable predictive model suit-
able for clinical practice is lacking. Furthermore, psychological variables may
affect patient outcome after TEI treatment similarly to spine surgery, but have
not been assessed before in relation to this therapy [48, 49].

Therefore, a systematic assessment of demographic, clinical and radiological
factors and their association with TEl outcome in patients with LDH or LSS is
needed in a sufficiently large prospective cohort study. Since the purpose of TEI
treatment is to rapidly resolve symptoms, the study’s primary aim is to develop
a multivariable prediction model for short-term patient outcome with internal
validation of performance. In addition to this prediction model, we aim to de-
termine the association between psychological baseline variables and patient
outcome measures as this has not been explored before. Furthermore, as a sec-
ondary study objective we intend to explore the short-term cost-effectiveness
of TEI TEl is intended to relief pain symptoms, and, when the effect is satisfac-
tory, may result in reduction of analgesic intake and physical therapy sessions.
Moreover, patients with severe symptoms may take a sick-leave from work
which has substantial socioeconomic costs. However, this the effect of TEI on
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these variables has not been studied thoroughly before. We aim to explore the
medical expenditures and absence from labour before and after TEl treatment.

Table 1Variables associated with prediction of TEl outcome in previous studies. Only vari-
ables assessed in two studies or more were included. Variables that will be included in the
core set of predictors for the model in this study are indicated by an asterisk.

Prediction factor Number of studies Number of studies Core
that found References that did not find References
for TEl outcome . L. . . set
an association an association

Demographic factors

(31,33, 39, .
Age 1 (38) 5 40, 45)
BMI 1 (38) 1 (45)
Duration of (31, 39, 40, N
symptoms 3 (33,38, 43) 4 45)

. s (31,39, 41,
Injection level 0 5 45, 47)
. s . (31,38, 39,

Injection side 0] 4 47)

(31,39-41, .
Sex 1 (38) 5 45)

Clinical factors
Pr(:z-lmectlon 1 (38) 3 (33, 42, 45) *
pain score
Pre-injection
functionality 1 (38) 1 (42)
score
Positive Slump 2 (34, 35) 0
test
Po.st-mjectlon ] (45) ] (42)
pain score
Radiological factors

Lesion level 0 2 (31,33)
Lesion severity 1 (32) 2 (31, 36)
Location of LDH 2 (35, 37) 2 (33,47) *
Degree of nerv'e 3 (34, 35, 47) 1 (45) .
root compression
Presence of tran-
sitional vertebrae 2 (44, 46) ! (45)
Radiological
etiology of 2 (31, 41) 3 (33, 34, 40) *
symptoms
Type of disc 1 (35) 1 (47)

degeneration
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METHODS AND DESIGN

This protocol has been aligned with the Transparent reporting of a multivariable
prediction model for individual prognosis or diagnosis (TRIPOD) statement and
checklist [560].

Design and study setting

The POTEISS (Prediction of Transforaminal Epidural Injection Success in Sciat-
ica) study is designed as a multicentre, prospective, observational cohort study
and is performed in accordance with recommendations by the PROGRESS
framework [51]. The study is initiated at the Leiden University Medical Center
(LUMC), Leiden, the Netherlands and enrolling patients at the outpatient pain
clinic in the Spaarne Hospital (SG), Hoofddorp and Haarlem, the Netherlands
and in the Groene Hart Hospital (GHZ), Gouda, the Netherlands since November
2020 with, currently, a total of 115 patients included. Patients that are referred
to the pain clinic and that have a scheduled appointment for treatment with TEI
as part of standard care are screened for eligibility. When meeting the inclusion
criteria, patients are contacted by the study investigator and invited to partici-
pate. Follow-up will be performed by completion of a case report form at 30 min
follow-up and by sending digital questionnaires through e-mail at baseline,
4 days, 2 and 6 weeks follow-up which are automatically processed in an online
secure database once completed. A schematic overview of study procedures is
provided in Fig. 1.
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Diagnosis of unilateral lumbar
radiculopathy by
neurologist/neurosurgeon

!

Inclusion/exclusion criteria

Patients with lumbar radiculopathy _| Patients with lumbar radiculopathy
secondary to LDH " secondary to single-level LSS

A

A 4 A 4

Baseline: demographic data, NRS leg pain, NRS back pain, ODI, HADS, PCl, perceived recovery, EQ-5D-
5L, healthcare use, TEl data

!

| Patient receives treatment with a transforaminal epidural injection (TEI) |

.

Follow-up 30 minutes: NRS leg pain, NRS back pain, TEl data, complications

.

| Follow-up 4 days: complications |

!

Follow-up 2 weeks: NRS leg pain, NRS back pain, ODI, HADS, PCl, perceived recovery, EQ-5D-5L,
healthcare use

!

Follow-up 6 weeks: NRS leg pain, NRS back pain, ODI, HADS, PCl, perceived recovery, EQ-5D-5L,
healthcare use

Fig.1Flow chart of study procedures

Aims and objectives

The aim of the POTEISS study is to explore patient outcome after TEl in patients
with unilateral lumbar radicular pain secondary to lumbar disc herniation or
degenerative spinal stenosis and to identify subgroups that benefit more or less
from this treatment.

The primary objective is to:

1. Develop a model based on demographic, clinical and radiological variables
for prediction of patient outcome after TEl (outcome defined as=30% im-
provement in NRS leg pain; see also Primary analysis section, or defined as
a perceived recovery Likert score of 1 or 2; see also Secondary analysis sec-
tion)
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Secondary objectives are to:

1. Estimate short-term patient outcome after TEl in patients with LDH and LSS

2. Determine the association between psychological baseline variables and
patient outcome measures

3. Determine the rate of additional injections, surgery and complications after
treatment with TEI

4. Explore the short-term cost-effectiveness with decision-analytic modelling

Eligible study participants and recruitment

The patients are selected from the referral database at the pain clinic. Patients
suffering from an episode of unilateral lumbar radicular pain due to LDH or
single-level LSS diagnosed by the neurologist or neurosurgeon, congruent with
radiological imaging (MRI), and scheduled for treatment with TE| are screened
for study participation. The clinical diagnosis of lumbar radicular pain, with or
without other symptoms associated with lumbar radiculopathy, by the neurolo-
gist or neurosurgeon is based on history taking and physical examination and
must be supported with a radiological diagnosis of LDH or LSS on MRI. Lumbar
radicular pain is defined as a painful sensation that radiates from the back to-
wards the leg, usually going below the knee and is often described by patients
as electric, shooting or cramping. Clinical presentation in case of LDH usually
involves a more acute onset with a constant pain which is episodically aggra-
vated and often not dependent on the patient’s position. Patients with clinically
suspected LSS usually describe a more gradual onset and progression of with
unilateral radicular pain that may be aggravated by walking or standing. In both
cases, MRI findings must be congruent with clinical findings, i.e., lumbar level. If
MRI results are not congruent with clinical findings, the patient is not eligible for
inclusion. TEIl treatment appointments are made by a pain clinic nurse as part of
standard care. A complete description of inclusion and exclusion criteria can be
found in Table 2.

Table 2 Patient inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Clinical diagnosis of unilateral lumbar radicu- Age under 18 years

lopathy by neurologist or neurosurgeon Severe multisegmental spinal disease
Radiological diagnosis of LDH or LSS on MRI Anatomical abnormalities that may complicate
and congruent with clinical findings® the procedure technically (e.g. severe scoliosis)
Scheduled appointment for TEI History of lower back surgery at the same lum-
Access to e-mail bar level and side
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Table 2 Patient inclusion and exclusion criteria (continued)

Inclusion criteria Exclusion criteria

Signed informed consent Previous treatment with TEI for current episode
of lumbar radiculopathy
Active malignancy or infectious disease
Use of immunosuppressive drugs
Use of systemic corticosteroids in preceding 3
months

Circumstances that prevent treatment with TEI
(e.g. use of anticoagulants that cannot be tem-
porarily discontinued, allergy against steroids or
local anaesthetic)

Pregnancy
Major language barrier

@ Definitions of LDH and LSS are provided in the Definition of lumbar disc herniation and
degenerative spinal stenosis on MRI section. LDH = lumbar disc herniation; LSS = lumbar
spinal stenosis; MRI: magnetic resonance imaging; TEl = transforaminal epidural injection

Definition of lumbar disc herniation and degenerative spinal
stenosis on MRI

For this study, lumbar disc herniation is defined as the presence of protrusion,
extrusion or sequestration of an intervertebral disc without other significant de-
generative changes that may affect the nerve root at that level. Central lumbar
disc herniation will be eligible only if symptoms are unilateral and cauda equina
syndrome is absent. Patients with symptoms due to an extraforaminal disc her-
niation are included as well.

Degenerative spinal stenosis is defined as narrowing of the spinal canal, lateral
recess or neuroforamen due to degenerative changes of the bony structures
(osteophytes) and surrounding tissues including ligaments, zygapophyseal
joints, and a bulging intervertebral disc. Only patients with a stenosis causing
unilateral symptoms are eligible. Patients with synovial (facet) cysts, neoplasm
or spondylolisthesis resulting in stenosis will be excluded.

Evident physical compression of the nerve root will not be an eligibility criterion,
but compression will be graded for analysis of MRI data (see also Secondary
study parameters section), since in patients without evident nerve root com-
pression inflammatory processes may be a key contributor that can be treated
with a transforaminal epidural steroid injection [52-54].
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Intervention procedures

Transforaminal epidural injection (TEI)

Administration of the transforaminal epidural injection (TEI) will be performed
by multiple experienced anaesthesiologists from the participating hospitals.
The treating anaesthesiologist determines the treatment level based on clinical
findings and radiological imaging (diagnosed by neurologist or neurosurgeon).
The patient will lie in a prone position on the table with a support underneath to
reduce the natural lordosis. The skin is sterilized with chlorhexidine and locally
anaesthetized with 1 mL 1% lidocaine. Under fluoroscopic image guidance the
needle is placed via a transforaminal approach in close proximity of the nerve
root. This is achieved by advancing the needle subpedicularly towards the safe
triangle which is confined by the inferior border of the pedicle, the exiting nerve
root and inferiorly from the anterior margin of the pedicle [55] (Fig. 2).

Fig. 2 Transforaminal approach into the safe triangle space. This space is confined by the
inferior border of the pedicle, the exiting nerve root and inferiorly from the anterior margin
of the pedicle

Contrast agent is injected to confirm correct positioning of the needle. In case
of incorrect positioning, the needle is retracted and repositioned towards the
correct location. In accordance with current Dutch anaesthesiologic guidelines,
injections at L3 and below will contain 1,5 ml lidocaine 2% and 40 mg methyl-
prednisolone acetate and injections above L3 will contain 1,5 ml lidocaine 1%
and 10 mg dexamethasone to prevent possible vascular occlusion of the artery
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of Adamkiewicz [56]. After the procedure, the patient will stay for 30 min at the
recovery room for monitoring.

Adjuvant care

Since this is an observational cohort study, patients are allowed to use any type
of adjuvant care as they require. This may include, but is not limited to, anal-
gesic usage and physical therapy. To compare the use of concomitant therapy
between groups, the patients are requested to register their use of oral pain
medication and physical (rehabilitation) therapy during follow-up.

Data collection and protection

Data will be collected using Castor EDC, a web-based data capture platform
(Ciwit BV., Amsterdam, The Netherlands). After study participation has been
confirmed and informed consent has been provided, the patient will complete
baseline questionnaires the day before TEI treatment. For all follow-up mo-
ments the patient will receive an e-mail with a hyperlink to the questionnaires
to fill in at home. When the questionnaires are completed, they will be automati-
cally processed anonymously in Castor EDC. All data will be safeguarded and
stored for 15 years after end of study. In the database each patient is given an
untraceable ID that can only be linked to the patient’s personal details with a key
file. Access to this key file and the final dataset will only be granted to members
of the research team, an independent monitor and the Inspection for Healthcare
Inspection and Youth (IGJ).

Study parameters and follow-up

Demographic data are assessed at baseline by an independent researcher and
outcome measurements are self-reported by the patient. Follow-up starts on
the day of treatment and patients fill in questionnaires at 4 days, 2 and 6 weeks
after treatment. Patients are not entitled to see results from previous follow-up
moments. A summary of all outcome measurements for each follow-up moment
can be found in Table 3.
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Table 3 Data collection schedule

Baseline Follow-up
30 min. Day 4 Week 2 Week 6

Demographic data v

NRS leg pain v v Ng v
NRS back pain v v v N
oDI v v v
HADS v v v
PCI v v v
Perceived recovery v N
EQ-5D-5L v v v
Health care use® v v v
TEIl data® v v

Complications v v

@ Specifics on the collected data are provided in the Secondary study parameters sec-
tion. HADS = hospital anxiety and depression scale; NRS = numerical rating scale; ODI =
Oswestry disability index; PCl = pain coping inventory; TEl =transforaminal epidural injec-
tion; VAS = visual analogue scale

Primary study parameter

The primary study outcome measure, the Numerical Rating Scale (NRS) for
leg pain, will be assessed at baseline, 30 min, 2 weeks and 6 weeks after
treatment. NRS for leg pain will be scored on a O (no pain) to 10-point (worst
imaginable pain) scale with increments of 1 point. Each patient will give an
average score for the previous 7 days and the highest score during those
same 7 days. Leg pain from lumbar radiculopathy may vary during the week
and, therefore, an average score of the past 7 days will be more representa-
tive with sufficient reliability [57, 58].

Secondary study parameters

In order to assess back pain, physical functioning, anxiety and depression-
related complaints, pain coping strategies and perceived recovery secondary
study outcome measures will be measured. In addition, other study parameters
will be collected for development of a prediction model.
NRS for back pain will be scored at baseline, 30 min, 2 weeks and 6 weeks
after treatment. NRS for back pain will be scored on a O (no pain) to 10-point
(worst imaginable pain) scale with increments of 1 point. Each patient will
give an average score for the previous 7 days and the highest score during
those same 7 days. Similarly to leg pain, back pain intensity may change dur-
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ing the week and, therefore, an average score of the past 7 days will be more
representative with sufficient reliability [57, 58].

The Oswestry Disability Index (ODI) will be recorded to assess physical
functioning. The ODI will be scored on a 0 (no disability) to 50-point (worst
disability possible) scale at baseline, 2 and 6 weeks after treatment and mul-
tiplied by a factor of 2 to provide a score on a 0 to 100 percentage scale.

The Hospital Anxiety and Depression Scale (HADS) will be measured to
evaluate complaints of anxiety and depression at baseline, 2 weeks and
6 weeks after treatment. Both are scored with 7 items on a Likert scale that
ranges from O to 3. For each dimension a maximum score of 21 points is pos-
sible. A score between O and 7 implies the absence of anxiety or depression,
between 8 and 10 indicates a possible anxiety or depression disorder, and 11
or higher indicates the presence of anxiety or depression.

The Pain Coping Inventory (PCI) will be recorded to measure how the patient
copes with pain symptoms. This scale assesses 6 different coping styles us-
ing 33 items which can be answered with scores from 1 (never or rarely used)
to 4 (very often used) to determine how often the patient practices a certain
coping strategy. The PCI will be obtained at baseline, 2 weeks and 6 weeks
after treatment.

Perceived recovery will be measured to determine how the patient perceived
his or her recovery. A 7-point Likert scale is used: ‘completely recovered’'=1,
‘significantly recovered'=2, ‘somewhat recovered’'=3, ‘no recovery'=4,
‘somewhat worsened’'=5, ‘significantly worsened'=6 and ‘worse than
ever'=7. Perceived recovery will be assessed at 2 weeks and 6 weeks after
treatment.

EQ-5D-5L questionnaire: will be used for the cost-effectiveness analysis.
This questionnaire consists of both the EQ-5D-5L descriptive systems which
measures five dimensions of health-related Quality of Life (mobility, self-
care, daily activities, pain/discomfort, and anxiety/depression with 5 sever-
ity levels) and the EQ-VAS, a visual analogue scale rating the overall current
health-related Quality of Life ranging from O (as bad as death) to 100 (perfect
health). The EQ-5D scores will be assessed at baseline and at 2, and 6 weeks
follow-up.

Health care use: pain medication use, physical therapy use and number of
appointments with GP (at GP’'s practice, at home or via telephone/e-mail) are
recorded at 2 weeks and 6 weeks after treatment. At baseline patients are
asked about these variables for the 6-week period preceding study partici-
pation.

Radiological variables: lumbar level and location of disc herniation (central,
paramedian, foraminal or extraforaminal) or stenosis (central, lateral recess,
foraminal), type of disc degeneration (bulging, protrusion, extrusion, seques-
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tration) and Pfirrmann classification [59], degree of stenosis (Miskin scale
[60]), disc height loss (0%, 1-25%, 26-50%, 51-75%,>75%), vertebral end
plate changes (Modic scale [61]), facet degeneration (Weishaupt scale [62]),
epidural lipomatosis grading (Borré scale [63]) and degree of nerve root
impingement (Pfirrmann grading [64]) will be evaluated by two independent
researchers, blinded to clinical data including patient outcome, on T1and T2
weighted sagittal and transversal MRI data.

Other parameters

TEI data: data on administration of TEl is collected by the anaesthesiologist
or by a nurse. This includes the date of injection, lumbar level, side and the
occurrence of any complication during the procedure or within 30 min after-
wards.

Data regarding the need for additional injections or surgery after TEI will be
obtained from the patient’'s medical record.

Complications: data will be collected on complications occurring peripro-
cedural by the anaesthesiologist or nurse. At the fourth day after treatment
the patient is requested to fill in a questionnaire about the occurrence of
any complication since the procedure. Information on other adverse events
that require a visit to the hospital or hospitalization will be obtained from the
patient’s medical record.

Sample size calculation

The sample size was calculated for a multivariable prediction model with a
binary outcome in R (version 3.6.3) [65] using the ‘pmsampsize’ package [66]
to ensure ample patients for this analysis. The criteria used to calculate the
sample size aim to minimize overfitting and ensure accurate estimation of
pivotal variables in the model [67]. For the calculation we used a dichotomized
NRS for leg pain as the binary outcome variable based on a minimal reduction
of 30% in leg pain intensity compared to baseline (further elaborated in the
‘Analysis’ section). We hypothesized that 60% of the patients will be considered
a 'success’ (for definition see Primary analysis section) after two weeks based
on estimations in previous literature [25]. We assumed an R? (percentage of
variation in outcome explained by the model) of 0.25, based on the strength of
association of individual predictors as reported by a limited number of previous
studies. Furthermore, we assumed an expected number of predictor variables
of 10 and a desired level of shrinkage (measure of overfitting) at internal vali-
dation of 0.9. With an assumed margin of error of 0.05 in the estimation of the
intercept a total of 369 patients is needed. A sample size of 369 patients will
suffice for a range of R? (0.22-0.73). With a loss to follow-up of 5% we aim to
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include a total of 388 patients. The ratio of patients with LDH and LSS to be
included will not be predefined but will result from the ratio in clinical practice.
We estimated that the ratio LDH: LSS patients will be between 2:1and 3:1 based
on clinical experience.

Data analysis

Demographic data will be reported using descriptive statistics. Continuous vari-
ables (age, BMI, duration of symptoms) will be presented by median and inter-
quartile range. Categorical variables (sex, cause of symptoms, smoking status,
alcohol use, side of radicular symptoms, use of pain medication, use of physical
therapy, living situation and daily occupation) will be presented using numbers
and percentages. For comparisons of demographic data between patients with
LDH and LSS, appropriate statistical tests will be performed, depending on
scale of measurement: for continuous outcomes the Mann-Whitney U test will
be used, whereas for categorical data the x* test will be employed.

Primary analysis

The primary study outcome measure, the average score on the NRS leg pain
scale, will be determined 30 min after the procedure and at the 2 and 6-week
follow-up moments. Linear mixed models will be used with a radiological diag-
nosis (LDH or LSS) by time (as a main effect) and random effect for repeated
measures within-subjects to assess differences between patient groups across
all time points while correcting for potential confounders.

Furthermore, for each patient the change in NRS leg pain score at follow-up
will be dichotomized using a predefined cut-off of 30% or more pain reduction
compared to baseline. This is based on the minimally clinical important dif-
ference (MCID) of 30% as recommended by an international consensus group
[68]. Patients with pain reduction of 30% or more compared to baseline will be
considered ‘success’ and patients with less pain reduction, an increase in pain,
repeat injections or surgery within the follow-up period will be considered ‘non-
success'. Proportions of ‘success’ and ‘non-success’ will be compared between
groups across all time-points. A generalized linear mixed model analysis for
this dichotomized outcome measure at 6 weeks follow-up will be performed
to predict a positive outcome after TEl. The model will include different sets of
predictors using demographic, clinical and radiological variables:
Core predictors: age, sex, duration of symptoms, pre-injection NRS for leg
pain, HADS and PCl scores, radiological diagnosis (LDH or single-level LSS),
location of disc degeneration, degree of nerve root compression (Pfirrmann
grading) and vertebral endplate changes (Modic scale).
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Extended set of predictors: body mass index (BMI), injection level, injection
side, pre-injection ODI score, presence of neurologic deficit (sensory and
motor deficits observed during physical examination), post-procedural NRS
for leg pain score at 30 min, NRS for leg pain at 2 weeks, perceived recovery
at 2 weeks, type of disc degeneration, MRI signal intensity of the nerve root,
lesion level and presence of transitional vertebrae

Exploration of MRI: radiological variables not included in the core or ex-
tended predictor set will be assessed as categorical variables using different
scales (see Secondary study parameters section) for their association with
TEl outcome

The core predictor set includes variables that were relatively consistently as-
sociated with TEl outcome based on a literature review and variables that were
hypothetically auspicious.

Performance measures will include the area under the receiver operating char-
acteristic curve (AUC) to indicate discriminative ability, and R? for overall perfor-
mance. Internal validation will be performed by bootstrap resampling with 500
iterations.

Secondary analysis

The mean NRS for back pain and ODI will be determined postprocedural and
for the 2 and 6-week follow-up moments. Similarly to NRS for leg pain, linear
mixed models will be used with a radiological diagnosis (LDH or LSS) by time (as
a main effect) and random effect for repeated measures within-subjects to as-
sess differences between patient groups across all time points while correcting
for potential confounders. For assessment of the number of ‘success’ and ‘non-
success' for back pain (NRS) and disability (ODI) scores, a predefined cut-off of
30% or more reduction compared to baseline will be used [68].

Likert data for perceived recovery will be dichotomized (a score of 1 or 2 will
be considered a 'successful recovery’ and patients with this score, therefore,
‘success’, 3-7 will be considered 'no successful recovery’ and patients with this
score, therefore, ‘'non-success’) and compared between LDH and LSS groups
using Chi-square tests for the 2- and 6-week follow-up time points. A general-
ized linear mixed model analysis for dichotomized perceived recovery data at
6-weeks follow-up will be performed. The same sets of predictors will be used
as for the prediction model based on dichotomized NRS leg pain data.
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An exploratory cost-effectiveness analysis of TEIl versus usual care will be
performed by comparing the observed costs and effects the six weeks before
treatment to the six weeks after treatment, assuming the period before treat-
ment to be representative for usual care. The analysis will be performed from a
healthcare perspective. Patients will provide data for this analysis through the
EQ-5D-5L and healthcare use questionnaires at baseline, 2 and 6 weeks follow-
up. Healthcare use will be valued using standard prices as published in the
Dutch costing guideline [69]. Effects will be expressed in quality adjusted life
years (QALYs). QALYs will be estimated by first calculating the utilities using the
Dutch tariff [70]. Subsequently, the QALYs for the 6 week period before treat-
ment will be based on the utility at baseline, and the QALYs in the 6 weeks after
treatment will be obtained from utilities measured at baseline, 2 and 6 weeks
follow-up using the area under the curve method.

Missing data

Patterns of missing data will be explored and visualized. Imputation will be con-
sidered using multiple imputation based on correlation with covariates and the
outcomes using the ‘mice’ package in R [71].

Reporting

Study results will be reported in accordance with the Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE) and Transparent Re-
porting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis
(TRIPOD) guidelines [50, 72].

Study limitations

This study is limited by the absence of a formal control group. It is possible that
a subgroup of patients with lumbar radicular pain can be satisfactorily treated
with an inert substance or other types of treatment [27]. As such, it is possible
that prognostic factors found through this study may also be associated with
outcome after other treatments. Ideally, this would require a randomized con-
trolled trial and the sample size would have to be smaller for feasibility reasons
precluding the development of a prediction model for treatment outcome. The
exploratory cost-effectiveness assumes the 6-week period before treatment
to be representative of usual care. Additionally, the study may be limited by
selection bias since most patients will be suffering from chronic symptoms. Pa-
tients with (sub)acute symptoms are usually treated conservatively. At the time
they are referred to the pain clinic for TEl, symptoms will have a more chronic
character. Furthermore, at baseline patients are asked about their health care
utilization in the six weeks prior to participation. This may possibly lead to recall
bias.
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DISCUSSION

Patients with severe lumbar radicular pain often request further treatment when
conservative care with oral pain medication is inadequate. TEl is a minimally
invasive treatment that could provide sufficient symptom reduction and obviate
the need for surgery in part of those patients for whom conservative care have
failed. To offer each patient the most appropriate treatment strategy it is neces-
sary that clinicians can differentiate between patients whose symptoms can be
sufficiently alleviated with TEI and patients that may need to be subjected to
surgery nonetheless. Therefore, this study aims to explore prognostic factors
and develop a prediction model for assessment of the likely outcomes with TEI.

A considerable number of studies has previously assessed prognostic fac-
tors for TEIl success in patients with lumbar radicular pain. However, only few
variables have been evaluated across multiple studies and for these factors the
results are inconsistent. Among demographic variables, duration of symptoms
has been demonstrated to be associated with pain reduction across multiple
studies. A prolonged duration of symptoms was associated with worse outcome
in three studies [33, 38, 43]. Yet, in the majority of studies duration of symptoms
along with age, BMI, sex, injection level and side were not significantly associ-
ated with outcomes. Additionally, among clinical variables a positive Slump test
was shown to be associated with patient outcome in two studies [34, 35]. Pre-
injection pain and physical functioning scores, and post-injection pain scores
were not associated with TEl outcome in multiple studies. Furthermore, several
radiological characteristics were correlated with treatment outcome. Two stud-
ies showed an association between superior TElI outcome and LSS rather than
LDH [31, 41], although three studies reported no association [33, 34, 40], and
two studies reported that patients with transitional vertebrae fared worse after
TEI compared to patients without this spinal deformity [44, 46]. Four studies
that assessed the association between the location of disc herniation and treat-
ment outcome showed inconsistent results [33, 34, 37, 47]. In addition, three out
of four studies demonstrated better outcome after TEl in patients with a higher
degree of nerve root impingement [34, 35, 47]. This appears paradoxical as it
is hypothesized that in patients without high-grade nerve root compression in-
flammation plays a more crucial role and, expectingly, would fare better after TEI
treatment. Therefore, the degree of nerve root compression will be thoroughly
evaluated in the current study and included as a covariate in the prediction
model. Additionally, the HADS and PCI scores will be included in the prediction
model. The PCl has not been correlated with outcome after TEI before, while the
HADS has been investigated before only once, but that study included patients
undergoing multiple injections [73]. However, both have been demonstrated to
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correlate with outcome after surgery predicting residual pain and disability and
a passive pain coping strategy may aid in the transition from acute to chronic
pain [74-77]. Furthermore, among radiological variables the presence of Modic
changes will be included as it is hypothesized that this feature represents the
effects of inflammatory processes which may respond better to treatment with
steroids [78-80].

The large discrepancies between findings from previous studies most likely
relate to the variety of patient populations, methodological designs and treat-
ment techniques. For this reason, it is imperative to provide a clear definition
of patients with lumbar disc herniation, but particularly of stenosis patients.
Patients with central disc herniation or spinal stenosis and radicular pain in both
legs may require treatment with bilateral transforaminal injections. Moreover, in
patients with symptomatic multi-level spinal stenosis a corticosteroid injection
at a single level may not be sufficient and, therefore, outcome measures will
not accurately present the effect of the injection. Hence, in the current study
only patients are included with unilateral radicular pain congruent with radio-
logical imaging and without clinically relevant multi-level degenerative changes.
Although TEI may be effective for patients suffering from unilateral lumbar ra-
dicular pain due to LDH as well as single-level LSS, some variables could predict
treatment outcome in one group but not the other. A number of previous studies
has evaluated both aetiologies as a single population and possibly this obscured
the true predictive value of certain factors. Therefore, in this study these patient
groups will be assessed separately.

Additionally, variation in methodological design may have affected the reported
effect sizes of TEl in previous studies. The sample sizes of some studies were
small, which may have led to a lack of statistical power to draw appropriate
conclusions. For this prospective study, the sample size calculation was specifi-
cally aimed at the development of a prediction model to ensure sufficient power
for detection of significant differences. Moreover, treatment outcome after TEI
is often presented in terms of success rates based on a predefined percentual
or absolute decline in pain or disability scores. However, various definitions of
success were employed which reduces comparability between studies. We will
use a standardized threshold of 30% pain reduction compared to baseline as
recommended by an international consensus group [68], although, statistically,
we recoghize a number of limitations of dichotomization, such as debate on
whether to use an absolute of relative scale, the arbitrary point of dichotomiza-
tion and a loss of statistical power.
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Finally, treatment procedures were different among previous studies. The
diversity of corticosteroids, injection dose and number of injections may have
affected treatment results. In the current study, standardized doses of corti-
costeroids will be used according to national anesthesiologic guidelines and
patients will only receive one injection. In patients receiving a second injection
within six weeks after the first injection, initial treatment will be considered to
have failed [48].

This observational cohort study will provide insights in the outcome after a
single TEl in patients with unilateral lumbar radicular pain secondary to LDH or
single-level LSS in clinical practice. In addition, this study is expected to provide
data for the development of a prediction model of patient outcome after TEI.
Prediction of patient outcome after TEI could be an important step towards a
tailored and personalized treatment strategy for patients with lumbar radicular
pain.

List of abbreviations

AUC: area under the curve; BMI: body mass index; EQ-VAS: EuroQolL visual ana-
logue scale; GHZ: Groene Hart Hospital; GP: general practitioner; HADS: hospi-
tal anxiety and depression scale; IGJ: Inspection for Healthcare and Youth; LDH:
lumbar disc herniation; LSS: single-level lumbar spinal stenosis; LUMC: Leiden
University Medical Center; MCID: minimally clinical important difference; MRI:
magnetic resonance imaging; NRS: numerical rating scale; ODI: Oswestry dis-
ability index; OR: odds ratio; PCl: pain coping inventory; POTEISS: Prediction of
Transforaminal Epidural Injection Success in Sciatica; QALY: quality-adjusted
life year; SG: Spaarne Hospital; TEl: transforaminal epidural injection; VAS: vi-
sual analogue scale
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ABSTRACT

Introduction

Transforaminal epidural steroid injections (TEl) have been suggested to al-
leviate symptoms in patients with lumbar disc herniation (LDH) through its
anti-inflammatory effect. However, treatment effect varies among patients and
reliable predictors are lacking. Modic changes (MC) are also associated with
inflammatory processes and, therefore, we hypothesize that MC may be cor-
related with outcome after TEI.

Research question

To investigate the correlation between the presence of MC at the level of LDH
and the effect of TEI.

Material and methods

Patients with unilateral lumbar radiculopathy secondary to LDH undergoing TEI
were included. MC was graded by two independent assessors. Outcome mea-
sures included leg pain, back pain, disability and patient-received recovery at
baseline, 30 min, 2 weeks and 6 weeks after treatment. Multivariate analysis was
performed for all outcomes and for dichotomized scores using a cutoff of 230%
improvement. A p-value of <0.05 was considered statistically significant.

Results

A total of 88 patients were included of whom 52.3% demonstrated MC. The vast
majority was classified as type Il (94%). The presence of MC was not correlated
with any outcome measure when correcting for age, gender, duration of symp-
toms and the use of analgesics, nor for dichotomized scores.

Discussion and conclusion

The findings indicate that type Il MC is not associated with outcome within six
weeks after TEl. Therefore, type Il MC cannot be used as a predictor for TEl
outcome. Future studies should include longer follow-up and investigate the
correlation between the type of MC and the effect of TEI.
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INTRODUCTION

Low back pain and unilateral lumbar radiculopathy are common spinal problems
associated with disc herniation in the lumbar spine (LDH) (Waldman and Wald-
man, 2019). Lifetime prevalence rates of up to respectively 80% and 43% have
been reported for these conditions (Hoy et al., 2012; Konstantinou and Dunn,
2008) and patients can experience a severe decline of physical functioning as a
result. Although symptoms usually spontaneously diminish with time, the period
until full recovery can be very debilitating when the pain is insufficiently allevi-
ated with oral analgesics.

In these cases, additional treatment with a Transforaminal Epidural Steroid In-
jection (TEI) can help to reduce pain symptoms. It is assumed that radicular pain
is caused by a combination of mechanical compression, inflammatory reactions
and immunological processes affecting the lumbar nerve root (Stafford et al.,
2007). Epidural injections with a corticosteroid aim to reduce the inflammation
around the nerve root by limiting nerve root oedema, blocking prostaglandin
synthesis and altering the conduction of nociceptive C-fibres (McLain et al.,
2005; Collighan and Gupta, 2009; Johansson et al., 1990; Kantrowitz et al.,
1975). Therefore, this minimally invasive treatment may reduce radicular symp-
toms and enable the patient to maintain physical functionality, restore quality of
life, and, if satisfactorily effective, obviate the need for neurosurgical interven-
tion.

Despite the potential benefits, treatment results with TEI in patients with LDH
vary considerably and, therefore, factors that can differentiate between re-
sponders and non-responders to TElI would be valuable to achieve personalized
treatment strategies. Vertebral end plate changes, or Modic changes (MC), have
been suggested to reflect the presence of inflammatory processes and are as-
sociated with disc herniation and less favorable outcomes after surgery (Dudli
etal., 2017, 2018, 2022; Viswanathan et al., 2020; Heggli et al., 2023; Modic et al.,
1988; Albert et al., 2008; Djuric et al., 2019). It is postulated that the absence of
MC is associated with less radicular pain and better clinical outcome, whereas
the presence of MC aggravates radicular symptoms (Djuric et al., 2019). Hence,
we hypothesize that in patients with MC at the level of disc herniation the in-
flammatory component may have a larger contribution to the radicular symp-
toms of the patient and, therefore, TEl with anti-inflammatory medication may
be more effective. To the best of our knowledge, only two studies have assessed
this association before, but demonstrated contradictory results (Lee et al., 2013;
Peterson et al., 2014).
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Therefore, in this prospective cohort study, we aim to determine the effect of TEI
on various clinical outcomes in patients with unilateral radiculopathy secondary
to LDH stratified by the presence or absence of MC.

MATERIAL AND METHODS

Patient inclusion

Patients were included that participated in the POTEISS study, an ongoing
large prospective cohort study aimed at developing a prediction model for TEI
success for patients with lumbar radiculopathy due to LDH or degenerative
spinal stenosis. Patients who were referred by the neurologist or neurosurgeon
to the outpatient pain clinic in the Spaarne Hospital, Hoofddorp and Haarlem,
the Netherlands, for treatment with TEI were eligible for inclusion in this study
if clinical findings were in accordance with Magnetic Resonance Imaging (MRI)
examination. Patients younger than 18 years, with severe multisegmental spinal
degeneration, anatomical abnormalities that may complicate TEl treatment
technically (e.g. severe scoliosis), a history of lower back surgery at the same
lumbar level and side, previous TEI treatment for their current episode of
lumbar radiculopathy, active malignancy or infectious disease, the use of im-
munosuppressive drugs or systemic corticosteroids in the preceding 3 months,
pregnancy, circumstances preventing treatment with TEI (e.g. use of anticoagu-
lants that cannot be temporarily discontinued) or a major language barrier were
excluded. Patients were contacted by phone one week before their scheduled
TEIl appointment and informed about the study. If the patient was willing to
participate, they were contacted again two days before treatment for informed
consent and to fill in baseline questionnaires.

Data collection

Demographical data were collected at baseline and processed using Castor
EDC, a web-based data capture platform (Ciwit B.V., Amsterdam, The Nether-
lands). Clinical data included the average leg pain score for the past seven days
(Numerical Rating Scale (NRS)), average back pain for the past seven days (NRS)
and Oswestry Disability Index (ODI) for physical functionality and were gathered
at baseline, 2 and 6 weeks after TEl treatment. In addition, for leg and back pain
NRS scores at 30 min after the procedure were collected by one of the out-
patient pain clinic nurses. Furthermore, patient perceived recovery (GPE) was
measured at 2 and 6 weeks follow-up on a 7-point Likert scale.
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MC grading

For each patient, the T1-and T2-weighted sagittal MRI scans were assessed
by two independent readers (CVL and EV) to determine the level of LDH, pres-
ence or absence, type (I, Il or lll) and severity of MC (mild, moderate or severe)
at the same level of the LDH. Grading of MC was performed according to the
original classification by Modic et al.: type 1 changes were hypointense on T1-
weighted imaging (T1WI) and hyperintense on T2-weighted imaging (T2WI),
type 2 changes were hyperintense on T1WI and isointense to hyperintense on
T2WI, and type 3 changes were hypointense on both T1WI and T2WI (Modic et
al., 1988). If a mixture of MC types was shown, it was categorized according to
the most abundant type at the LDH level. The severity of MC was determined by
the degree of endplate involvement: mild (<25%), moderate (25-75%) and severe
(>75%). In case of discrepancies, consensus was reached through discussion.
An example of patient without MC and with MC is shown in Fig. 1.

Fig. 1 Disc herniation at L4-5. Upper panel: Sagittal T1-and T2-weighted MRI images
showing normal bone marrow intensity and absence of Modic changes. Lower panel:
Sagittal T1-and T2-weighted MRI images showing hyperintense areas around the L4-5
disc, indicating type Il Modic Change_s.

133




Chapter 7

Treatment procedure

Administration of TEI was performed by an anesthesiologist who determined
the treatment level based on clinical findings and radiological imaging. The
patient lay in a prone position on the table with a support cushion underneath
the abdominal region to reduce the natural lordosis. The skin was sterilized with
chlorhexidine and locally anaesthetized with 1 mL 1% lidocaine. Under fluoro-
scopic image guidance the needle was placed via a transforaminal approach in
close proximity of the nerve root. Contrast agent was injected to confirm correct
positioning of the needle. In accordance with current Dutch anesthesiologic
guidelines, injections at L3 and below contained 1,5 ml lidocaine 2% and 40 mg
methylprednisolone acetate and injections above L3 contained 1,5 ml lidocaine
1% and 10 mg dexamethasone to prevent vascular occlusion (Dietrich et al.,
2015). After the procedure, the patient was monitored for 30 min at the recovery
room.

Sample size

The minimal sample size required to assess the correlation between the pres-
ence of Modic changes and the effect of TEIl was calculated using a two-tailed
a of 0.05 and B of 0.2. We aimed to include a sufficient number of patients that
would allow to determine whether a correlation coefficient indicating low cor-
relation (r = 0.3) differed from zero. Therefore, a total sample size of at least 85
patients was necessary (Hulley et al., 2013).
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Data analysis

Statistical analysis was performed using SPSS version 29 (IBM Corp., Armonk,
New York, USA). Demographical data were analyzed using descriptive statistics
for patients with and without MC separately using appropriate tests depending
on the normality of distribution. Linear mixed models were employed to assess
the association between the presence of MC (as main effect) and change scores
in leg pain, back pain and ODI at follow-up correcting for baseline differences
and multiple testing (Holm-Bonferroni correction). Age, gender, duration of
symptoms and the use of pain medication at baseline were used as covariates.
Additionally, linear mixed models analysis was conducted using change scores
expressed in percentages compared to baseline and generalized estimat-
ing equations analysis for dichotomized scores for leg pain, back pain, ODI (a
decrease of 30% or more compared to baseline was categorized as ‘success’)
and patient perceived recovery (a score of 1 or 2 was considered as ‘success’).
Loss-to-follow-up was reported for every outcome variable at the various time
points and accounted for using statical analysis methods that can handle miss-
ing data. A p-value <0.05 was considered to be statistically significant.

RESULTS

A total of 88 patients was included in this study with 52.3% (n = 46) showing MC
at the level of LDH. Type Il MC was most common with a prevalence of 93.5% (n
=43). At baseline, patients with MC had less leg and back pain, while ODI did not
differ. Other demographic variables were not different between groups (Table 1).

Table 1 Baseline characteristics for patients with and without MC at the level of LDH.
Continuous variables are presented as mean * standard deviation; categorical variables
are presented in number (percentage).

Variable Modic changes No Modic changes P-value
(n=46) (n=42)
Age (yrs) 56.9+13.6 50.6+17.2 0.058
Gender (male) 20 (43.5%) 21(50.0%) 0.540
BMI (kg/m?) 259+3.0 26.0+3.6 0.936
Duration of symptoms (wks) 479 +70.9 32.0+52.4 0.239
Smoking (yes) 10 (21.7%) 13 (31.0%) 0.326
Alcohol usage 0.254
None 13 (28.3%) 19 (45.2%)
1-6 units/wk 24 (52.2%) 17 (40.5%)
>6 units/wk 9 (19.6%) 6 (14.3%)
Side of leg pain (left) 24 (52.2%) 21(50.0%) 0.839
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Table 1 Baseline characteristics for patients with and without MC at the level of LDH.
Continuous variables are presented as mean + standard deviation; categorical variables
are presented in number (percentage). (continued)

Variable Modic changes No Modic changes P-value
(n=46) (n=42)
Use of pain medication (yes) 39 (84.8%) 36 (85.7%) 0.902
Paracetamol 34 (73.9%) 30 (71.4%)
NSAID 20 (43.5%) 18 (42.9%)
Morphine 17 (37.0%) 12 (28.6%)
Physical therapy (yes) 12 (26.1%) 16 (38.1%) 0.227
Level of LDH 0.408
L2-L3 1(2.2%) 1(2.4%)
L3-L4 4(8.7%) 5 (11.9%)
L4-L5 21(45.7%) 25 (59.5%)
L5-s1 20 (43.5%) 11(26.2%)
Type of Modic change
Typel 2 (4.3%)
Typell 43 (93.5%)
Type lll 1(2.2%)
Severity of Modic change
Mild 28 (60.9%)
Moderate 15 (32.6%)
Severe 3(6.5%)
Baseline leg pain 5.6 +19 6.9+13 <0.001
Baseline back pain 40+24 52+2.2 0.019
Baseline ODI 421+18.4 43.0+15.8 0.806

Leg pain, back pain and ODI scores decreased during 6 weeks for both groups (Fig. 2, Fig.
3, Fig. 4). Data were missing for some patients depending on the outcome variable and
follow-up time point (Table 2).

136



The effect of a transforaminal epidural injection and type Il Modic changes

Fig. 2 Comparison of the effect of TEl on leg pain between patients with MC and without
MC at the level of LDH.
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Fig. 3 Comparison of the effect of TEl on back pain between patients with MC and without
MC at the level of LDH.
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Fig. 4 Comparison of the effect of TEl on functional status between patients with MC and
without MC at the level of LDH.
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Table 2 Missing data for each outcome variable at all follow-up time points.

FU NRS leg pain NRS back pain oDl GPE

30 min 19/88 (21.6%) 21/88 (23.9%) = =

2 wks 6/88 (6.9%) 7/88 (8.0%) 7/88 (8.0%) 8/88(9.1%)
6 wks 13/88 (14.8%) 14/88 (15.9%) 14/88 (15.9%) 15/88 (17.0%)

GPE: Global Perceived Effect (recovery); NRS: Numerical Rating Scale; ODI: Oswestry
Disability Index.

Changes in leg pain scores compared to baseline were not associated with the
presence or absence of MC when controlling for age, gender, duration of symp-
toms and the use of analgesic medication (estimate of the fixed effect -0.429;
standard error 0.315; 95% Cl -1.051, 0.194; p-value 0.176). When converting abso-
lute change scores to changes expressed as a percentage of the baseline score,
no association with MC was demonstrated either (estimate —3.209; SE 5.185;
95% Cl -7.021, 13.43; p-value 0.537). Back pain was neither associated with MC
at the level of LDH for absolute change scores (estimate -0.471; SE 0.353; 95%
Cl -1.168, 0.225; p-value 0.184) nor percentual changes scores (estimate 4.483;
SE 12.310; 95% CI -19.872, 28.838; p-value 0.716). ODI representing the patient's
functional status was not associated with MC for both absolute and percentual
change scores compared to baseline (estimate 0.697; SE 2.236; 95% Cl -3.724,
5.118; p-value 0.756 and estimate 5.292; SE 5.608; 95% CI| -5.793, 16.377; p-
value 0.347).
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All continuous outcome variables were dichotomized using a cut-off of a 30% or
more decrease compared to baseline to indicate ‘success’ after TEl treatment.
The presence of Modic changes was not associated with the number of patients
categorized as ‘success’ based on leg pain scores (estimate 0.083; SE 0.3022;
95% Cl -0.509, 0.676; p-value 0.783), back pain scores (estimate —-0.195; SE
0.3247; 95% CIl -0.832, 0.441; p-value 0.548), nor scores for functional status
(estimate 0.084; SE 0.3671; 95% Cl -0.636, 0.052; p-value 0.820). In addition,
dichotomized patient perceived recovery was neither associated with the pres-
ence or absence of MC (estimate -0.186; SE 0.3936; 95% CIl -0.958, 0.585; p-
value 0.636) (Table 3).

Table 3 Number of patients (percentages) that demonstrated a decrease of 30% or more
compared to baseline for leg pain, back pain and ODI or considered their recovery ‘suc-
cessful’ after treatment with TEI.
Leg pain Back pain oDl GPE
MC No MC MC No MC MC No MC MC No MC

30 35/40 22/29 28/40 20/27 - - - -
min  (87.5%) (75.9%) (70.0%) (74.1%)

2 22/43 20/39 19/43 16/38 19/43 16/38 12/43 12/37
wks (51.2%) (51.3%) (44.2%) (42.1%) (44.2%) (42.1%) (27.9%) (32.4%)

6 18/37 21/37 13/38 19/36 21/38 19/36 16/38 16/35
wks (48.6%) (56.8%) (34.2%) (52.8%) (55.3%) (52.8%) (42.1%) (45.7%)

GPE: Global Perceived Effect (recovery); NRS: Numerical Rating Scale; ODI: Oswestry
Disability Index.

DISCUSSION

This study has demonstrated that the presence or absence of Modic changes at
the level of disc herniation is not associated with changes in leg pain, back pain,
physical functionality nor patient-perceived recovery within six weeks after TEI
treatment. Conclusions should be narrowed to type Il MC, since 94% of patients
with MC had type Il MC. In both groups leg pain and back pain decreased over
time, and physical functionality increased, with the largest change between
baseline and two weeks after treatment, but differences between groups were
not statistically significant. These results did not change when considering
change scores expressed in percentages or when dichotomized to ‘success’ or
‘non-success’.

We hypothesized that in patients with MC at the level of LDH inflammatory pro-

cesses may play a larger role and aggravate radicular symptoms causing TEl to
be more effective. However, our results demonstrated no correlation between
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the effect of TEIl and presence of MC. Possibly, MC may not be a marker for
nerve root inflammation although it has been associated with disc herniation
and less favorable outcomes after disc surgery (Albert et al., 2008; Djuric et al.,
2019). More likely, the correlation may have been obscured by the preponder-
ance of MC type Il among our study population. Although both type | and type
Il, the most prevalent types of MC, are associated with inflammatory changes,
it is thought that the pathophysiological mechanisms are different. Type Il is
assumed to have a more chronic character, which fits to the mean duration of
symptoms of 32 and 48 weeks in the studied patient groups. It is possible that
TEl is less effective in those patients, which might explain the lower percentage
of responders among our patients compared to Joswig et al. (48.6-56.8% vs.
66.7%), who reported a mean duration of symptoms of 14.8 weeks (Joswig et al.,
2016). Therefore, the effect of TEI may be more pronounced when comparing
patients without MC to those with MC type |, as the latter represents a more
acute course of symptoms. Furthermore, it is possible that the inflammatory
processes related to MC type Il may take time to respond to the injection, and
these effects may not be noticeable in the early post-injection period, thus re-
quiring longer follow-up.

Our findings agree with the results demonstrated by Lee et al. (2013). Among a
set of 149 patients that received up to three transforaminal injections for lumbar
radiculopathy caused by LDH, MRI parameters were investigated in a retrospec-
tive cohort study. Only patients with the very best or very worst outcome after
treatment were included. 13% of patients had MC, 74% of them demonstrated
type Il MC, and the majority of the patients had symptoms for less than one
month. The authors found no correlation between the presence or absence of
Modic changes and response after TEl measured by the Visual Analogue Scale
(VAS) and a 5-point self-satisfaction scale. However, for their analyses, they
did not specify the average time between treatment and outcome assessment.
Contrastingly, Peterson et al. did observe a correlation between the presence
of Modic changes and pain severity after TEl in their prospective cohort study
(Peterson et al., 2014). They included a total of 346 patients; 57% of them had
MC and 67% of these patients demonstrated type Il MC. They found that pa-
tients with MC (type | and Il combined) reported significantly lower levels of pain
reduction compared to patients without MC at one month follow-up (p = 0.04),
but not for shorter follow-up nor for dichotomized Patient's Global Impression
of Change (PGIC). The percentage of patients that considered themselves
improved, 1 month after TEI (40-50%) was comparable to our results (42-46%
after 6 weeks). However, their methods were slightly different as patients were
included presenting with MC at any level and not necessarily at the level of disc
herniation. They hypothesized that there could be a difference in outcomes
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between patients with and without MC, which has been associated with low
back pain, as patients with MC would have an additional pain generator. Yet, in
our opinion, TEl is aimed at relieving radicular symptoms rather than back pain,
and the authors did not specify whether the NRS pain scores patients reported
concerned leg pain or back pain. Moreover, patients could receive injections for
multiple nerve roots and statistical analyses did not correct for any confound-
ers. In addition, very few baseline characteristics were presented for the patient
groups with and without MC as reliable information on socio-demographic fac-
tors was not available rendering a multivariate analysis in their study infeasible.
Finally, 65 patients in this cohort demonstrated type | MC, which may have
contributed to a different outcome.

The results from our study are strengthened by the strict in- and exclusion
criteria applied during inclusion of patients. Only patients with unilateral radicu-
lopathy and clinical symptoms that were concordant with radiological findings
on MRI, were eligible to participate. Furthermore, treatment was limited to a
single fluoroscopy-guided injection and no repeat injections were performed
during follow-up. This allowed for a more appropriate evaluation of TEI effect
compared to studies that included patients with bilateral symptoms, without
radiological confirmation of LDH, offered bilateral or multi-level injections at
baseline or repeat injections during follow-up. Moreover, the prospective nature
of this study allowed for the use of validated outcome instruments to systemati-
cally collect data on the effect of TEl treatment. Finally, the dichotomization of
NRS scores for leg pain was performed using a cut-off that has been defined by
an international consensus group of experts to obtain success data (Ostelo et
al., 2008). The use of dichotomized data can provide other insights on the effect
of TEI, since it is possible that the true effect is obscured using mean data from
a continuous variable (Ghahreman et al., 2010).

The current study has a few limitations. First, the total number of patients
included was small since this was a subset of a larger cohort study. For some
patients outcome data was missing which reduced the number of complete
cases for our analyses. Furthermore, the vast majority of patients with Modic
changes demonstrated type Il which precluded a sub-analysis of the type of MC
on the effect of TEI.

Future studies should include a larger sample size to obtain a higher statisti-
cal power and to investigate the correlation between MC type and the effect of
TEI. In addition, more patients with a shorter duration of symptoms should be
included to determine whether MC type | is more prevalent in this group and
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if the outcome after TEI differs compared to those with MC type Il and those
without MC.

The findings from our study indicate that there is no correlation between the
presence or absence of type Il Modic changes at the same level of LDH and out-
come after TEl on the short term. Therefore, clinicians should not consider the
presence of type Il MC to be a contra-indication for treatment with TEI.
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General introduction and outline

Lumbar spinal stenosis (LSS) is a degenerative condition characterized by the
narrowing of the spinal or nerve root canal, resulting in compression of neural
structures. Stenosis is generally classified into three subtypes based on its
anatomical location: (1) central canal stenosis (CCS), caused by disc bulging
and ligamentum flavum hypertrophy; (2) lateral recess stenosis (LRS), resulting
from disc bulging and facet joint arthropathy (FA); and (3) foraminal stenosis
(FS), attributed to degenerative changes within the neuroforamen. CCS typi-
cally results in neurogenic claudication, characterized by bilateral radiating leg
pain that worsens with walking or lumbar extension and improves with sitting
or lumbar flexion. In contrast, LRS and FS more frequently present with neuro-
genic claudication symptoms with a radicular pattern. Often accompanied by
back pain, LSS can significantly impair mobility and quality of life [1, 2]. Given its
degenerative nature, LSS is most common in the elderly. As such, its prevalence
is increasing due to our aging population, and, hence, it is one of the most fre-
quent indications for spinal surgery in older adults [3, 4]. However, despite ad-
vances in imaging and surgical techniques, clinical decision-making regarding
LSS remains challenging, and postoperative patient satisfaction varies widely,
ranging from 27% to 80% [5-71.

One of the significant barriers to clinical decision-making for LSS is the ambi-
guity in radiological assessment. Magnetic resonance imaging (MRI) is the gold
standard for diagnosing LSS, offering high-resolution visualization of soft tis-
sues and neural compression [8]. In addition to MRI, computed tomography (CT)
and plain radiography are utilized to evaluate bony structures. Standardized as-
sessment of the severity of LSS on diagnostic imaging is essential for unequivo-
cal communication between radiologists, neurologists and neurosurgeons, and
for guiding appropriate treatment strategies. To achieve this, grading systems
must be capable of producing high inter-reader agreement, clinically appli-
cable—avoiding excessive complexity while maintaining sufficient detail for
meaningful differentiation—and correlate with clinical symptoms [9].

The first widely adopted classification system for LSS, introduced by Lurie et
al., categorized CCS as mild, moderate, or severe [10]. Subsequently, more
detailed grading systems were developed by Guen et al. and Schizas et al., but
these also focused exclusively on the central canal [11, 12]. Although moderate
to almost perfect inter-reader agreement has been reported, external validation
studies have demonstrated substantial variability in interobserver reliability.
Moreover, these grading systems have shown inconsistent correlations with
clinical symptoms and do not account for stenosis of the lateral recess (LRS) or
neuroforamen (FS). Conversely, grading systems developed specifically for LRS
and FS share similar limitations and do not incorporate assessment of CCS. To
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address these limitations, Miskin et al. introduced a novel, more comprehensive
grading system in 2021 [13]. This classification extends assessment beyond
CCS toinclude LRS, FS, and FA for a more complete evaluation of LSS. While
this system demonstrated fair to substantial inter-reader agreement, it has yet
to undergo external validation or be correlated with baseline clinical symptoms
and postoperative outcomes.

Although some grading scales have demonstrated adequate inter-reader
agreement, human variability in interpretation can never be completely elimi-
nated. Additionally, certain grading systems are laborious, limiting their utility
in the fast-paced clinical environment. Automating the grading process could
address both challenges. Artificial intelligence (Al), particularly machine learn-
ing (ML) and its subtype deep learning (DL), has shown significant promise in
medical imaging applications, including automated image segmentation and
classification [14, 15]. In segmentation, each pixel is assigned to a class based
on extracted attributes, which are then used as inputs for classification models
that predict LSS severity. Al-driven models can rapidly analyze MRI scans with
high accuracy and consistency, reducing observer variability and potentially en-
hancing diagnostic precision. While conventional ML approaches require man-
ual selection of relevant input features for segmentation and classification, DL
models can autonomously learn relevant imaging features, obviating the need
for a separate segmentation step and making them particularly well-suited for
complex image analysis tasks.

Beyond diagnosis, radiological imaging may also aid in predicting patient out-
comes following surgical treatment for LSS. Previous research has shown that
the grading system by Schizas et al. lacks a strong correlation with postopera-
tive outcomes [11, 16, 17]. While some radiological, demographic, and clinical pa-
rameters have been associated with surgical outcomes, they are not considered
established outcome predictors [16, 18, 19]. Hence, a reliable grading system
that is also clinically relevant is still lacking.
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AIMS AND OUTLINE OF THIS THESIS:

1.

A comprehensive MRI-based classification of LSS severity requires assess-
ment of stenosis not only in the central canal but also in the lateral recess
and neuroforamen. The grading system introduced by Miskin et al. incorpo-
rates all these anatomical regions and has demonstrated fair to substantial
inter-reader agreement. However, further validation is warranted for broader
acceptance. Therefore, the first aim of this study is to evaluate inter-reader
agreement of this grading system using an independent dataset, providing
insights into its validity, and to determine its correlations with baseline symp-
toms and postoperative outcomes, thereby assessing its clinical relevance
and applicability (Chapter 9).

Recent advancements in artificial intelligence (Al) have led to the develop-
ment of sophisticated machine learning algorithms with potential applica-
tions in medical imaging. Al-based approaches could improve LSS diag-
nostics by improving efficiency, reducing observer variability, and lowering
healthcare costs. To explore this potential, the second aim of this study is
to conduct a systematic review of studies utilizing conventional machine
learning (ML) and deep learning (DL) models for the segmentation and clas-
sification of LSS, with a focus on evaluating their diagnostic accuracy and
performance (Chapter 10).
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ABSTRACT

Purpose

A standardized grading system for lumbar spinal stenosis (LSS) is lacking. This
study evaluated inter-reader agreement and clinical utility of the comprehen-
sive grading system proposed by Miskin et al., assessing central canal stenosis
(CCS), foraminal stenosis (FS), lateral recess stenosis (LRS), and facet arthropa-
thy (FA).

Methods

Preoperative MRI data from 155 patients with neurogenic claudication due
to LSS were retrospectively analyzed. Two neuroradiologists and one spine
surgeon independently graded all lumbar levels using the four-item system.
Inter-reader agreement was assessed using weighted Cohen’s kappa, exact
agreement, and agreement within one grade. Associations between radiologi-
cal grades and baseline symptoms and postoperative outcomes at 8, 26 and 52
weeks were analyzed using bivariate analyses and multivariable linear regres-
sion.

Results

Substantial inter-reader agreement was observed for CCS (kappa = 0.751) and
LRS (kappa = 0.619), with exact agreement of 61.2% and 68.7%, respectively. In
contrast, agreement was slight for FS (x = 0.214) and FA (x = 0.201). Agreement
was highest for extreme grades across all components. At L4-5 and L5-51,
agreement for CCS was comparable to Miskin et al., whereas agreement for LRS
was higher. Higher baseline CCS was independently associated with greater
postoperative improvement in pain and physical disability, while correlations for
the combined CCS+LRS score were weaker.

Conclusion

The Miskin et al. grading system demonstrates substantial reliability for CCS
and LRS, but clinical relevance only for CCS. Limited reliability for FS and FA
suggests these components require refinement or substitution. Comparative
evaluation with alternative grading systems may further enhance clinical ap-
plicability.
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INTRODUCTION

Over the past few decades, magnetic resonance imaging (MRI) has become
the preferred imaging modality for diagnosing patients suspected of having
lumbar spinal stenosis (LSS)[1]. Several grading systems have been proposed
to assess the degree of LSS on MR, typically evaluating the central canal zone,
lateral recess, or neuroforamen - regions considered clinically relevant [2-12].
These systems aim to standardize LSS assessment and improve intra- and in-
terdisciplinary communication. In addition, standardized grading is more likely
to correlate with clinical symptoms and therapeutic outcomes, thereby aiding
clinical decision-making.

Lurie et al. were the first to introduce a grading scale for LSS, comprising four
grades (none, mild, moderate or severe) based on compromise of the central
zone, lateral recess or neuroforamen, expressed in thirds [2]. Since then, more
complex grading tools have been developed. The Schizas classification, which
remains one of the most widely used grading systems for LSS, consists of four
grades ranging from A (no or minor stenosis) to D (extreme stenosis), with
grade A further subdivided into four subgrades to assess central canal stenosis
(CCS)[3]. Guen et al. subsequently proposed a four-grade scale ranging from
no to severe stenosis [4]. Additionally, Weber et al. and Yuan et al. introduced a
modified Schizas scale and a novel system, respectively [5, 6]. Further studies
proposed grading systems for lateral recess stenosis (LRS), foraminal stenosis
(FS), and facet arthropathy (FA) [7-12]. However, most systems are subject to
considerable inter-reader variability and lack correlation with clinical param-
eters, leading to discrepancies in interdisciplinary communication regarding
stenosis severity and limiting widespread clinical adoption.

In 2021, Miskin et al. introduced a novel grading system evaluating four key
components of lumbar degeneration: central canal stenosis, foraminal steno-
sis, lateral recess stenosis and facet arthropathy [13]. This system extends the
Schizas classification by incorporating additional regions frequently involved in
LSS and, alongside the system proposed by Lurie et al., provides a multifaceted
assessment. In the original study, three observers independently assessed MRI
scans from 50 patients at the L4-5 and L5-S1 levels, demonstrating fair to sub-
stantial inter-reader agreement (Cohen'’s kappa 0.323 - 0.702). This suggests
potential value as a comprehensive grading tool applicable across interdisci-
plinary clinical settings.

However, external validation is necessary for broader acceptance. The aim of
this study is to evaluate inter-reader variability, for L4-5 and L5-S1combined as
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well as for all lumbar levels, and to assess correlations with clinical parameters
in order to determine the validity and applicability of this grading system.

MATERIAL AND METHODS

Patient population

Patients were included from the FELIX (Foraminal Enlargement Lumbar Inter-
spinous distraXion) trial, a multicenter randomized study comparing interspi-
nous process implants with conventional decompression surgery for intermit-
tent neurogenic claudication due to LSS [14]. The trial demonstrated similar
postoperative outcomes between treatment groups. Patients were aged 40-85
years, had symptoms >3 months unresponsive to conservative therapy, under-
went surgery at one or two levels and had a preoperative MRI examination. MRI
protocols included T1- and T2-weighted sagittal and axial sequences, obtained
with 1.5T or 3.0T scanners, slice thickness 3.0-6.0 mm and interslice gaps of
0.3-5.2 mm.

MRI evaluation and grading

Two experienced neuroradiologists (GLN, BvdK) and one experienced spine-
dedicated neurosurgeon (CVL) graded all lumbar levels from L1-2 to L5-S1 using
Miskin et als system for CCS, FS, LRS and FA [13]. CCS, FS and FA comprised
six possible grades, whereas LRS comprised three possible grades. Both FS and
LRS were graded separately for the left and right sides. Reviewers were blinded
to operated levels and clinical data, and received a presentation with represen-
tative examples beforehand to ensure uniform understanding of the grading
scale.

Clinical outcome parameters

The Visual Analogue Scale (VAS) for leg and back pain (0-100 scale)[15], and
the modified Roland-Morris Disability Questionnaire (MRMDQ) (0-23 scale)
[16] were used as outcome parameters at baseline and at 8, 26 and 52 weeks.
Change scores were calculated for each follow-up time point.

Inter-reader agreement analysis

Inter-reader agreement was initially assessed for L4-5 and L5-S1 to match the
analysis by Miskin et al. Proportions were calculated for all possible grades. In-
ter-reader agreement was determined using weighted Cohen’s kappa with 95%
confidence intervals (Cls) and categorized according to Landis and Koch [17].
Exact and within-one-grade agreement between reviewer pairs were calculat-
ed. Agreement across stenosis severity categories was analysed using median
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reviewer grades to define ordered severity groups. Analyses were repeated for
all lumbar levels combined and for individual levels separately. Missing gradings
were omitted pairwise.

Correlation with clinical outcomes

Due to low inter-reader agreement, FA and FS were excluded from correlation
analyses with clinical outcomes. Analyses therefore focused on CCS and LRS.
Median grades were used for operated levels; in case of two surgical levels, the
higher median was selected. In addition to the individual grading items, a com-
bined CCS+LRS score was established by recategorizing CCS into 3 grades and
summing with LRS, to assess whether a composite measure of stenosis severity
demonstrated stronger correlations with clinical outcomes. Correlations were
assessed through bivariate analyses with Spearman’s rank correlation coeffi-
cient and multivariable linear regression models adjusted for age, gender, body
mass index (BMI), duration of symptoms, Hospital Anxiety and Depression Scale
(HADS) score and treatment group. A p value < 0.05 was considered statistically
significant.

RESULTS

A total of 159 patients were enrolled in the FELIX trial and underwent surgery.
Preoperative MRI data were available for 155 patients. Baseline characteristics
are presented in Table 1.

Table 1Baseline characteristics

N Mean * std

Age (yrs) 155 66.0+91
Gender (male) 155 52.9% (82)
BMI (kg/m?) 155 277 4.6
Smoking 153

None 74.5% (114)

Sporadically 3.9% (6)

Frequently 21.6% (33)
Duration of symptoms (mos) 154 12.0 (6.0 - 24.0)*
VAS leg pain 152 56.1+£23.6
VAS back pain 152 49.4+26.3
mRMDQ 142 14.0+4.8
Randomization group 155

Standard decompression 51.0% (79)

Interspinous device 49.0% (76)
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Table 1Baseline characteristics (continued)

N Mean % std

Surgery at second level (yes) 155 21.3% (33)
Primary surgical level 155

L2-3 4.5% (7)

L3-4 32.9% (51)

L4-5 60.6% (94)

L5-6 0.6% (1)

L4-S1 1.3% (2)
Secondary surgical level 33

L3-4 12.1% (4)

L4-5 87.9% (29)

BMI: body mass index; mRMDQ: modified Roland-Morris Disability Questionnaire; VAS:
visual analogue scale. *Median (interquartile range)

Inter-reader variability analyses for L4-5 and L5-S1

For CCS, 739 readings were available (L4-5: 432; L5-S1: 307). The majority was
graded as normal, followed by severe and moderate-severe stenosis (Figure
1). Inter-reader greement was substantial (kappa 0.764; 95% Cl 0.733 - 0.795)
(Figure 2), with exact agreement in 61.3% (340/555) and within-one-grade
agreementin 88.6% (492/555) (Table 2).

Of the 1475 readings for FS (L4-5: 864; L5-S1: 611), most were graded as normal
or mild, without major differences between the left and right sides. Inter-reader
agreement was slight (kappa 0.204; 95% Cl 0.169 - 0.238), with exact agree-
ment in 39.5% (438/1108) and within-one-grade agreement in 64.4% (714/1108).
Agreement did not differ significantly between the left and right sides.

For LRS, 1477 readings were available (L4-5: 865; L5-S1: 612), of which most
were graded as normal or nerve root compression, again without differences
between the left and right sides. Agreement was substantial (kappa 0.610; 95%
Cl, 0.572 - 0.648), with exact agreement in 69.2% (766/1107) and within-one-
grade agreement in 95.8% (1061/1107). Differences between the left and right
sides were minimal.

For FA, 733 readings were available (L4-5: 431; L5-S1: 302), which were relatively
evenly distributed across grading categories. Agreement was fair (kappa 0.257;
95% C10.207 - 0.295), with exact agreement in 25.2% (138/548) and within-one-
grade agreement in 60.8% (333/548). Sensitivity analysis evaluating whether
collapsing FA grades into three categories improved inter-reader agreement
demonstrated a comparable kappa value (0.255; 95% CI 0.203-0.308).
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Across CCS, FS, LRS and FA, agreement was highest in the extreme severity
categories (Figures 3 & 4).

Inter-reader variability analyses for all lumbar levels

Agreement across all lumbar levels was comparable to that observed at the
L4-5and L5-S1levels (Table 3). For FS exact agreement was slightly higher when
all levels were included, without meaningful effect on kappa values. Collapsing
FA grades modestly increased agreement (kappa 0.337; 95% C1 0.297-0.377).

ccs

EINormal ENormal
EMild Wwild
[CIMild-moderate [CMild-moderate
EModerate ElModerate
[IModerate-severe OModerate-severe
Esevere Esevere
LRS
ENormal WNormal
MAbutment of the nerve root .Mild
*—— [DJCompression of the nerve root [CIMile-moderate
EModerate
[OModerate-severe
Esevere

Fig. 1 Distribution of the gradings for CCS, FS, LRS and FA for L4-5 and L5-S1levels
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Inter-reader agreement

07 I
0.6 I

0.5

0.4

Cohen'’s kappa

NPT

0.1

CCs FS LRS FA

Fig. 2 Box plot depicting the average Cohen'’s kappa and 95% confidence interval for each
item of the scale at L4-5 and L5-S1

Table 2 Inter-reader agreement for CCS, FS, LRS and FA at L4-5 and L5-S1

Our results Miskin et al.
Kappa (range) Exact Agreement Kappa Exact Agreement
agreement withinone (95% ClI) agreement within one
grade grade

CCS 0.764 61.3% 88.6% 0.702 56% 91%
(0.733-0.795) (0.641-0.764)

FS 0.204 39.5% 64.4% 0.544 41.5% 78.5%
(0.169-0.238) (0.486 -0.602)

LRS 0.610 69.2% 95.8% 0.323 34% 90.5%
(0.572-0.648) (0.255-0.392)

FA 0.251 25.2% 60.8% 0.557 33% 76%
(0.207-0.295) (0.495 -0.620)

CCS: central canal stenosis; FA: facet arthropathy; FS: foraminal stenosis; LRS: lateral
recess stenosis

164



External validation of a novel comprehensive grading system for lumbar spinal stenosis

100+
CCS - exact

80-1 - agreement
—_ J _o. CCS -agreement
X within one grade
1723
o 60 —e- FS - exact agreement
©
o
. L _e. FS-agreement
= within one grade
Qo 404
g —e— FA - exact agreement
z 4

FA - agreement
-®- Wy e
20 within one grade
0
> & N x@ @ <2
N ~ &z}rb &7}0 & &
o o 2 @
N < &
O &
W Qob

Grade of degeneration
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Table 3 Inter-reader agreement for CCS, FS, LRS and FA for the whole lumbar spine and
individual levels

Whole lumbar spine L1-2 L2-3 L3-4 L4-5 L5-S1
Kappa Exact Agreement Kappa (range)
(range) agreement withinone
grade
CCS 0.751 61.2% 88.3% 0.524 0.608 0.685 0.639 0.293
(0.727- (636/1039) (917/1039) (0.293- (0.500- (0.629- (0.593- (0.095-
0.776) 0.754) 0.716)  0.741)  0.686)  0.490)
FS 0.214 49.0% 71.4% 0.237 0.071 0.131 0.150 0.380
(0.187- (1016/2073) (1481/2073) (-0.033- (-0.068- (0.084- (0.116- (0.279-
0.242) 0.506) 0.210) 0.177) 0.185) 0.481)
LRS 0.619 68.7% 95.4% 0.585 0.499 0.498 0.371 0.408
(0.592- (1421/2067) (1972/2067) (0.393- (0.411- (0.438- (0.314- (0.294-
0.646) 0.777) 0.588) 0.558) 0.429) 0.521)
FA 0.201 23.6% 62.3% 0.158 0.201 0.243 0.205 0.103
(0.102- (241/1020) (635/1020) (-0.012- (0.102- (0.187- (0.158-  (0.014-
0.300) 0.327) 0.300) 0.299) 0.251) 0.1917)

CCS: central canal stenosis; FA: facet arthropathy; FS: foraminal stenosis; LRS: lateral
recess stenosis

Correlations between stenosis severity and clinical outcomes

Bivariate analyses for CCS and LRS demonstrated no significant correlations
with clinical outcomes at baseline (Table 4). At 8 weeks, weak correlations were
observed only between stenosis severity and physical disability (mMRMDQ). At
26 and 52 weeks, higher CCS scores were correlated with greater reductions
in leg pain, back pain and physical disability, whereas correlations for LRS were
weaker and less consistent. The combined CCS+LRS score demonstrated simi-
lar, but generally weaker, correlations compared with CCS alone.

Multivariable linear regression analyses demonstrated no significant baseline
associations between stenosis severity and clinical parameters (Table 5). How-
ever, female sex was independently associated with higher pain scores (VAS leg
pain: B=18.5-8.9, p = 0.024-0.031; VAS back pain: B=10.2-10.4, p = 0.019-0.021)
and greater physical disability (B = 2.8, p<0.001) at baseline. At 8 weeks, higher
stenosis severity was associated with greater improvement in physical disability
across all grading scores (p < 0.006). Trend-level correlations were observed
between higher CCS and CCS+LRS scores and lower leg pain. At 26 weeks,
improvement in physical disability correlated with all three scores (p < 0.015).
Reduction in leg pain correlated only with CCS severity, whereas back pain was
associated with CCS and CCS+LRS scores. At 52 weeks, CCS demonstrated
the strongest and most consistent associations with all clinical outcomes (p <
0.017). LRS severity correlated with greater improvement in back pain, showed
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no association with leg pain, and demonstrated only a near-significant asso-
ciation with physical disability (p = 0.067). The combined CCS+LRS score was
significantly correlated with leg and back pain, whereas the association with
physical disability was near-significant (p = 0.077). Treatment group affected
outcomes in only a limited number of analyses.

Clinical effect size

Leg pain scores decreased by 5.6 and 7.9 points per one-category increase in
CCS severity at 26 and 52 weeks, respectively. For the CCS+LRS score, leg pain
decreased by 9.7 points per category at 52 weeks. Back pain scores decreased
by 5.8 and 6.5 points per CCS category at 26 and 52 weeks, respectively, com-
pared with decreases of 6.3 and 8.1 points per CCS+LRS category. mRMDQ
scores demonstrated smaller changes across all follow-up time points, with
decreases ranging from 1.0 to 3.5 points per one-category increase in stenosis
severity at 8, 26 and 52 weeks.

Table 4 Bivariate correlations between stenosis scores and clinical parameters

CCS LRS CCS+LRS
Follow- N  Spear- Pvalue N  Spear- Pvalue N  Spear- P
up man'’s p man'’s p man'’s p value

VAS leg Base- 152 -0.038 0.646 152 -0.083 0.307 152 -0.021 0.800
pain line

8w 150 -0.144 0.080 150 -0.088 0.285 150 -0.138 0.09
26w 148 -0.250 0.002* 148 -0.066 0.429 148 -0.184 0.025*
52w 151 -0.284 < 151 -0.129 0.115 151 -0.238 0.003*
0.0071*
VAS back Base- 152 0.020 0.809 152 -0.031 0.702 152 -0.020 0.805
pain line
8w 149 -0.161 0.051 149 -0.029 0.724 149 -0.065 0.433
26w 148 -0.280 < 148 -0.123 0.135 148 -0.179 0.030*
0.001*
52w 151 -0.266 < 151 -0.180 0.027* 151 -0.187 0.021*
0.001*
mRMDQ  Base- 142 0.036 0.670 142 0.088 0.297 142 0.076 0.369
line
8w 133 -0.227 0.009* 133 -0.229 0.008* 133 -0.236 0.006*

26w 133 -0.194 0.025* 133 -0.190 0.028* 133 -0.144 0.099*
52w 136 -0.244 0.004* 136 -0.193 0.024* 136 -0.148 0.085

CCS: central canal stenosis; FA: facet arthropathy; FS: foraminal stenosis; LRS: lateral
recess stenosis. * P value < 0.05
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DISCUSSION

This study provides external validation of the LSS grading system proposed
by Miskin et al. [13]. Our findings demonstrate substantial inter-reader agree-
ment for CCS and LRS, whereas agreement was slight for FS and fair for FA.
These findings are supported by the proportions of exact and within-one-grade
agreement. The relatively high agreement for LRS is partly expected due to its
three-grade scale, which inherently limits the potential for disagreement. The
weighted kappa values for CCS were comparable to those reported by Miskin
et al., while agreement for LRS was higher but lower for FS and FA. Overall, the
grading system appears reliable for CCS and LRS, but less so for FS and FA.

The lower agreement for FS and FA observed in this study may be attributed to
differences in patient populations. Miskin et al. included patients with isolated
low back pain, a condition often associated with more pronounced facet degen-
eration, whereas our cohort consisted of patients with intermittent neurogenic
claudication, in whom FA may be less severe or more heterogeneous. Similarly,
most patients in our study demonstrated no or mild FS, and fewer than 10%
exhibited severe FS, likely due to exclusion of patients requiring fusion surgery
in the FELIX trial. Our larger sample size may also have contributed to greater
variability, thereby reducing inter-reader agreement. Sensitivity analysis dem-
onstrated improved agreement for FA when grades were collapsed, suggesting
that the current FA scale may be overly granular.

Over the years, multiple grading systems have been proposed to assess one
or more components of LSS. The most commonly used CCS grading systems
are those proposed by Guen et al. and Schizas et al. [3, 4]. Guen et al. reported
kappa values of 0.730-0.953, although external validation yielded substan-
tially lower agreement (kappa 0.33-0.40) [18]. Schizas et al. reported a kappa of
0.44, with subsequent studies demonstrating variable inter-reader agreement
[19-22]. Two additional CCS grading systems reported kappa values of 0.58-
0.76 and 0.681, respectively [5, 6]. For FS, three grading systems have been
introduced. Wildermuth et al. reported substantial agreement (kappa 0.62), Lee
et al. demonstrated near-perfect agreement (kappa 0.909-0.942), which was
externally validated [22], and Sartoretti et al. reported similarly high agreement
(kappa 0.886-1.000) [7-9]. For LRS, Pfirrmann et al. proposed a grading scale
with substantial agreement (kappa 0.62-0.67), although the cohort consisted
of patients with lumbar disc herniation [10]. For FA, two grading scales have
been presented. Weishaupt et al. reported a kappa of 0.41[11], although this was
lower in subsequent studies [19, 22], whereas Fujiwara et al. demonstrated a
kappa of 0.636 [12], which was substantiated by another study [20]. While some
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grading systems demonstrate high inter-reader agreement, most assess only a
single anatomical component of LSS, thereby limiting overall clinical utility. Only
the system proposed by Lurie et al., similar in concept to that of Miskin et al., in-
corporates multiple anatomical zones by estimating the proportion of compro-
mised area (normal, <1/3, 1/3-2/3, 22/3) in the central canal, lateral recess, and
neuroforamen. Lurie et al. reported kappa values of 0.73 for CCS, 0.49 for FS,
and 0.58 for LRS [2]. In this context, our findings indicate that the Miskin et al.
grading system performs comparably to, or better than, most existing grading
systems for CCS and LRS, supporting its clinical utility for these components.
However, the low agreement observed for FS and FA suggests that these com-
ponents may require refinement or substitution with alternative, more reliable
grading systems.

In the present study, higher baseline stenosis severity, particularly CCS, was
independently associated with greater postoperative improvement in pain and
physical disability. Although effect sizes per category were modest and below
commonly accepted minimally clinical important difference (MCID) thresh-
olds for VAS and RMDQ scores[23], cumulative differences across severity
categories approached or exceeded MCID values, indicating potential clinical
relevance. These findings were not attributable to a greater capacity for symp-
tomatic improvement in patients with more severe stenosis, as baseline pain
and disability did not differ significantly across stenosis severity categories.
Consequently, patients with higher baseline CCS severity, as graded using the
Miskin et al. scale, appear more likely to benefit from surgery. Importantly, the
combined CCS+LRS score did not demonstrate stronger correlations with clini-
cal outcomes than CCS alone.

In contrast, many previously proposed grading systems have not demonstrated
meaningful correlations with clinical parameters. Prior studies assessing the
Schizas or Weishaupt grading scales reported no significant associations with
baseline symptom severity or postoperative outcomes [3, 19, 20], with the ex-
ception of one study demonstrating a correlation between Schizas grades and
both baseline and postoperative leg pain scores [21]. Yuan et al. reported that
their CCS grading system correlated with baseline physical disability but not
with postoperative clinical outcomes [6]. Hence, these findings underscore the
limited value of many existing grading systems in clinical decision-making.

Strengths and limitations

Strengths of this study include a representative patient population with inter-
mittent neurogenic claudication, a large sample size, variability in MRI scanning
parameters, and independent grading by three experienced and blinded review-

170



External validation of a novel comprehensive grading system for lumbar spinal stenosis

ers. Limitations include the exclusion of patients with missing data, potentially
introducing selection bias, and the absence of a direct comparison with other
grading systems.

Recommendations for future research

While the grading system proposed by Miskin et al. offers a valuable step toward
comprehensive LSS assessment, alternative systems, specifically for FS and
FA, should not be discounted. A modular approach in which the most reliable
grading method is selected for each anatomical region, may be preferable. Ac-
cordingly, the grading systems proposed by Miskin et al. for CCS, Lee et al. and
Sartoretti et al. for FS, and Fujiwara et al. for FA warrant further external valida-
tion. Ultimately, grading systems should be evaluated not only for reproducibility
but also for their association with clinical outcomes across all lumbar levels.

Conclusion

The Miskin et al. grading system appears promising for LSS evaluation and
clinical decision-making. The substantial interobserver agreement for CCS and
LRS, which is comparable to or exceeds that of other grading systems, supports
their use in clinical practice and interdisciplinary communication. Moreover,
CCS severity correlated with postoperative clinical outcomes and may there-
fore aid in preoperative counseling. However, limited inter-reader agreement for
FS and FA reduces their reliability, and substitution of these components with
alternative, more reliable grading systems may improve the overall clinical utility
of this approach.
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ABSTRACT

Purpose

Lumbar spinal stenosis (LSS) is a frequently occurring condition defined by
narrowing of the spinal or nerve root canal due to degenerative changes.
Physicians use MRI scans to determine the severity of stenosis, occasionally
complementing it with X-ray or CT scans during the diagnostic work-up. How-
ever, manual grading of stenosis is time-consuming and induces inter-reader
variability as a standardized grading system is lacking. Machine Learning (ML)
has the potential to aid physicians in this process by automating segmentation
and classification of LSS. However, it is unclear what models currently exist to
perform these tasks.

Methods

A systematic review of literature was performed by searching the Cochrane
Library, Embase, Emcare, PubMed, and Web of Science databases for studies
describing an ML-based algorithm to perform segmentation or classification of
the lumbar spine for LSS. Risk of bias was assessed through an adjusted version
of the Newcastle-Ottawa Quality Assessment Scale that was more applicable
to ML studies. Qualitative analyses were performed based on type of algorithm
(conventional ML or Deep Learning (DL)) and task (segmentation or classifica-
tion).

Results

A total of 27 articles were included of which nine on segmentation, 16 on clas-
sification and 2 on both tasks. The majority of studies focused on algorithms
for MRI analysis. There was wide variety among the outcome measures used
to express model performance. Overall, ML algorithms are able to perform
segmentation and classification tasks excellently. DL methods tend to dem-
onstrate better performance than conventional ML models. For segmentation
the best performing DL models were U-Net based. For classification U-Net and
unspecified CNNs powered the models that performed the best for the majority
of outcome metrics. The number of models with external validation was limited.
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Conclusion

DL models achieve excellent performance for segmentation and classification
tasks for LSS, outperforming conventional ML algorithms. However, compari-
sons between studies are challenging due to the variety in outcome measures
and test datasets. Future studies should focus on the classification task using
DL models and utilize a standardized set of outcome measures and publicly
available test dataset to express model performance. In addition, these models
need to be externally validated to assess generalizability.
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INTRODUCTION

Lumbar spinal stenosis (LSS) is a disease defined by narrowing of the spinal or
nerve root canal that becomes symptomatic through the compression of neural
structures [1]. Classically, LSS causes intermittent neurogenic claudication
affecting approximately 11% of older adults in the US and is the most common
cause of spinal surgery among this population [2,3,4].

Patients are usually offered surgery if conservative treatment has failed to suffi-
ciently ameliorate symptoms. Surgical candidacy is assessed using radiological
imaging in conjunction with clinical history and physical examination [4, 5]. MRI
has become the gold standard to determine the severity of stenosis, as it pro-
duces detailed images of relevant soft tissues that may contribute to the steno-
sis [6, 7]. Alternatively, Computed Tomography (CT) may be used in assessing
the bony component of stenosis, although delivering less valuable information
on true compression of the cauda equina or spinal nerve root. Evaluation of the
severity of stenosis can be subjective, with inter-reader variability among radi-
ologists and surgeons [8, 9]. Grading systems to standardize MRl interpretation
for the severity of stenosis, such as those proposed by Lee et al. [10], Schizas et
al. [11], and Miskin et al. [12], have demonstrated inter-observer metrics rang-
ing from “fair” to “excellent reliability” (Cohen’s kappa 0.323-0.702, intraclass
correlation coefficient 0.730-0.953), and, hence, have not eliminated variability.
In addition, manually assessing MRIs using these grading systems is time-con-
suming and, thus, not feasible in clinical practice.

Artificial Intelligence (Al) may be a valuable tool to assist clinicians in grading
LSS, as it has demonstrated the ability to assess medical images accurately
and consistently in other disease areas [13]. Conventional machine learning
(ML) or deep learning (DL) architectures can be trained for image analysis either
through supervised or through unsupervised learning. In supervised learning,
training images are labeled, and this technique is often used for segmentation
and outcome prediction [14]. In practice, semi-supervised and weakly-super-
vised approaches are more common, especially when high-quality labeled data
is scarce. Semi-supervised learning combines a limited amount of labeled data
with a large amount of unlabeled data, whereas weakly-supervised learning
relies on imperfect or imprecise labels when accurate labeling is challenging or
costly. In contrast, unsupervised learning models can detect patterns in unla-
beled data, which is valuable as image datasets with high-quality labeling are
difficult to procure [13]. The conventional ML approach to image analysis usu-
ally necessitates the selection of relevant input features to train the algorithm
to complete two tasks: segmentation and classification. In segmentation, each
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pixel is assigned to a class based on its extracted attributes (Fig. 1) and are then
used as inputs for classification, where predictions are generated on the sever-
ity of LSS [15]. DL models are a subset of ML that can learn important features
from the raw data, obviating the need for extensive feature engineering, do not
require the segmentation step before classification and have demonstrated
stronger performance than conventional ML before [16, 17] (Fig. 2).

In this systematic review, we describe current conventional ML and DL models
for segmentation and classification of LSS, including scoring of their perfor-
mance. We aim to examine whether Al can be used to improve LSS diagnostics.

Fig.1Example of segmentation of spinal structures in the lumbar spine from an axial T2-
weighted MRI image

| ROI detection | | Extract ROI | | Grading | | Overlay

Central classifier:
- Normal

- Mild

- Moderate

- Severe

Fig. 2 Example of classification of central spinal stenosis. The algorithm determines the
region of interest (ROI) on an axial T2-weighted MRI image, extracts it and decides on the
grading of stenosis
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METHODS

This systematic review was conducted in accordance with the PRISMA guide-
lines.

Search and selection

Relevant articles were searched in five databases (Cochrane Library, Embase,
Emcare, PubMed, and Web of Science) from inception to 9 February 2023. An
expert librarian created a comprehensive search strategy that included strings
for studies investigating new or validating existing algorithms for segmentation
or classification of LSS (Online Resource 1). All search results were screened by
two reviewers (EV and JC) separately based on title and abstract. The remaining
full texts were evaluated, and, consequently, screening of references and cita-
tion tracking were performed. Any discrepancies were resolved by discussion or
consulting a third reviewer (CVL).

Inclusion and exclusion criteria

Studies describing segmentation or classification algorithms for LSS in adults
based on conventional ML or DL approaches were considered for eligibility.
Segmentation was defined as the ability to label spinal structures on a pixel-
level. The placement of a bounding box to extract a region of interest (ROI) was
not considered segmentation. For classification, studies were accepted that
categorized patients according to severity of stenosis (either binary or multiple
classes) or that automated measuring spine indices relevant for classification
of LSS. Meeting abstracts, case reports, systematic reviews and meta-analyses
were excluded. Only algorithms developed for routine X-ray, CT or MRI were
accepted (e.g., excluding non-routine MRI myelography scans). In addition, seg-
mentation studies were required to assess at least two anatomical structures
relevant for LSS (e.g., IVD, spinal canal, lateral recess), since LSS is considered
a multifactorial disorder. This was also a criterion for classification studies that
did not directly classify the degree of stenosis but rather, e.g., degree of disc
degeneration and hypertrophy of the ligaments. Only articles written in English
and available in full text were included. If an article described a continuation or
improvement of previous work by the same author(s), only the most complete
work was included.

The aim is to develop a model with the ability to correctly identify and predict
classes (discriminate between two or more conditions) with high (spatial/geo-
metric) accuracy and consistent with expert knowledge. Therefore, we defined
acceptable outcome measures as those quantifying accuracy (e.g., overall ac-
curacy, F1score, area under the curve (AUC)), spatial/geometric reliability/error
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(e.g., area, Hausdorff distance), and similarity coefficients quantifying agree-
ment with ground truth (e.g., Cohen'’s kappa, Jaccard index, Dice coefficient).

Risk-of-bias assessment

Risk of bias was assessed by three reviewers separately (EV, TK and DM) using
an adjusted version of the Newcastle-Ottawa Quality Assessment Scale [18]. At
the time of assessment, an Al-specific risk-of-bias tool had not been developed,
although the authors were aware of the work in progress on this matter[19]. The
risk-of-bias criteria were adopted to better fit our research aim and be more ap-
plicable to studies evaluating computer algorithms (Online Resource 2). Each
study could be awarded O to 10 points. Studies with a score above seven points
were classified as low risk of bias, studies with 5-7 points as intermediate risk
of bias and studies with fewer than 5 points as high risk of bias. Differences be-
tween the reviewers were resolved during a consensus meeting or with a fourth
reviewer (CVL).

Data extraction and analysis

From all included studies, data was collected by two reviewers (TK and DM)
on: year of publication, radiological scans (modality, slice orientation, scanning
parameters and field strength if applicable), algorithm (type of model, architec-
ture, use of transfer learning, type of loss function and optimization, degree of
automation), study comparisons, ground truth, data handling (sample size, pre-
processing, augmentation, imbalance, split), validation and testing, outcome
measures and results. A third reviewer (EV) verified the final data extraction
sheet. In cases where authors presented results for different versions of the
same model architecture (e.g., different loss function, varying hyperparameters)
or with different thresholds (e.g., varying distance error tolerance), only data
were collected for the average of the models or, if the average was not provided,
the best performing algorithm, or where the strictest outcome criteria were
applied. The heterogeneity among outcome measures precluded pooling of
the results, and, therefore, a qualitative analysis was performed. Articles were
compared in four categories: conventional ML segmentation, DL segmentation,
conventional ML classification and DL classification. Within a category, results
were compared that belonged to the same type of outcome measure (i.e., mea-
sure of accuracy, spatial/geometric reliability/error or similarity metrics).
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RESULTS

Article selection

The initial literature search yielded a total of 661 unique articles. Of those, 616
were excluded and the remaining 29 articles were selected for full-text screen-
ing of which 22 were included. After citation tracking an additional 16 studies
were screened in full text of which five were accepted. Ultimately, 27 studies
were included for this review (Fig. 3) [20,21,22,23,24,25,26,27,28,29,30,31,32,3
3,34,35,36,37,38,39,40,41,42,43,44,45,46]. A comprehensive overview of the
included studies is provided in Online Resource 3.

—
Records identified through database searching Additional records identified through
g - PubMed (n=518) citation tracking
4= - Embase (n=379) {n=1800)
i} - Web of Science (n = 310)
% - COCHRANE Library {n = 36)
5 - Emcare (n = 152)
=
-/
A
—
Records after duplicates removed
{n = 661)
og
=
c
8 Y
b
v Records screened Records excluded
{n = 1561) > (n=1515)
S
) r Full-text articles excluded,
with reasans (n = 18}):
Full-text articles assessed for e Full text unavailable
eligibilit -
2 ) (=3
= (n=45) * Irrelevant
= . .
o radiclogical
] scan/modality (n = 1)
*  No segmentation or
classification (n = 2)
Studies included in qualitative ®  Only vertebral
synthesis segmentation (n = 3)
— (n=27) s Vertebral labelling
only (n=4)
& [rrelevant patient
- population (n=1)
% b4 Y L] No ML/DL {n=3)
T:: Lumbar spine Lumbar spine ¢ Conference abstract
E segmentation classification (n=1)
(n=11) (n=18)
-

Fig. 3 Flowchart of the article search and selection process.

* Two studies reported on both segmentation and classification and, therefore, appear in
both segmentation and classification boxes
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Nine articles assessed segmentation, 16 articles assessed classification and
two reported on both. Year of publication ranged between 2010 and 2023 with
most of the studies being published in 2020 or thereafter. Of the 20 studies
published between 2019 and 2023, seven reported on segmentation and 13
reported on classification, whereas, of the six studies published between 2014
and 2018, four reported on segmentation and three reported on classification,
demonstrating a shift of focus towards classification challenges (Fig. 4).

5

0 I I

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Fig. 4 Number of publications per year focusing on ML/DL algorithms for segmentation
or classification of the lumbar spine for LSS. Publications that assessed both appear
twice in this graph

M Segmentation

Classification

=

Risk-of-bias assessment

Of the 27 studies, three were considered low-risk of bias [26, 27, 31], nineteen
were categorized as intermediate-risk of bias [20,21,22, 24, 28, 30, 32,33,
34, 36,37,38,39,40,41,42,43,44, 46] and five were judged as high-risk of bias
[23, 25, 29, 35, 45] (Online Resource 4). Risk of bias was higher for segmentation
than classification studies on average, but independent of year of publication.

Segmentation algorithms

Segmentation of spinal structures included the IVD, spinal canal, thecal sac
(TS), posterior element (PE)/lamina, ligamentum flavum, facet joints, neural fo-
ramina, and the area between anterior and posterior vertebrae elements (AAP).
Two out of eleven studies employed conventional ML methods, eight used DL,
and one applied both techniques. The extracted data are provided in Online
Resource 5 and 6.

Conventional machine learning for segmentation

A variety of outcome measures were used to express model performance. None
used accuracy, but one study described precision (0.79-0.83) and sensitivity
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(0.90-0.92) for disc and dural sac segmentation [25] and another study devised
an own metric to express segmentation quality (91.25-98.21%) [35]. Only one
study presented spatial metrics reporting Hausdorff distances (7.89-9.41 mm)
and surface distances (0.83-0.84) [24]. Two studies presented similarity met-
rics: one study demonstrated Dice scores ranging 0.83-0.84 [24], while another
reported Dice scores of 0.84-0.87 and a Jaccard index between 0.73 and 0.78
[25]. Since Koompairojn et al. received a relatively high risk-of-bias score, the
model by Ghosh et al. was considered most reliable [25]. This fully automatic
model comprised Histogram of Oriented Gradients (HOG) feature descriptors
and random forests (RF) as the classifier with a fixed number of trees (n=100)
based on T2-weighted sagittal MRI scans from 50 patients. They used fivefold
cross validation and tested on 212 patients.

Deep learning for segmentation

Eight studies performed segmentation using MRI [20, 21, 23, 24, 28, 29,
39, 42] and one used CT scans [45]. Five studies were U-Net based models
[23, 24, 29, 39, 45], two studies were SegNet based [20, 42], one study was Gen-
erative Adversarial Network (GAN) based [28] and one study tested a standard
convolutional neural network (CNN) [21].

An overall accuracy of 85% was reported in one study [47], but a range between
50 and 99% for different spinal structures in another [20]. Four studies provided
pixel accuracy with Hou et al. demonstrating the highest accuracy (0.9935) [29].
Other accuracy metrics were only measured in a single study. Only one article
reported a geometrical metric achieving a surface distance of 2.71 mm [39].
The most commonly reported performance metrics were similarity coefficients.
The Jaccard index was used in five reports with a best overall score of 0.8493
[45], although higher scores were demonstrated for specific spinal structures
[20]. When correcting for class frequency, an even higher score was achieved
(0.9835) [45]. The Dice coefficient was reported in four studies with a maximum
value of 0.9252 [39]. Due to the variety in reported performance metrics it was
not possible to determine a single most reliable DL model for segmentation.
However, considering (pixel) accuracy, Jaccard index and Dice score, the best
performing models were U-Net based [29, 39, 45] or SegNet based [20]. All four
compared their model's performance to human expertise using data of at least
120 patients and evaluated their own model (SegNet-TL80 [20], Spine-Seg-2
phase model [29], MANet [39] and DDU-Net [45]. Two were semi-automated
[29, 39] and two were fully automated [20, 45].

184



Artificial intelligence for segmentation and classification in lumbar spinal stenosis

Classification algorithms

A total of eighteen articles assessing classification algorithms for LSS were
published between 2010 and 2023 [22, 26,27,28, 30,31,32,33,34,35,36,37,38, 4
0, 41, 43, 44, 46]. Two out of eighteen studies described conventional ML algo-
rithms, fifteen used DL and one compared both techniques. The extracted data
are provided in Online Resource 7 and 8.

Conventional machine learning for classification

Of the three studies, Koompairojn et al. demonstrated an overall accuracy of
92.66-96.82% for different spinal features [35]. Altun et al. achieved the highest
accuracy (0.762) with a Gabor-RF model using one axial image for each of three
IVD levels (L3-4 to L5-S1) [22]. Huber et al. evaluated performance through
sensitivity, specificity and AUC, and obtained superior results with a decision
tree algorithm that used 240 texture analysis features from the dural sac or
spinal canal as input (sensitivity: 94.32-94.33%, specificity: 96.53-98.04%,
AUC: 0.940-0.962) [30]. The ground truth was established using a reference
standard for the cross-sectional area, defined as above 130 mm? (non-severe
stenosis) or below (severe stenosis). A total of 343 images from 82 patients
(max. 5 axial slices per patient, one per IVD level) were used with tenfold cross
validation. This model was considered semi-automated since it required manu-
ally segmented MRl images.

Deep learning for classification

Sixteen studies described DL models for classification [22, 26,27,28, 31,32,3
3,34, 36,37,38, 40, 41, 43, 44, 46]. Six studies employed an unspecified CNN
[26, 27,31,32,33, 40], five studies were VGG-based [22, 34, 37, 38, 46], two stud-
ies were U-Net based [36, 43], two studies were ResNet-based [41, 44], and one
study used a GAN [28]. Models either classified specific spinal features with
binary (stenosis or not) or multiclass labels (e.g., normal, mild, moderate, severe
stenosis), performed measurements between spinal structures, or classified the
image as a whole (binary label).

Out of six studies reporting on accuracy, Lehnen et al. achieved the highest
score (98.09%) [36]. Class average accuracy was reported in four studies, with
the highest range of values achieved by Jamaludin et al. (0.701-0.947) [32].
AUC was reported the highest by Lu et al. (0.961-0.983) among five studies [41].
Sensitivity and specificity were presented in 9 studies: the highest overall sen-
sitivity was achieved by Altun et al. (0.921) [22], although two studies reported
higher values for central canal stenosis specifically (0.922 and 0.946) [27, 44].
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Lehnen et al. reported the highest specificity (0.9865) [36]. Negative (NPV)
and positive predictive value (PPV) were only reported in three and five studies,
respectively. Lehnen et al. achieved an NPV of 0.9906, whereas PPV was high-
est in the study by Lewandrowski et al. [38], although Kim et al. achieved values
between 0.790 and 0.845 depending on the use of neutral, flexion or extension
radiographs [34]. F1 score was highest in the study by Su et al., although this
was only reported by one other study [44]. Among spatial metrics only the
mean absolute error (MAE) for the diameter of the dural sac was reported in two
studies with the smallest error obtained by Pang et al. (0.72 mm) [40, 43]. For
similarity metrics Cohen's kappa was reported in four studies but highest in the
study by Ishimoto et al. (0.75) [31]. Gwet's AC1 statistic, reported in two studies,
was highest in the study by Hallinan et al. (0.68-0.96) [27]. In addition, Lin's cor-
relation coefficient was presented in three studies with the best performance
reported by Jamaludin et al. (0.88-0.89) [32].

Similar to the results for segmentation models, there was a wide variation in
the performance metrics for classification. Moreover, some models achieved
high scores for one metric, but lower for other outcome measures. As a result,
nine different studies achieved the best score depending on the performance
metric. Of the twelve metrics, the best result for four parameters was achieved
using U-Net based models [36, 43], for four others unspecified CNN algorithms
worked best [27, 31, 32], for two ResNet derived models obtained the best re-
sults [41, 44] and for another two metrics VGG-like models performed the best
[22, 37]. Two studies used multiple axial and sagittal images (axial: 15-28 slices,
sagittal: 15 slices [27, 44], three studies used only one image for each IVD level
[22, 31, 43], and 4 studies did not specify the number of slices per patient or per
IVD level [32, 36, 37, 41]. Hence, it was not possible to identify one DL algorithm
as the most reliable model for the classification task.

DISCUSSION

Through this systematic review, an overview is presented of the currently devel-
oped conventional ML and DL techniques for segmentation and classification
tasks of LSS. It has been demonstrated that there is a wide spectrum of models
for these aims, mostly based on MRI scans. In addition, there is a preponderance
of DL models among the studies that were published more recently. Although
the paucity of comparable performance metrics posed a challenge for com-
parisons, DL models, especially U-Net based, yielded better results than con-
ventional ML algorithms for the segmentation task. For classification purposes,
DL networks were superior to conventional ML solutions, specifically U-Net and
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‘standard’ CNN algorithms performed the best for most of the performance
metrics, obviating the need for a preceding segmentation step. Overall, the
models demonstrated results nearing human performance which holds promise
to support physicians in the diagnosis of LSS.

LSS can occur centrally around the thecal sac, in the lateral recess or at the
neural foramen. Therefore, the ideal classification model would include all these
structures. Three out of the nine best performing DL classification algorithms
labelled the central canal, lateral recess and neural foramen (or lateral recess
and neural foramen combined as ‘nerve root’) for stenosis [27, 36, 44] and one
model labelled the whole image [22]. In general, central and lateral recess ste-
nosis are best assessed using axial MRl images, whereas the neural foramina
can be most optimally viewed on sagittal scans. Since the studies by Hallinan
et al. and Lehnen et al. included both planes, they can be considered the most
comprehensive models for classification of LSS [27, 36], and, as a result, hold
the most clinical value. However, both models have only been externally validat-
ed to a limited extent. Hallinan et al. tested their model on an external dataset of
100 patients from Saudi Arabia following training and testing with patient data
from a hospital in Singapore. Lehnen et al. validated the commercially available
ColLumbo model originating from Bulgaria with imaging from their institution in
Germany. Yet, the generalizability of these models could be further substanti-
ated by additional validation studies.

The heterogeneity among the performance metrics reported precluded a quan-
titative analysis of the results for both segmentation and classification algo-
rithms. There was no subset of metrics that was consistently reported in every
study, creating a challenge for appropriate comparisons between the studies.
To overcome this problem in future studies, reporting on ML algorithms needs
to be standardized, and recommendations have been made to guide authors
in this process [48, 49]. Additionally, more specific guidelines are being devel-
oped which may include a combination of performance metrics that should be
reported for every ML model [19]. For segmentation algorithms, we propose
that accuracy and the spatial error in mm should be reported at a minimum.
For classification models, authors should report accuracy, the confusion matrix
and area under the receiver operating characteristic curve [50]. Furthermore,
a publicly available test dataset should be used to improve comparability be-
tween studies and assess generalizability. Ideally, such a dataset would contain
multi-vendor MRI images from different medical centers across the world with
high-quality labelling. To our knowledge, only one publicly available dataset with
corresponding ground truth data is currently available containing axial and sag-
ittal MRl images from 515 patients obtained across several international institu-
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tion [51]. It was used by four studies from this review [20, 29, 42, 43], however,
this dataset only contains segmentation ground truth data for one axial scan
of the last three IVDs [52]. Radiologists’ readings reporting on the presence of
central or foraminal stenosis are available [53], but, ideally, classification labels
should be derived from a consensus amongst spine-dedicated radiologists and
surgeons. Furthermore, the scanning parameters are homogenous which does
not reflect the heterogeneity of scans in clinical practice, and no demographic
information is provided. Other datasets are available but with limited size and
without appropriate ground truth data [54]. Furthermore, authors should clearly
state the sample sizes and inter- and intra-observer variability when comparing
with human performance. Notably, most studies in this review did not provide
details on data or code sharing which defies transparency and developments in
Al research [49].

This systematic review is limited by the databases that were searched since rel-
evant articles may have been published in non-medical journals. Furthermore,
the lack of consistency in reported outcome metrics precluded quantitative
analyses.

Future studies should focus on DL models for classification tasks since they
outperform conventional ML methods and obviate the need for segmentation.
Furthermore, future studies should validate previously published models in
addition to developing new ones. Of the 27 articles in this review, only seven
discussed external validation [26, 27, 31, 34, 36, 38, 44]. It is essential that pub-
lished algorithms are tested on external datasets for assessment of generaliz-
ability using a standardized set of performance metrics and a publicly available
test dataset with high-quality ground truth data. Additionally, authors should
consider the implementability of their classification algorithms, as the ultimate
goal is to create a useful model for daily practice. Several models required
manual pre-processing of the input data, and, therefore, will not be viable for
the high volume of imaging in clinical practice.

This systematic review provides an overview of current conventional ML and
DL methods for LSS segmentation and classification. We have elucidated the
wide range of developed models and the tendency of DL methods to perform
better than conventional ML models obviating the need for a segmentation step
before classification. It is essential that guidelines are developed for reporting
of performance metrics and that researchers focus on validation of (current)
models on external datasets. Primarily for classification, DL models have great
potential to improve diagnostics and aid clinicians in LSS identification.
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Online Resources can be reviewed online:
https://doi.org/10.1007/s00586-025-08672-9
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Conclusion and discussion

The findings of this thesis contribute to the knowledge of conservative manage-
ment with transforaminal epidural steroid injections in patients with lumbar
radiculopathy, as well as underline the potential of innovations with artificial
intelligence in the diagnosis and prognosis of spinal stenosis, marking another
step toward more patient-tailored treatment strategies.

BALANCING SURGERY AND CONSERVATIVE CARE IN
LUMBAR RADICULAR PAIN: THE ROLE OF EPIDURAL
STEROID INJECTIONS

Considerations for surgical intervention

The current national guidelines in the Netherlands recommend that patients
presenting to their general practitioner with signs of lumbar radiculopathy un-
dergo an initial period of six to eight weeks of conservative management, con-
sisting of oral pain medication and physical therapy if necessary. If symptoms
persist beyond this timeframe, the patient can be referred to the neurologist for
further evaluation, including MRI examination. The neurologist may then refer
the patient to an outpatient pain clinic or a neurosurgeon if a surgically treat-
able anatomical substrate is identified.

The majority of patients diagnosed with lumbar radiculopathy demonstrates a
clinically relevant disc herniation (LDH) on MRI as confirmed by our retrospec-
tive cohort analysis (Chapter 3). Previous research has demonstrated that sur-
gical intervention is not necessarily the optimal treatment strategy, as lumbar
disc herniation is often a self-limiting condition. A randomized trial involving
283 patients with radicular symptoms of 6 to 12 weeks due to LDH found that
early discectomy did not yield superior long-term outcomes compared to
prolonged conservative management after one year of follow-up [1]. The mere
benefit of surgical intervention was a more rapid resolution of symptoms, while
overall treatment costs remained comparable between the two strategies [2].
In clinical practice, one in five patients with disc herniation opt for immediate
surgery, whereas the majority - over 50% - choose to continue conservative
therapy. Similarly, the natural history of and the relative effectiveness of surgical
intervention for lumbar radicular pain due to spinal stenosis remain subjects of
ongoing debate.

We demonstrated that a large proportion of patients without disc hernia-
tion have a degenerative stenosis as the underlying cause of their symptoms
(Chapter 3). A 2016 Cochrane Review concluded that there is limited evidence
supporting surgical treatment over conservative management in this patient
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population, a conclusion largely attributed to the methodological heterogene-
ity and low quality of existing trials [3]. Yet, a consensus group from the World
Federation of Neurosurgical Society Spine Committee in 2020 agreed on the
recommendation of decompressive surgery, in particular for patients with
moderate-to-severe symptoms, citing evidence that surgical intervention
resulted in faster and significantly greater symptom relief than conservative
treatment, especially in the long term [4]. However, this recommendation was
based largely on an as-treated analysis from a single study that combined a
randomized and an observational cohort, and was compromised by a high rate
of treatment cross-over [5]. The consensus group acknowledged that conser-
vatively managed patients also demonstrated symptom improvement, albeit
at a slower rate. In conclusion, the recommendation for a surgical solution for
lumbar radiculopathy due to stenosis has weak strength and there is a need for
further high-quality research in this area.

The varying effectiveness of surgical intervention to remove the compressive
lesion and the discrepancy between clinical symptoms and radiological findings
has fuelled the debate on the true cause of radicular pain. At first, it was as-
sumed that physical neural compromise due to disc herniation and stenosis was
the sole cause of symptoms. However, multiple studies have demonstrated the
lack of correlation between clinical symptoms and nerve root compression as
thisis a frequent radiological finding in asymptomatic patients [6-13]. Moreover,
symptomatic patients may experience improvement in symptoms without inter-
vention that alters the underlying pathology, or may not show any compressive
pathology at all whilst suffering from severe radicular pain. Although a correla-
tion was found between contact pressure and neurological impairment [14], it
was suggested that something else instigated radicular pain. Inflammation was
implicated in the pathophysiology of lumbar radicular pain rather than physical
compression after histological evidence was found of inflamed posterior nerve
roots during laminectomy [15]. This was supported by findings that chymopa-
pain, an anti-inflammatory substance used for chemonucleolysis of disc hernia-
tion, could cause rapid relief of leg pain preceding any change in disc herniation
size or degree of nerve root compression [16, 17]. Furthermore, several additional
studies demonstrated the presence of high levels of pro-inflammatory enzymes
(PLA,) and cytokines (IL-1a, IL-1B, IL-6, IL-8, TNF-a and PGE?2) in patients with
radicular pain with different injured spinal tissues releasing different types of
inflammatory factors [18-23]. Additionally, some evidence has suggested that
immunological processes play a role in the instigation of radicular pain as an-
tibody levels to cell components of the central and peripheral nervous system
and markers of glial cell and nerve damage have been shown to be elevated in
patients with disc herniation [24, 25]. Hence, it is now an accepted concept that
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lumbar radicular pain is caused by a complex interplay of inflammation, immune
factors and mechanical compression of the nerve root.

Conservative management: the promise and limitations
of epidural steroid injections

Considering that, on average, conservative therapy may be as effective as
surgery in the long term for patients with lumbar radicular pain, it represents
a viable alternative - provided that the patient’s symptoms can be adequately
reduced. Patients presenting with lumbar radiculopathy are initially treated with
oral analgesics, starting with paracetamol and non-steroidal anti-inflammatory
drugs (NSAIDs). However, a substantial proportion of patients are prescribed
additional opioid analgesics. Our retrospective data indicate that 57% of
patients presenting to the outpatient pain clinic were using some form of
morphine-like analgesics (Chapter 3). In light of the ongoing opioid crisis and
the well-documented risks of dependency and adverse effects associated with
chronic opioid use, this reliance on opioid analgesia is undesirable. Moreover,
despite this pharmacological treatment, many patients continued to seek fur-
ther therapeutic options.

Epidural steroid injections (ESI), although not addressing the underlying pathol-
ogy directly - they do not create space for the neural elements or remove the
herniated disc - are intended to modulate the inflammatory and immunological
responses assumed to contribute to radicular pain. Corticosteroids are primar-
ily thought to inhibit PLA,, an important enzyme in the pro-inflammatory cas-
cade, resulting in the reduced excretion of hyperalgesic prostaglandins, throm-
boxanes, and leukotrienes, thereby alleviating symptoms and creating a more
tolerable clinical condition for the patient [23, 26, 27]. Hence, when effective,
ESls constitute a valuable addition to the spectrum of non-surgical treatment
modalities. Conversely, in cases where ESls fail to provide sufficient symptom
relief, patients may still proceed to surgical intervention.

The use of epidural steroid injections (ESIs) has seen increasing prevalence,
particularly as the role of inflammation in the onset of radicular pain has become
more widely recognized. The current literature, however, is not unequivocal
regarding the effectiveness of ESI in patients with lumbar radiculopathy. Inter-
estingly, despite the lack of evidence, this treatment has become increasingly
popular over recent decades. Our meta-analysis comparing the effectiveness
of ESI to placebo injections provides some evidence that ESl is superior as this
group reported greater reductions in pain scores and improvement of physical
functioning (Chapter 2). Though, this was limited to short-term follow-up and
the minimally clinical important difference (MCID) was not met in every study.
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The interpretation of these findings is further complicated by substantial het-
erogeneity across studies, as ESls can be administered via different approaches
(caudal, interlaminar, or transforaminal) and involve varying corticosteroid for-
mulations and dosages.

Optimizing patient selection: who benefits most
from transforaminal epidural injections?

The paucity of definitive evidence supporting the effectiveness of transforami-
nal epidural steroid injections (TEI) may, in part, stem from suboptimal patient
selection. Hence, identifying prognostic factors to guide clinicians in determin-
ing which patients are most suitable candidates for TEl is essential. However,
this objective is impeded by the dearth of comparable studies. In our meta-
analysis, sensitivity analyses were performed to explore potential determinants
of treatment response, suggesting that ESI may be more effective in patients
with MRI-confirmed LDH compared to those diagnosed solely on clinical as-
sessment (Chapter 2). However, due to the necessity of pooling all three epi-
dural approaches and the limited number of studies included in each analysis,
these findings should be interpreted with caution.

Contrastingly, our large retrospective cohort study demonstrated that the
short-term effectiveness of TEl is independent of the presence of a disc her-
niation on MRI (Chapter 3). This is an interesting finding, as it challenges the
prevailing but unsubstantiated assumption that TEIl is primarily beneficial for
patients with LDH. While LDH generally follows a self-limiting course with even-
tual spontaneous resolution, spinal stenosis caused by degenerative changes
typically progresses over time. Given that the effects of corticosteroids after a
single injection are expected to diminish after several weeks, one could argue
that TEI may serve as a temporary bridge to spontaneous recovery in LDH pa-
tients, whereas in those with spinal stenosis, symptom relief may be transient,
but symptoms will eventually recur. However, as mentioned before, spontane-
ous symptom resolution can also occur in patients with spinal stenosis, and
the precise role of inflammation - as well as the extent to which TElI modulates
this process - is uncertain. Interestingly, in our systematic review of prognostic
factors for TEl, two studies suggested that patients with spinal stenosis, spe-
cifically those with foraminal stenosis, may benefit more than LDH patients
(Chapter 4). A potential explanation is that degenerative stenosis causes
more dynamic, movement-dependent compression and recurrent cycles of
inflammation around the nerve root. These intermittent flare-ups of perineural
inflammation and vascular congestion may be more amenable to corticosteroid
treatment than the continuous inflammation and static compression from disc
herniation. In addition, in foraminal stenosis, corticosteroids delivered to the
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neuroforamen may be confined by the stenotic components, hence, increasing
the local drug concentration around the affected nerve. In contrast, in central or
lateral recess stenosis, the injectables have to diffuse reducing their localized
anti-inflammatory effects. Furthermore, vascularization is higher centrally and
in the lateral recess, where corticosteroids may be more rapidly absorbed into
the circulation, whereas in foraminal stenosis, compression-induced venous
congestion and impaired perineural circulation may promote corticosteroid ac-
cumulation, prolonging its anti-inflammatory effects. Finally, a shorter symptom
duration was associated with improved outcomes, although this relationship
was identified in only four out of ten studies, and, hence, cannot be considered
an established prognostic variable. The inconsistency of these findings high-
lights the need for studies specifically designed to establish reliable predictors
of TEl effectiveness.

Biomarkers of inflammation

Since administration of corticosteroids is aimed at attenuating neuroinflamma-
tion, it is reasonable to postulate that TEl would be most beneficial for patients
in whom inflammatory mechanisms play a predominant role. Consequently,
identifying reliable biomarkers indicative of increased inflammatory activity is
imperative for optimizing patient selection for TEI.

Gadolinium-based contrast agents are frequently employed in MRI examina-
tions to enhance visualization of neuroinflammatory processes. Theoretically,
the presence of gadolinium enhancement in the nerve root could serve as a
predictor of TEI effectiveness. This hypothesis is supported by a retrospective
study reporting greater symptomatic improvement following TEI in patients
with nerve root enhancement on MRI compared to those without contrast en-
hancement [28]. However, histological analyses of intervertebral disc samples
obtained from surgical patients have not demonstrated significant differences
in macrophage-mediated inflammation between contrast-enhanced and non-
enhanced groups [29].

Another proposed imaging biomarker is the presence of Modic changes (MC)
on MRI, which are postulated to represent vascular deficiency, inducing an
inflammatory milieu in the vertebral endplates. MC can be classified into three
types, although only two are commonly observed. Type 1 MC is thought to rep-
resent an acute inflammatory process characterized by bone marrow oedema,
whereas Type 2 MC is associated with a more chronic inflammatory state involv-
ing fatty marrow changes [30-32]. Yet, there is evidence suggesting that type 1
can develop into type 2 over time. Studies have correlated the presence of MC
with an inflammatory state of the intervertebral disc and altered macrophage
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distribution, with a relative depletion of anti-inflammatory M2 macrophages
compared to pro-inflammatory M1 macrophages [33]. Since corticosteroids
have been demonstrated to drive macrophage differentiation towards the M2
type in a mice model with lung injury [34], TEIl could hypothetically facilitate
an anti-inflammatory shift. However, our prospective cohort study found no
significant differences in patient outcomes following TEI between those with
and without MC (Chapter 7). Nevertheless, these results must be interpreted
with caution as there was a preponderance of MC type 2 (93.5%). Moreover, it is
possible that in patients with MC type 2, recurrent inflammatory episodes occur
- resulting in oedema (MC type 1) - but are not detectable as type 1, since fatty
marrow transformation has already taken place, leading in a MC type 2 score.
This suggests that MC classification may not reliably distinguish between active
and past inflammation. We recommend that this correlation should be repeated
in a larger study with a more balanced representation of MC types. Among MRI
features, mean spinal nerve intensity from axial Dixon T2-weighted water-only
images has been correlated with patient outcome after TEl, with higher nerve
intensity being associated with greater symptomatic relief [35]. The authors
suggested that axial T2-weighted fat-saturated MRI scans can detect perineu-
ral inflammatory and hyperaemic changes that may not be visible on routine
T1- and T2-weighted imaging used for MC classification.

Beyond conventional MRI, positron emission tomography combined with
magnetic resonance imaging (PET/MRI) has emerged as a promising modal-
ity for detecting inflammatory changes. This imaging technique makes use of
radioligands targeting inflammatory markers to visualize neuroinflammation. A
study by Albrecht et al. demonstrated elevated levels of the neuroinflammation
marker 18-kDa translocator protein (TSPO) in the neuroforamen of patients with
chronic radicular pain compared to healthy controls, with a spatial distribution
corresponding to the side of leg pain [36]. Moreover, increased TSPO expres-
sion correlated with improved outcomes following ESI, although the number of
patients receiving an injection in this study was limited. Similarly, Lutke Schi-
pholt et al. used this imaging modality to quantify the degree of inflammation
in the spinal cord and neuroforamen in patients that suffered from cervical
radiculopathy, using unaffected neuroforamina within the same patient as con-
trol, and found elevated inflammation levels at the affected neuroforamina [37].
In a subsequent study, they confirmed these findings by demonstrating higher
levels of inflammation in neuroforamina corresponding to symptomatic cervi-
cal radiculopathy when compared to asymptomatic controls [38]. This imaging
technique holds promise for aiding clinical practice in identifying patients who
may benefit from anti-inflammatory therapy. However, its current practical
challenges and high costs may limit its widespread clinical application.
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Serological biomarkers represent a more accessible and cost-effective alterna-
tive for assessing neuroinflammation. However, research in this domain remains
limited in the context of lumbar radiculopathy. One study investigated the
predictive value of high-sensitivity C-reactive protein (hsCRP) for TEl response
in patients with chronic unilateral radiculopathy secondary to spinal stenosis
[39]. Patients were stratified based on pre-treatment hsCRP levels, yet no sig-
nificant differences in outcomes were observed, suggesting that this inflamma-
tory marker may not be a reliable predictor of TEl effectiveness. A fundamental
challenge in utilizing serological biomarkers lies in selecting an appropriate
reference group for comparison. While TEl response could serve as a surrogate
marker, this approach would not directly elucidate the underlying cellular and
molecular mechanisms. More invasive methodologies, such as histological
analysis of tissue samples obtained during disc surgery, could provide valuable
insights, though they are inherently biased toward patients with severe, intrac-
table radiculopathy who undergo surgical intervention.

An alternative, minimally invasive technique for assessing the inflammatory
microenvironment surrounding the nerve root is epidural lavage. This method
involves the injection and subsequent withdrawal of a small volume of fluid from
the epidural space, allowing for the quantification of inflammatory cytokines
and peptides [40]. Golish et al. employed epidural lavage to identify a complex
of matrix protein degradation fragments associated with inflammatory cyto-
kines as a potential biomarker for ESI response [41]. Although in a small study
population, they demonstrated that patients with this complex demonstrated
significantly greater functional improvement following ESI compared to those
without it. Hence, this might hold promise as a reliable, minimally invasive tech-
nique to predict TEI effectiveness.

Advancing research and clinical implications

Although not unequivocally, the current literature provides evidence for trends
suggesting that the effectiveness of TEl is largely independent of the underlying
aetiology of lumbar radiculopathy, though it may be more effective in patients
with a shorter duration of symptoms. Hence, we argue that in patients with a
recent onset of a clinically distinct lumbar radiculopathy, the necessity for MRI
examination before TEl may be redundant and this therapy can be offered
at an earlier stage. This rationale has been the impetus for the TEIAS trial
(Transforaminal Epidural Injection in Acute Sciatica) (Chapter 5), which aims
to investigate the potential benefits of expedited TEI therapy. At present, the
long waiting times for clinical consultations by secondary care specialists (i.e.,
neurologists, orthopaedics and/or neurosurgeons) and imaging assessments -
often extending over several weeks or months - result in substantial delays in
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treatment initiation. During this period, patients frequently remain impaired in
daily functioning and are managed with opioid analgesics. In case of persistent
symptoms, some patients may ultimately opt for surgery in pursuit of rapid
symptom relief, although long-term patient outcomes do not differ significantly
compared to conservative therapy. Hence, the inadequacy of current guidelines
in addressing pain management in the acute phase highlights the need for
alternative therapeutic strategies. If expedition of TEIl proves effective, it could
provide general practitioners with an additional therapeutical option to achieve
improved symptom management and physical recovery. Simultaneously, this
may reduce opioid consumption, work absenteeism and the likelihood of sur-
gery, thereby saving substantial medical and socioeconomic costs.

The TEIAS trial remains ongoing due to the lower-than-anticipated patient en-
rolment and will be concluded upon reaching the target sample size. A similar
study conducted in a regional hospital in the Netherlands was prematurely ter-
minated due to insufficient patient inclusion [42]. This randomized controlled
trial examined the effectiveness of TEIl in patients with acute lumbar radicular
pain (<8 weeks) secondary to MRI-confirmed disc herniation with nerve root
impingement, comparing three treatment arms: transforaminal epidural injec-
tion with steroid and a local anaesthetic, an injection with saline and a local
anaesthetic, and usual care. The protocol intended an enrolment of a total of
264 patients, but in four years the group was able to recruit 141 participants.
The trial demonstrated a statistically significant but clinically marginal improve-
ment in leg pain following TEI with steroids and a local anaesthetic compared
to usual care (NRS overall mean difference -0.96 (95% CIl -1.83 to -0.09; P =
0.030), with no superiority observed for other outcome measures. Moreover, no
statistically significant differences were observed between injections with ste-
roids and those with saline (NRS leg pain overall MD -0.28 (95% CI -1.50 to 0.95;
P = 0.659). This may be explained by the possible washout effect of cytokines
when injecting saline near the affected nerve root. Consequently, the authors
concluded that TEI could not be considered effective. In addition, their cost-
effectiveness analysis indicated that TElI was not a viable economic alternative
[43]. However, due to the limited sample size - 53% of their intended inclusions
- there was a lack of statistical power for one of the primary outcome measures.
Furthermore, the results were possibly biased by the high loss to follow-up (up
to 30%). Since other studies, as summarized in our meta-analysis (Chapter 2),
were able to demonstrate a statistically significant superiority of steroids over
epidural placebo, further research in this area is deemed appropriate.

Although data from the TEIAS trial will be used for subgroup analyses to identify
prognostic determinants for responders and non-responders to TEI, the study is
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not explicitly designed for that purpose. To address this gap, the POTEISS cohort
study (Prediction of Transforaminal Epidural Injection Success in Sciatica) was
initiated to develop a prediction model for patient outcomes after TEI (Chapter
6). This study systematically evaluates patient outcome after standardized
TEI treatment in patients with MRI-confirmed LDH or spinal stenosis causing
unilateral radicular symptoms. It was designed with an adequate sample size
to facilitate robust prediction modelling, incorporating a comprehensive set
of demographical, clinical and radiological variables. The ongoing POTEISS
study holds the potential to enhance clinicians’ ability to counsel patients on TEI
and its expected therapeutical effects, representing an important step toward
evidence-based decision-making and more individualized treatment strategies.

In addition to these two studies, future research endeavours should further
investigate inflammatory biomarkers and their association with TEl outcomes.
Additionally, MC subtypes and treatment response should be assessed in larger
studies, ensuring adequate representation of MC type 1, and investigating the
usability of other MRI sequences in detecting ongoing inflammation. Further-
more, histological and serological analyses, in the presence and absence of
MC, should be correlated with TEI effectiveness. The ongoing EIMICOR cohort
study aims to address these aspects and includes patients who have undergone
TEI therapy [44]. In addition, epidural lavage represents a promising technique
that warrants further validation, alongside advanced imaging modalities such
as PET/MRI, which may offer novel insights into neuroinflammation and treat-
ment response. Collectively, these efforts will refine our understanding of the
therapeutic potential of TEI, optimize patient selection criteria, and ultimately
improve clinical management strategies for lumbar radiculopathy.

THE DAWN OF ARTIFICIAL INTELLIGENCE IN
LUMBAR SPINE RESEARCH

Automating diagnostics for spinal stenosis

As previously stated, a key objective in spine research is the advancement
toward more personalized treatment strategies. To this end, it is essential to
estimate the likelihood of treatment success given a patient’s demographic,
clinical and radiological profile. For radiological assessments to contribute
meaningfully to predictive models, standardized and reliable grading systems
are indispensable. Despite the development of comprehensive grading systems
that evaluate LSS as a multifaceted degenerative condition, their clinical imple-
mentation has remained limited due to suboptimal inter-reader agreement and
weak correlations with baseline symptoms and surgical outcomes.
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The widely adopted Schizas classification for central canal stenosis (CSS), con-
sisting of seven grades, has demonstrated variable, predominantly moderate,
inter-reader agreement [45-49]. Guen et al. reported substantial to near perfect
interobserver agreement for their grading system; however, external validation
studies revealed only fair agreement, raising concerns about its generalizability
[50, 51]. In contrast, the four-grade Miskin scale for CSS consistently demon-
strates substantial inter-reader agreement, as confirmed in our validation study
(Chapter 9), suggesting that it may serve as a more reliable and practical alter-
native. Moreover, our validation of the Miskin scale for lateral recess stenosis
(LRS) also demonstrated substantial agreement, which, together with CCS,
supports a structured framework for intra- and interdisciplinary communication
regarding spinal stenosis. This is further reinforced by its development through
multidisciplinary consultation between radiologists and spine surgeons.

However, the need to eliminate inter-reader variability arises not only from the
requirement for precise intra- and interdisciplinary communication but also
from its potential contribution to the limited correlation between imaging find-
ings and patient symptoms in previous studies [45-47, 52]. In our validation
study of the Miskin scale, higher CCS grades were independently associated
with greater improvement in leg pain, back pain and physical disability at 26
and 52 weeks after surgery, underscoring the clinical relevance and applicability
of this grading system for preoperative counselling (Chapter 9). Nevertheless,
clinically meaningful correlations were primarily observed across multiple
severity categories, which may be partly attributable to residual inter-reader
variability. Recent advances in artificial intelligence (Al), together with the ex-
ponential growth of data, offer potential avenues to address this limitation. In
particular, Al-based techniques can be applied to automate the classification
of radiological imaging, thereby eliminating inter-reader variability. Although
machine learning (ML) algorithms have been in development since the 1950s,
their recent integration into everyday applications accessible to the general
public has sparked widespread interest. Together with the advent of advanced
deep learning (DL) models, this has catalysed the use of Al in medical research.
In recent years, the number of annual publications addressing segmentation
and classification tasks for LSS using conventional ML or DL algorithms has
increased substantially, with model performance nearing perfection (Chapter
10). However, while numerous novel algorithms have been developed, only few
have been externally validated by other research groups using new datasets,
limiting assessments of their robustness and generalizability. Additionally, the
heterogeneous use of performance metrics presents a challenge in comparing
model outcomes across studies. This underscores the need for a standardized
set of evaluation metrics that should be consistently reported to ensure compa-
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rability and reproducibility. Beyond eliminating inter-reader variability, Al-driven
models have demonstrated the potential to significantly reduce workload and
reporting time. Studies have shown that Al-assisted radiologists can reduce
MRI reporting times by 56 seconds up to 14.1 minutes per study compared to
non-Al-assisted radiologists [53, 54]. This efficiency gain represents a signifi-
cant opportunity for clinicians to reallocate valuable time toward other critical
tasks.

An innovative approach to spinal stenosis surgery outcome

Although existing grading scales for LSS severity incorporate multiple items,
they may inadvertently omit critical information, thereby failing to correlate ef-
fectively with patient symptoms or treatment outcomes. Deep learning models
in particular, hold great promise for revolutionizing such imaging analysis tasks.
A single axial lumbar spine MRI slice contains 65,536 pixels on average assum-
ing a 256x256 matrix - each pixel representing a specific grey-level intensity.
This accumulation of data points results in a highly complex image, making it
challenging for human observers to discern all relevant patterns. In contrast,
DL algorithms are particularly well-suited for handling high-dimensional data
as they can analyse vast numbers of data points simultaneously and identify
intricate patterns that might be overlooked by the human eye. This capability
was demonstrated in a study on the cervical spine, where a convolutional neu-
ral network (CNN) was used to predict clinical success following disc surgery
from radiographs [55]. Intriguingly, the CNN'’s saliency maps revealed that the
facet joints - a structure not typically emphasized by neurosurgeons when
evaluating these patients for surgical candidacy - had a significant influence
on its predictions. Given that current MRI-based degeneration scales for LSS
provide limited guidance for surgical decision-making, applying a similar deep
learning approach to lumbar spine MRI could uncover imaging features that
may be relevant for prognosis but are not readily recognized by clinicians and
enhance patient selection for surgery [56-58]. To explore this, we initiated a
project to develop a model that uses T2-weighted MRI scans of the stenotic
level of operated patients in combination with demographic and clinical data
to predict whether a patient will benefit from spinal stenosis surgery. Model
training utilized the patient-reported Zurich Claudication Questionnaire, which
assesses pain, disability, and postoperative satisfaction at baseline and 26
weeks after surgery [59]. While such high-tech approaches are theoretically
compelling, several practical challenges complicate their development. Data
acquisition, for instance, is severely constrained by privacy regulations, limiting
the size of available datasets. In addition, recruiting skilled engineers to commit
to hospital-based research projects is difficult. Consequently, these constraints
initially moderated the pace of progress, underscoring that developing a DL
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model trained on multimodal data is a complex, time-intensive process that
cannot be achieved quickly. Nevertheless, our first model, although not outper-
forming clinicians, yielded valuable insights that are guiding ongoing refinement
and optimization.

Input layers Hidden layers Output layers

Surgery recommended
Predicted benefit
above threshold

MRI scan

® No surgery recommended
Predicted benefit
below threshold

Demographic/clinical data

Schematic view of a deep learning model for predicting surgical success for LSS patients

The road to Al-driven spinal care

Automating processes will be key in the near future to build a resilient and
sustainable healthcare system. As healthcare systems worldwide face increas-
ing pressure due to aging populations, rising costs, and workforce shortages,
automation presents an opportunity to enhance efficiency, reduce administra-
tive burdens, and improve patient outcomes. Reports have suggested that up
to 35% of healthcare tasks could be automated, allowing medical profession-
als to dedicate more time to direct patient care [60]. While Al holds immense
potential, its integration into clinical decision-making raises concerns about
transparency, accountability, and patient trust. At the same time, translating
Al models from research to routine neurosurgical practice requires overcoming
significant barriers related to data availability, regulatory approval, and clinical
validation. On the road to implementation and acceptance, addressing these
challenges is crucial to ensuring that Al-driven advancements are both ethically
sound and practically feasible.

Ethical frontiers

The integration of Al into medical decision-making presents a range of ethical
challenges. A key concern is algorithmic bias, which arises when Al models re-
flect and potentially amplify existing disparities in healthcare data. Studies have
shown that Al systems trained on unrepresentative datasets may perform less
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accurately for underrepresented demographic groups, leading to inequitable
patient outcomes [61, 62]. Addressing this bias requires diverse, high-quality
training data and rigorous validation across different patient populations. An-
other critical issue is patient consent and transparency. Unlike traditional clini-
cal decision-support tools, DL models function as “black boxes,” meaning their
decision-making processes are often uninterpretable, even to their developers
[63]. Although techniques, such as saliency maps or ‘heat maps’, have been
developed to improve interpretability, they provide only limited insight into the
underlying decision-making process and do not fully resolve the black-box na-
ture of deep learning models. This lack of explainability complicates informed
consent, as patients and clinicians may struggle to understand how an Al sys-
tem arrives at its recommendations.

Accountability for Al-driven decisions further complicates matters. If an Al sys-
tem makes an erroneous diagnosis or treatment recommendation, determining
liability—whether it falls on the clinician, the hospital, or the developers of the Al
system—remains a legal and ethical grey area [64]. Furthermore, the balance
between automation and human oversight is crucial in ensuring Al augments
rather than replaces clinical judgment. Over-reliance on Al could lead to deskill-
ing of healthcare professionals, while excessive scepticism may hinder the
adoption of beneficial algorithms [65]. Additionally, data privacy and security
pose significant ethical challenges, as Al systems require vast amounts of sen-
sitive patient data for training. Robust encryption, federated learning, and strict
governance frameworks are necessary to prevent data misuse and unauthor-
ized access [66].

From digital bench to bedside: challenges in Al implementation

The development and implementation of Al-driven algorithms into clinical
practice face not only ethical concerns but also several practical challenges. A
fundamental requirement for developing robust Al models is access to large,
diverse, and high-quality datasets for effective training. However, the collection
and sharing of such (anonymous) data is often impeded by privacy concerns,
regulatory constraints, and the fragmented nature of healthcare data across
institutions and regions. Legislation, such as the General Data Protection Regu-
lation (GDPR) in Europe, adds complexity by imposing stringent data protection
measures, including extensive data sharing agreements (DSA). While these
measures are essential for safeguarding patient privacy, they strongly delay
data exchange across departments, hospitals, and even countries, thereby
slowing Al model development.
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Once an Al model has been trained, extensive validation is required before it
can be considered for clinical use. This requires rigorous assessment through
clinical studies mimicking real-world practice to ensure it improves patient
outcomes and does not introduce unintended harm or bias. The absence of
standardized reporting metrics for Al performance further complicates this
process, making it difficult to compare different models. Establishing a minimal
set of outcome measures, as we recommended (Chapter 10), would facilitate
more transparent comparisons and aid clinicians in selecting the most effective
Al tools. Furthermore, the “black box" nature of Al models, while primarily an
ethical issue, may also present practical challenges. The lack of explainability
can hinder Al adoption, as both healthcare providers and patients may be re-
luctant to trust a system whose reasoning remains unclear. Furthermore, this
lack of transparency may lead to hesitance among clinicians, who may prefer
maintaining direct control over decision-making, unless they can interpret and
justify the model’'s recommendations. The understanding and interpretation of
Al recommendations hinges on the clinician’s digital literacy, underscoring the
need for integration of Al training into medical education to ensure clinicians
are equipped with the necessary skills to effectively utilize Al tools, interpret
their outputs, and understand their limitations [67].

Beyond model performance, successful implementation also depends on
seamless integration into existing healthcare workflows. Al tools must comple-
ment, rather than disrupt, clinical processes, necessitating interoperability with
electronic health record systems (HER) and intuitive user interfaces that align
with clinicians’ decision-making practices. Failure to achieve this alignment
may lead to poor adoption rates, even if a model demonstrates clinical efficacy.
Currently, this process is complex and time-consuming, requiring collaboration
with each individual EHR software supplier to develop tailored integration solu-
tions.

Once an Al model has been developed, validated, and optimized for clinical
workflows, it must undergo regulatory approval before it can be deployed in
practice. The European Union has introduced stringent standards that Al-driven
technologies have to meet under the “Ethics Guidelines for Trustworthy Al", en-
suring compliance with principles of transparency, accountability, and fairness,
resulting in lengthy and resource-intensive approval processes [68].

Finally, financial constraints present a significant barrier to Al adoption in
healthcare. The implementation of Al technologies requires substantial financial
investments, yet many healthcare institutions face challenges to allocate suf-
ficient funds for Al integration. Hospitals with limited financial resources often
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find it difficult to attract and retain skilled computer engineers, whose expertise
is essential for developing and implementing Al models in collaboration with cli-
nicians. Additionally, commercially developed Al solutions can be prohibitively
expensive, forcing hospitals to prioritize their investments and potentially limit-
ing the breadth of Al adoption in clinical practice. To justify these investments,
it is essential to demonstrate the cost-effectiveness of Al interventions through
economic evaluations alongside clinical assessments. Hence, hospitals should
be supported by governmental funding to facilitate broader adoption and equi-
table access to these technologies.

In the context of the aforementioned practical and ethical challenges, the
deep learning model we aim to develop to predict surgical success for LSS
represents an important first step toward Al-assisted patient selection in spinal
surgery. Following model development, clinical translation will require further
validation, refinement, and careful navigation of these challenges. Nonetheless,
the insights generated thus far support the transformative potential of Al and
its capacity to contribute to more precise and data-driven decision-making in
spinal care.
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Summary

SUMMARY

Lumbar radiculopathy and neurogenic claudication are among the most com-
mon clinical syndromes encountered in spine care. Patients with these clinical
syndromes typically present with severe leg pain, back pain, and impaired
physical functioning, resulting in reduced quality of life. Despite advances in
imaging, interventional pain management, and spine surgery, clinical decision-
making remains challenging. Radiological findings do not always correlate with
symptoms, treatment effects vary widely between patients, and clinicians lack
reliable tools to predict outcomes of conservative or surgical interventions. This
thesis aims to optimize care for patients with lumbar radiculopathy and neu-
rogenic claudication by addressing two key domains: (1) the effectiveness and
prognostic factors of transforaminal epidural steroid injections (TEI) in lumbar
radiculopathy due to disc herniation or degenerative stenosis, and (2) the diag-
nostic and prognostic evaluation of lumbar spinal stenosis (LSS), with a focus
on standardized grading systems and the potential role of artificial intelligence
(Al).

Part I: optimizing care for lumbar radiculopathy

Lumbar radiculopathy, often referred to as sciatica, is characterized by unilat-
eral radiating leg pain resulting from dysfunction of a lumbosacral nerve root.
Although lumbar disc herniation (LDH) or degenerative stenosis are frequently
identified on magnetic resonance imaging (MRI) as underlying causes, symp-
toms may also arise in the absence of clear compressive pathology, reflecting
the complex interplay between mechanical compression, inflammation, and
immunological processes. The natural course of lumbar radiculopathy is often
favourable, particularly when caused by LDH, but spontaneous symptom reso-
lution may also occur in cases related to degenerative stenosis. Consequently,
current Dutch guidelines recommend an initial period of conservative manage-
ment. However, this “wait-and-see” approach may expose patients to prolonged
pain, functional limitations, and reduced quality of life.

Epidural steroid injections (ESI) are a minimally invasive treatment aimed at
reducing nerve root inflammation and alleviating pain in lumbar radiculopathy,
thereby providing symptomatic relief that makes the waiting period until spon-
taneous recovery or surgery more tolerable. Transforaminal epidural injections
(TEIl) are the most common approach, although caudal and interlaminar tech-
niques are also used. Nevertheless, uncertainty persists in the literature regard-
ing their effectiveness, optimal timing, and the patient characteristics that pre-
dict benefit. Our systematic review and meta-analysis of randomized controlled
trials compared ESI, including all three approaches, with placebo injections in
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patients with lumbar radiculopathy and demonstrated superior pain relief and
functional improvement at 6 weeks and 3 months, although the magnitude of
the difference in clinical effect was modest. The treatment effect was larger for
TEl and caudal injections than for the interlaminar approach for short-term pain
relief. Reported complication rates were low.

The effectiveness of TEl was evaluated in a retrospective cohort of patients who
were referred to the outpatient pain clinic due to complaints of lumbar radicu-
lopathy. This study focused on the effectiveness of TEl on pain reduction and
whether outcomes depended on the presence of LDH on MRI. Approximately
70% of the 486 patients who underwent TEI experienced at least some short-
term pain reduction, and, contrary to the common assumption that imaging-
confirmed disc herniation is a prerequisite for benefit, clinical outcomes were
comparable in patients with LDH and those with alternative or no clear com-
pressive pathology. This finding challenges the routine reliance on MRI as a
decisive factor for TEl eligibility and suggests that clinical assessment may be
sufficient to guide initial treatment decisions.

Although the majority of patients benefit from TEl in the short term, the patient
characteristics associated with a favourable response remain unclear. Identify-
ing prognostic factors is essential to enable more tailored use of TEI. In our sys-
tematic review of prognostic factors associated with TEl outcomes, numerous
demographic, clinical, and radiological variables were studied. Shorter duration
of symptoms and, interestingly, lumbar radiculopathy secondary to stenosis
rather than LDH emerged as potential predictors of a favourable treatment
response, although they were not identified as such consistently across stud-
ies. In contrast, many commonly cited imaging features showed inconsistent or
weak associations with treatment response. Overall, the review highlights the
absence of robust, validated predictors and underscores the need for large,
well-designed prospective studies to identify patient subgroups that are most
likely to benefit from TEL.

One understudied imaging biomarker is the presence of Modic changes (MC).
These vertebral endplate alterations are thought to reflect an inflammatory
environment: MC type | represents a more acute process, whereas MC type |l
is associated with a more chronic inflammatory state and is the most prevalent
type. In a prospective cohort study, the relationship between MC type Il and the
effect of TEl in 88 patients with lumbar radiculopathy secondary to LDH was
examined, but no correlation was demonstrated. This suggests that this type
of endplate change should not affect expectations regarding clinical outcomes
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after TEl, further emphasizing the limited predictive value of isolated MRI fea-
tures.

Considering the potentially limited value of MRI in relation to TEI effectiveness,
the TEIAS trial has been initiated to evaluate whether early TEl in patients with
acute lumbar radiculopathy provides more rapid and effective symptom relief
than usual conservative care. In a subset of patients, symptom burden remains
inadequately controlled with standard conservative management. This multi-
centre randomized controlled trial investigates whether early administration
of TEl, based on clinical assessment without routine pre-treatment MRI, leads
to superior symptom control during the early phase of disease compared with
continued usual conservative care.

Additionally, the POTEISS study was designed to develop a multivariable pre-
diction model for TEI treatment success, integrating clinical, demographic,
and radiological factors. The results of this large prospective cohort study will
aid clinicians in stratifying patients with lumbar radiculopathy due to LDH or
degenerative stenosis for treatment with TEI, thereby facilitating more tailored
treatment strategies.

Part Il: improving diagnosis and prognosis in

lumbar spinal stenosis

Lumbar spinal stenosis (LSS) is a degenerative condition characterized by
narrowing of the spinal canal, lateral recess, or neuroforamen, often leading to
neurogenic claudication. It represents one of the most common indications for
spine surgery in older adults, yet postoperative outcomes and patient satisfac-
tion vary widely. A major obstacle in the management of LSS is the lack of a uni-
versally accepted, clinically meaningful grading system that reliably correlates
imaging findings with symptoms and outcomes.

Numerous grading systems for LSS have been proposed that assess the dif-
ferent anatomical regions of the lumbar spine contributing to this disease. The
majority of grading systems are based on MRI examination. However, most sys-
tems assess only one anatomically relevant region, are subject to considerable
intra- and inter-reader variability, and lack correlation with clinical parameters.
A novel grading system was introduced by Miskin et al., assessing central canal
stenosis (CCS), lateral recess stenosis (LRS), foraminal stenosis (FS), and facet
arthropathy (FA). Using an independent cohort of patients with neurogenic
claudication due to LSS who underwent surgery, the reliability and correlation
with clinical data were evaluated. Substantial inter-reader agreement was dem-
onstrated for CCS and LRS, while agreement for FS and FA remained limited.
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Importantly, higher grades of CCS were independently associated with greater
postoperative improvement in pain and disability, whereas LRS and a combined
grading construct showed weaker clinical correlations. These findings suggest
that CCS remains the most clinically relevant imaging parameter and that the
proposed grading systems for FS and FA require refinement or substitution
before broader implementation.

Recognizing the inherent variability and time burden of manual MRI grading, ar-
tificial intelligence (Al) has substantial potential to enhance LSS diagnostics. Al
is capable of processing high-volume data in a short amount of time, detecting
patterns that are difficult for humans to discern, and eliminating inter-reader
variability. This makes Al particularly valuable in medical imaging, where it can
improve diagnostic precision. A systematic review of existing algorithms was
conducted to provide an overview of conventional machine learning (ML) and
deep learning (DL) approaches for automated segmentation and classification
of LSS. DL models demonstrated excellent capability in both segmentation and
classification tasks, outperforming conventional ML methods, and nearing hu-
man-level performance. Moreover, these DL models can perform classification
tasks without a separate segmentation step. However, the review also identified
important limitations, including heterogeneity in outcome metrics, limited use
of external validation, and lack of standardized test datasets. These shortcom-
ings currently hinder clinical translation, despite the clear technical potential of
Al-based tools.
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SAMENVATTING

Lumbale radiculopathie en neurogene claudicatio behoren tot de meest
voorkomende klinische syndromen binnen de wervelkolomzorg. Patiénten met
deze klinische syndromen presenteren zich doorgaans met ernstige beenpijn,
rugpijn en een verminderde fysieke functionaliteit, wat leidt tot een vermin-
derde kwaliteit van leven. Ondanks ontwikkelingen in beeldvorming, pijnbehan-
delingen en wervelkolomchirurgie blijft de klinische besluitvorming uitdagend.
Radiologische bevindingen correleren niet altijd met de klachten van de patiént,
behandelingsresultaten variéren sterk tussen patiénten en clinici beschikken
over onvoldoende betrouwbare instrumenten om de uitkomst van conservatieve
of chirurgische behandelingen te voorspellen. Dit proefschrift heeft tot doel de
zorg voor patiénten met lumbale radiculopathie of neurogene claudicatio te
optimaliseren door twee kerngebieden te onderzoeken: (1) de effectiviteit en
prognostische factoren van een transforaminale epidurale steroidinjectie (TEI)
bij lumbale radiculopathie veroorzaakt door een hernia of een degeneratieve
stenose, en (2) de diagnostische en prognostische evaluatie van patiénten met
een lumbale spinale stenose (LSS), met een focus op de standaardisering van
graderingsschalen en de potentiéle rol van kunstmatige intelligentie (Al).

Deel I: optimalisatie van zorg voor patiénten
met lumbale radiculopathie

Lumbale radiculopathie, in de volksmond vaker bekend als ischias, wordt gek-
enmerkt door unilaterale radiculaire pijn als gevolg van de disfunctie van een
lumbosacrale zenuwwortel. Hoewel een lumbale hernia (LDH) of degeneratieve
stenose op MRI regelmatig als onderliggende oorzaak wordt geidentificeerd,
kunnen symptomen ook optreden in afwezigheid van duidelijke compressieve
pathologie op beeldvorming. De gedachte hierover is dat naast mechanische
compressie van de zenuwwortel, inflammatie en immunologische processen
een belangrijke rol spelen in het ontstaan van radiculaire klachten. Het natuurli-
jke beloop van lumbale radiculopathie is vaak gunstig, met name wanneer deze
wordt veroorzaakt door een hernia, maar ook bij een degeneratieve stenose kan
spontane verbetering van de klachten optreden. Daarom schrijven de huidige
Nederlandse richtlijnen een initiéle periode van conservatieve behandeling voor.
Echter, deze “afwachtende” benadering kan patiénten blootstellen aan lang-
durige pijn, functionele beperkingen en een verminderde kwaliteit van leven.

Epidurale steroidinjecties (ESI) vormen een minimaal invasieve behandeling
die gericht is op het reduceren van inflammatie rondom de zenuwwortel en
het verminderen van pijn bij lumbale radiculopathie. Doordat de pijn afneemt
wordt de periode tot spontaan herstel of een eventuele operatie beter te ver-
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dragen voor de patiént. Transforaminale epidurale injecties (TEI) vormen de
meest gebruikte benadering, hoewel ook caudale en interlaminaire technieken
worden toegepast. Desondanks blijft er in de literatuur onduidelijkheid over
de effectiviteit, de optimale timing van behandeling en de patiéntkenmerken
die een gunstige respons na behandeling voorspellen. In een systematische
review en meta-analyse van gerandomiseerde gecontroleerde studies werden
ESI, waarbij alle drie de benaderingen werden meegenomen, vergeleken met
placebo-injecties bij patiénten met lumbale radiculopathie. Hieruit bleek dat
ESI na 6 weken en 3 maanden resulteerden in een betere pijnvermindering en
functionele verbetering in vergelijking met placebo-injecties, hoewel de mate
van verschil in klinische uitkomsten beperkt was. Het behandeleffect was groter
voor transforaminale en caudale injecties dan voor de interlaminaire benader-
ing voor wat betreft pijnvermindering op de korte termijn. In de studies werden
weinig complicaties gerapporteerd.

De effectiviteit van transforaminale injecties werd verder onderzocht in een
retrospectieve cohortstudie. In deze studie werden patiénten geincludeerd die
vanwege klachten passend bij lumbale radiculopathie werden verwezen naar
de Pijnpolikliniek. Deze studie richtte zich op de effectiviteit van TEIl op pijnre-
ductie en op de vraag of de uitkomst afhankelijk was van de aanwezigheid van
een hernia op MRI. Ongeveer 70% van de 486 patiénten die een transforaminale
injectie kregen ervoer ten minste enige vermindering van pijn op de korte ter-
mijn. In tegenstelling tot de veel voorkomende aanname dat een hernia op de
MRI een voorwaarde is voor effectieve behandeling met TEI, waren de klinische
uitkomsten vergelijkbaar tussen patiénten met een hernia en patiénten met
alternatieve of geen duidelijke compressieve pathologie. Met deze bevinding
kan het routinematig gebruik van MRI als doorslaggevende factor voor de indi-
catiestelling van TEIl worden betwist en kan worden overwogen dat de klinische
beoordeling mogelijk voldoende is om initiéle behandelbeslissingen te onder-
steunen.

Hoewel het merendeel van de patiénten op de korte termijn profiteert van TElI,
blijven de patiéntkenmerken die geassocieerd zijn met een gunstige behandel-
respons onduidelijk. Het identificeren van prognostische factoren en daarmee
een betere patiéntenselectie is essentieel om een meer gerichte toepassing
van TEIl mogelijk te maken. In onze systematische review naar prognostische
factoren voor het effect van TEl werden talrijke demografische, klinische en
radiologische variabelen onderzocht. Een kortere duur van de symptomen en,
opvallend genoeg, lumbale radiculopathie veroorzaakt door een degeneratieve
stenose in plaats van een hernia, kwamen naar voren als mogelijke voorspellers
van een gunstige behandelrespons, hoewel deze bevindingen niet consistent
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in alle geincludeerde studies werden bevestigd. Daarentegen werden voor veel
vaak genoemde kenmerken op MRI slechts zwakke of inconsistente correlaties
met behandelrespons gevonden. Over het geheel genomen toont deze review
het ontbreken van robuuste en gevalideerde voorspellende patiéntenkenmerken
aan en onderstreept zij de noodzaak van grote, goed opgezette prospectieve
studies om patiéntsubgroepen te identificeren die het meest waarschijnlijk baat
hebben bij TEL

Een weinig onderzocht MRI-kenmerk is de aanwezigheid van Modic-veran-
deringen (MC). Deze veranderingen van de dek- en eindplaten van de wervels
worden verondersteld een inflammatoire omgeving te weerspiegelen: MC type
| representeert een meer acuut proces, terwijl MC type Il geassocieerd is met
een meer chronische inflammatoire toestand en het meest frequent voorkomt.
In een prospectieve cohortstudie werd de relatie tussen MC type Il en het effect
van TEl onderzocht bij 88 patiénten met lumbale radiculopathie ten gevolge van
een hernia. Er werd echter geen duidelijke correlatie aangetoond. Dit sugger-
eert dat dit type eindplaatverandering geen invioed zou moeten hebben op de
verwachtingen ten aanzien het behandeleffect na TEl en benadrukt opnieuw de
beperkte voorspellende waarde van geisoleerde MRI-kenmerken.

Gezien de mogelijk beperkte waarde van MRl in relatie tot de effectiviteit van TEI
is de TEIAS-studie opgezet om te evalueren of een vroege behandeling met TEI
bij patiénten met acute lumbale radiculopathie leidt tot snellere en effectievere
symptoomverlichting dan gebruikelijke conservatieve zorg. Bij een deel van de
patiénten met acute klachten van lumbale radiculopathie is de symptoomlast
onvoldoende onder controle met standaard conservatieve therapie zoals orale
analgetica en fysiotherapie. Deze multicenter gerandomiseerde gecontroleerde
studie onderzoekt of vroege behandeling met TEI, gebaseerd op klinische
beoordeling zonder routinematige MRI voorafgaand aan de behandeling, leidt
tot betere symptoomcontrole in de acute fase in vergelijking met voortzetting
van de gebruikelijke conservatieve behandeling.

Daarnaast is de POTEISS-studie opgezet met als doel een multivariabel pre-
dictiemodel te ontwikkelen voor het voorspellen van behandelsucces van TEl,
waarbij klinische, demografische en radiologische factoren worden geinte-
greerd. De resultaten van deze grote prospectieve cohortstudie zullen clinici
ondersteunen bij het stratificeren van patiénten met lumbale radiculopathie ten
gevolge van een hernia of een degeneratieve stenose voor behandeling met een
transforaminale injectie, en daarmee bijdragen aan meer gepersonaliseerde
behandelstrategieén.
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Deel ll: verbetering van de diagnose en prognose
bij lumbale spinale stenose

Lumbale spinale stenose (LSS) is een degeneratieve aandoening die wordt gek-
enmerkt door vernauwing van het centrale wervelkanaal, de laterale recessus of
het neuroforamen, wat vaak leidt tot neurogene claudicatio klachten. Het vormt
een van de meest voorkomende indicaties voor wervelkolomchirurgie bij oudere
volwassenen, terwijl postoperatieve uitkomsten en patiénttevredenheid sterk
variéren. Een belangrijk obstakel in de behandeling van LSS is het ontbreken van
een universeel geaccepteerd en klinisch betekenisvol graderingssysteem voor
MRI-scans dat de MRI-bevindingen betrouwbaar correleert met symptomen en
klinische uitkomsten.

Er zijn verschillende graderingssystemen voor LSS voorgesteld die de ver-
schillende anatomische regio's van de lumbale wervelkolom beoordelen die
bijdragen aan deze aandoening. Het merendeel van deze systemen is gebas-
eerd op MRI-onderzoek. De meeste systemen beoordelen echter slechts één
anatomisch relevante regio, zijn onderhevig aan aanzienlijke variatie in intra- en
interbeoordelaarsbetrouwbaarheid en vertonen een beperkte correlatie met
klinische parameters. Een nieuw graderingssysteem is recentelijk geintro-
duceerd door Miskin et al., waarbij centrale kanaalstenose (CCS), laterale re-
cessusstenose (LRS), foraminale stenose (FS) en facetartropathie (FA) worden
beoordeeld. Met behulp van een onafhankelijk cohort van patiénten met neu-
rogene claudicatio ten gevolge van LSS die een operatie ondergingen, werden
de betrouwbaarheid en de correlatie met klinische gegevens geévalueerd van
dit nieuwe graderingssysteem. De interbeoordelaarsbetrouwbaarheid voor CCS
en LRS was substantieel, terwijl de overeenstemming tussen beoordelaars voor
FS en FA beperkt bleef. Belangrijk is dat ernstigere maten van CCS onafhan-
kelijk geassocieerd waren met een grotere postoperatieve verbetering in pijn en
functionele beperkingen, terwijl LRS en een gecombineerde graderingsscore
van CCS en LRS zwakkere klinische correlaties vertoonden. Deze bevindingen
impliceren dat CCS de meest klinisch relevante beeldvormingsparameter is
voor patiénten met neurogene claudicatio en dat de voorgestelde graderings-
systemen voor FS en FA verdere verfijning of vervanging vereisen voordat zij
breder kunnen worden toegepast.

Gezien de variabiliteit in beoordeling en de tijd die het kost om MRI-scans hand-
matig te graderen heeft kunstmatige intelligentie (Al) een enorm potentieel om
de diagnostiek van LSS te verbeteren. Al is in staat grote hoeveelheden data
in korte tijd te verwerken, patronen te detecteren die voor mensen moeilijk
waarneembaar zijn en interbeoordelaarsvariatie te elimineren. Hierdoor is Al
bijzonder waardevol binnen de medische beeldvorming, waar het de diagnost-
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ische nauwkeurigheid kan verbeteren. Een systematische review van bestaande
algoritmen werd uitgevoerd om een overzicht te geven van conventionele ma-
chine-learning (ML)- en deep-learning (DL)-modellen voor geautomatiseerde
segmentatie en classificatie van LSS. De DL-modellen toonden uitstekende
prestaties bij zowel segmentatie- als classificatietaken, presteerden beter
dan conventionele ML-methoden en benaderden het niveau van menselijke
beoordelaars. Bovendien kunnen deze DL-modellen classificatietaken uitvoeren
zonder een afzonderlijke segmentatiestap. Echter, deze review toonde ook
belangrijke beperkingen aan in de huidige literatuur rondom Al-modellen, waar-
onder de heterogeniteit in uitkomstmaten om de prestaties van de modellen te
beschrijven, de beperkte externe validatie van algoritmes en het ontbreken van
gestandaardiseerde test-datasets. Deze tekortkomingen belemmeren momen-
teel de klinische implementatie, ondanks het duidelijke technische potentieel
van Al-gebaseerde toepassingen.
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