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OBJECTIVE  In the surgical treatment of isthmic spondylolisthesis, it is debatable whether instrumented fusion is man-
datory in addition to decompression. The objective of this prospective cohort study was to assess the long-term effect of 
decompression alone compared with decompression and instrumented fusion in patients who underwent the intervention 
of their own preference. The results were compared with those in patients who underwent randomly assigned treatment.
METHODS  The authors performed a prospective observational multicenter cohort study, including 91 patients with isth-
mic spondylolisthesis assigned to undergo either decompression alone (n = 44) or decompression and fusion (n = 47). 
The main outcomes were the Roland-Morris Disability Questionnaire (RDQ) scores and the patient’s perceived recovery 
at the 2-year follow-up. Secondary outcomes were visual analog scale (VAS) leg pain and back pain scores and the re-
operation rate. A meta-analysis was performed for data from this cohort study (n = 91) and from a randomized controlled 
trial (RCT) previously reported by the authors (n = 84). Subgroup analyses were performed on these combined data for 
age, sex, weight, smoking, and Meyerding grade.
RESULTS  At the 12-week follow-up, improvements of RDQ scores were comparable for the two procedures (decom-
pression alone [D group] 4.4, 95% CI 2.3–6.5; decompression and fusion [DF group] 5.8, 95% CI −4.3 to 1.4; p = 0.31). 
Likewise, VAS leg pain scores (D group 35.0, 95% CI 24.5–45.6; DF group 47.5, 95% CI 37.4–57.5; p = 0.09) and VAS 
back pain scores (D group 23.5, 95% CI 13.3–33.7; DF group 34.0, 95% CI 24.1–43.8; p = 0.15) were comparable. At the 
2-year follow-up, there were no significant differences between the two groups in terms of scores for RDQ (difference 
−3.1, 95% CI −6.4 to 0.3, p = 0.07), VAS leg pain (difference −7.4, 95% CI −22.1 to 7.2, p = 0.31), and VAS back pain 
(difference −11.4, 95% CI −25.7 to 2.9, p = 0.12). In contrast, patient-perceived recovery from leg pain was significantly 
higher in the DF group (79% vs 51%, p = 0.02). Subgroup analyses did not demonstrate a superior outcome for decom-
pression alone compared with decompression and fusion. Nine patients (20.5%) underwent reoperation in total, all in the 
D group. The meta-analysis including both the cohort and RCT populations yielded an estimated pooled mean difference 
in RDQ of −3.7 (95% CI −5.94 to −1.55, p = 0.0008) in favor of decompression and fusion at the 2-year follow-up.
CONCLUSIONS  In patients with isthmic spondylolisthesis, at the 2-year follow-up, patients who underwent decompres-
sion and fusion showed superior functional outcome and perceived recovery compared with those who underwent de-
compression alone. No subgroups benefited from decompression alone. Therefore, decompression and fusion is recom-
mended over decompression alone as a primary surgical treatment option in isthmic spondylolisthesis.
https://thejns.org/doi/abs/10.3171/2022.12.SPINE22808
KEYWORDS  spondylolisthesis; isthmic; decompression; laminectomy; fusion; spondylodesis; degenerative; surgical 
technique
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In isthmic spondylolisthesis, a defect in the pars inter-
articularis (i.e., isthmus) results in the anterior slippage 
of one vertebral body in relation to the adjacent infe-

rior vertebral body.1–3 The prevalence of isthmic spondy-
lolisthesis varies between 4% and 8.2%, although patients 
are asymptomatic in the majority of cases.2,4,5 Fibrocarti-
laginous tissue is usually formed at the isthmic site, and in 
combination with the listhesis, this tissue may lead to com-
pression of nerve tissue, resulting in radicular symptoms 
caused by foraminal compression of exiting nerve roots. 
Patients may subsequently experience leg pain and/or low-
back pain and loss of mobility. These complaints may result 
in disability that affects the performance of daily activities, 
with a significant adverse impact on patient quality of life.

The management of isthmic spondylolisthesis varies 
from conservative treatment to surgical treatment options, 
with the latter generally yielding better outcomes.6,7 Con-
servative treatment consists of pain management, physical 
therapy, and lumbar bracing. Several options exist regard-
ing surgical treatment, including nerve root decompression 
alone and nerve root decompression and instrumented fu-
sion with or without interbody cages. In decompression 
alone (Gill’s procedure), the exiting nerve root is decom-
pressed through a laminectomy that includes the inferior 
articular process, which opens the complete foraminal 
canal, in combination with removal of the fibrocartilagi-
nous tissue compromising the nerve root.8 Another treat-
ment option is to add instrumented interbody fusion to 
the decompression to prevent the upper body from further 
slippage and to increase the foraminal height, avoiding 
recurrent compromise of the nerve root and/or cauda.9,10 
Furthermore, blocking the mobility at this degenerated 
segment may reduce low-back pain.11 In addition, adding 
instrumented fusion to decompression may have more 
drawbacks, such as a higher complication risk, higher 
costs, and more pain because of a larger wound. Patients 
also may fear instrumented fusion because it is a more in-
vasive surgical technique with complications associated 
with spondylodesis.12

We recently published the outcome data of a random-
ized controlled trial (RCT) comparing decompression 
alone with decompression and fusion and demonstrated 
that while short-term results were comparable, long-term 
results for decompression and fusion were superior. Ad-
ditionally, fewer reoperations were performed in patients 
who underwent decompression and fusion (13% vs 47%).13 
It is interesting to evaluate whether outcomes were differ-
ent when patients intentionally chose a particular interven-
tion. When RCT participation was offered to eligible pa-
tients, a substantial number of patients declined but agreed 
to be in an observational cohort study. The results of the 
patient analysis in the cohort study are reported here. Fur-
thermore, the results of this study were compared with the 
RCT results. Moreover, in this larger patient group, sub-
group analyses were performed to assess for relevant pa-
rameters that could influence outcome, as planned in the 
original protocol.

Methods
A multicenter, prospective comparative study was con-

ducted among patients with lumbosacral radiculopathy 
and/or neurogenic claudication secondary to lumbar isth-
mic spondylolisthesis (Sciatica-Gill trial) between June 
2008 and January 2015. The protocol was approved in all 
10 participating centers by the Medical Ethics Committee 
of Leiden University Medical Center. Written informed 
consent was obtained from all patients. Details of the de-
sign and study protocol have been published previously.14

In this study, the outcome of the prospective observa-
tional cohort arm was compared with the results of the 
previously published RCT (no. NL1254, www.trialregister.
nl/).

Participants
Patients were eligible if they fulfilled the inclusion cri-

teria, which consisted of patients who 1) were 18 to 70 
years of age, 2) had radiologically proven low-grade isth-
mic spondylolisthesis (Meyerding grade 1 or 2),28 3) had 
received a diagnosis from a neurosurgeon of lumbar ra-
dicular syndrome and/or neurogenic claudication, and 4) 
had complaints that lasted > 3 months.

Patients were excluded from eligibility if one of the fol-
lowing criteria were applicable: patients with high-grade 
isthmic spondylolisthesis (Meyerding grade 3 or 4), disc 
herniation at the affected segment requiring discectomy, 
low-back pain only, abnormal instability on dynamic ra-
diographs (> 3 mm), and progressive spondylolisthesis. 
Other exclusion criteria were severe obesity (BMI > 35), 
previous spine surgery, severe osteoporosis, chronic use of 
steroids, severe comorbidity, contraindication for surgery, 
short-term planned migration, no or limited understand-
ing of the Dutch language, and pregnancy. Patients were 
first offered randomization to one of the two arms, and pa-
tients who objected to being randomized were asked to be 
included in the observational cohort study while receiving 
the treatment (decompression alone or decompression and 
fusion) of their preference.

Intervention
Patients received either nerve root decompression 

achieved by removing the floating lamina and the fibrocar-
tilaginous mass of the pseudojoint according to Gill (de-
compression alone [D group]), or comparable nerve root 
decompression combined with instrumented spondylode-
sis (decompression and fusion [DF group]). In the D group, 
a lumbosacral midline incision was performed and the 
paravertebral muscles were dissected unilaterally or bilat-
erally, depending on the patient’s symptoms. The floating 
lamina (due to the fracture at the isthmus) and inferior ar-
ticular process were removed, together with the fibrocar-
tilaginous mass of the pseudojoint. In case of a unilateral 
procedure (hemi-Gill), a vertical hemilaminectomy was 
performed. The affected nerve roots were decompressed 
adequately, implicating an additional reduction of the supe-
rior articular process if necessary. The wound was closed 
in layers with a suction drain if necessary. Decompression 
with instrumented spondylodesis was performed bilater-
ally as described above. Subsequently, pedicle screws were 
placed in the affected segment under fluoroscopic control. 
O-arm navigation was not routinely used during the inclu-
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sion period. If the intervertebral space was accessible, the 
disc tissue was removed and the intervertebral space was 
filled with two PEEK or titanium cages. Sagittal realign-
ment was achieved if possible, and screws were fixed to 
the rods under slight compression. The wound was closed 
in layers with a suction drain if necessary.

Postoperatively, all patients were encouraged to mobi-
lize as soon as possible. No orthoses were prescribed.

Outcomes
The primary outcomes were scores on the 23-item Ro-

land-Morris Disability Questionnaire (RDQ) for sciatica29 
and a 7-point Likert scale of perceived recovery in global 
health and leg pain.

Secondary outcomes were the 100-mm visual analog 
scale (VAS) scores for leg pain and back pain, respective-
ly; the SF-36 score;15 and the reoperation frequency.

Follow-Up
Patients were followed up for 2 years, with assessments 

of outcome at 3 weeks, 6 weeks, 12 weeks, 26 weeks, 1 
year, and 2 years. Questionnaires were sent to patients, and 
in-person interviews were performed by research nurses/
surgeons in an outpatient setting. Patients were not in-
formed on the results of earlier assessments.

Statistical Analysis
The patients for the observational cohort arm were in-

cluded during the inclusion period of the RCT. The pri-
mary outcome measure was the RDQ. It was hypothesized 
that at the short-term follow-up the treatment outcomes 
after decompression alone would be superior to those af-
ter decompression and fusion, whereas at the long-term 
follow-up decompression alone was not inferior compared 
with decompression and fusion. Treatment at the 12-week 
follow-up was considered successful in cases of RDQ 
score improvement of at least 7. Furthermore, a clinically 
relevant difference between the groups was deemed pres-
ent if the values at the 12-week follow-up differed by at 
least 20% in the RDQ score. Equal effectiveness at the 
2-year follow-up was defined as a maximum 4-point dif-
ference in the RDQ score between the D and DF groups, 
and a superior clinically relevant outcome was deemed to 
be present if the difference in the RDQ score was > 4. 
With a power of 90% and a two-tailed significance level 
of 0.05, 220 patients with symptomatic isthmic spondylo-
listhesis Meyerding grades 1 and 2 were calculated to be 
needed (110 patients in both treatment groups, including 
10% loss to follow-up) for both the 12-week and the 2-year 
outcome data. The numbers used for this calculation were 
retrieved from the 1- and 5-year results of the Maine Lum-
bar Spine Study.16,17

The primary and secondary outcome measures, to-
gether with 95% CIs, were calculated using a linear mixed 
model containing the interaction of treatment group and 
follow-up time. Improvement of the outcome compared 
with baseline was used in the linear mixed model. Mul-
tiple imputation for missing outcome measurements was 
not performed because of the robust nature of mixed mod-
eling for missing data, which provided valid inferences.18 

Paired-samples t-tests were used to analyze within-group 
improvement. Risk of reoperation over time was estimated 
for both treatment groups using Kaplan-Meier curves and 
compared with log-rank tests. Mean differences (MDs) 
with corresponding standard errors (SEs) and 95% CIs 
used in the meta-analysis were retrieved from the mixed-
model analyses, with the present observational cohort 
study and the previously published RCT considered as 
two separate studies. A random-effects model was used 
to pool effect sizes. Subgroups were patients < 50 years or 
≥ 50 years of age, male or female, normal weight or over-
weight, smoker or nonsmoker, and Meyerding grade 1 or 
2. Results were pooled separately for each subgroup and 
were given as delta values compared with baseline. The 
DerSimonian and Laird method was used to calculate the 
heterogeneity variance τ2, and p values < 0.05 were con-
sidered significant. Statistical analyses were performed 
using Review Manager (RevMan) and IBM SPSS version 
22 (IBM Corp.).19

Results
Participants

In the Sciatica-Gill study,14 226 patients were assessed 
for eligibility and 39 patients were excluded based on the 
criteria listed in Fig. 1. In total, 187 patients were poten-
tially eligible for the study, of whom 84 patients were ran-
domized and analyzed in the Sciatica-Gill trial. This re-
sulted in 103 patients being included in the observational 
cohort study. Of these patients, 12 patients were excluded 
on secondary assessment because of instability on dynam-
ic radiograph > 3 mm (n = 6), age older than 70 years (n = 
3), no surgery received (n = 1), other pathology (n = 1), and 
Meyerding grade ≥ 3 (n = 1). Therefore, 91 eligible patients 
were included in the cohort analysis, 44 patients in the D 
group and 47 patients in the DF group. Twelve weeks of 
follow-up data were available for 41 patients (93.2%) in 
the D group and 45 patients (95.7%) in the DF group. Two-
year follow-up was available for 33 patients (75%) and 
39 patients (83.0%) in the D and DF groups, respectively. 
Reasons for loss to follow-up were no response to ques-
tionnaires (n = 28), withdrawal from study due to pain (n 
= 1), withdrawal from study due to cerebrovascular event 
(n = 1), withdrawal from study due to knee surgery (n = 
1), death (n = 1), and no response to questionnaires due to 
absence of health complaints (n = 1). A complete flowchart 
of participants can be found in Fig. 1.

Demographics
The two study groups were similar in terms of baseline 

characteristics (Table 1).
Data were available for 42 patients in the D group and 

46 patients in the DF group. The mean age was 53.5 ± 10.4 
years in the D group compared with 51.1 ± 8.8 years in 
the DF group (95% CI −1.6 to 6.5, p = 0.232), with a mean 
BMI of 27.7 ± 4.5 in the D group and 26.7 ± 3.8 in the 
DF group (95% CI −0.72 to 2.85, p = 0.241). There were 
26 patients (59.1%) in the D group who were male and 23 
(48.9%) in the DF group. The grade of spondylolisthesis 
did not differ between the two groups (31 and 38 partici-
pants with Meyerding grade 1 spondylolisthesis in the D 
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and DF groups, respectively; p = 0.437). There were no 
statistically significant differences in operated segments 
in the two groups, and the L5–S1 segment was the surgi-
cal site in most patients (26 vs 33 patients in the D and DF 
groups, respectively).

Also, there were no statistically significant differenc-
es in preoperative outcome parameters between the two 
groups. The mean RDQ scores were 13.7 ± 5.3 in the D 
group and 14.0 ± 4.9 in the DF group (p = 0.821). The 
mean VAS leg pain scores were 70.4 ± 18.0 and 66.3 ± 
21.6 in the D and DF groups, respectively (p = 0.332). The 

mean VAS back pain scores were 50.0 ± 30.1 and 54.9 ± 
27.6 in the D and DF groups, respectively (p = 0.430).

Main Outcome
Within-group analyses showed that at the 12-week and 

2-year follow-ups, scores for patients in both groups im-
proved compared with their baseline scores.

At the 12-week follow-up, between-group analyses 
showed comparable improvement in RDQ scores in the D 
group (4.4, 95% CI 2.3–6.5) and the DF group (5.8, 95% 

FIG. 1. Overview of patient enrollment and follow-up. All patients were analyzed according to the surgical treatment they received. 
Randomized patients (n = 84) were analyzed according to the intention-to-treat principle, and the results were reported in the 
Sciatica-Gill trial.13 Other reasons (n = 7) for exclusion were that the patient could not be reached (n = 1), the patient was not 
enrolled in the study protocol in time (n = 5), and the patient was older than 70 years (n = 1).
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CI 3.9–7.8) (p = 0.31). Similarly, at the 2-year follow-up, 
the D group showed comparable improvement in RDQ 
scores (6.0, 95% CI 3.5–8.4) relative to the DF group 
(9.1, 95% CI 6.8–11.4), with a difference of 3.1 (p = 0.07). 
These results revealed no statistically significant interac-
tion in the mixed model between the study groups and 
RDQ over the follow-up time (p < 0.163) (Fig. 2A). How-
ever, a decrease of at least 7 in the RDQ score applied only 
to the DF group.

At the 12-week follow-up, patient-perceived recovery 
in global health was comparable in both groups, with 16 
patients (39%) reporting recovery in the D group com-
pared with 25 patients (55%) in the DF group (p = 0.14). 
Similarly, reported recovery of global health did not differ 
between the D group (n = 17, 51%) and the DF group (n = 
28, 71%) at the 2-year follow-up (p = 0.09).

Both groups showed similar perceived recovery from 
leg pain at the short-term follow-up: 18 patients (43%) 
in the D group compared with 28 patients (62%) in the 
DF group (p = 0.13). However, at the long-term follow-up 
significantly more patients in the DF group than in the D 
group had perceived recovery of leg pain (31 vs 17, respec-
tively; p = 0.02). The results of the primary and secondary 
outcomes are summarized in Tables 2 and 3.

Secondary Outcomes
Both the D group and the DF group showed compa-

rable improvement in VAS leg pain at both short-term 
(−12.4, 95% CI −27.0 to 2.1, p = 0.09) and long-term (−7.4, 
95% CI −22.1 to 7.2, p = 0.31) follow-ups. These results 
revealed no statistically significant interaction effects be-
tween the study groups and the VAS leg pain score over 
the follow-up time (p = 0.274) (Fig. 2B).

CONTINUED IN NEXT COLUMN »

TABLE 1. Patient baseline characteristics

Characteristic
Study Group*

p ValueD (n = 44) DF (n = 47)

Age, yrs 53.5 ± 10.4 51.1 ± 8.8 0.232
Age ≥60 yrs 13 7 0.125
No. of male pts 26 23 0.289
BMI† 27.7 ± 4.5 26.7 ± 3.8 0.241
BMI ≥30 12 8 0.309
Smoking status, often 16 15 0.421
  Daily no. of cigarettes‡ 18.4 ± 8.6 16.5 ± 7.4 0.500
Symptom duration, mos
  Leg pain 52.0 

(26.0–136.5)
65.0 

(30.0–156.0)
0.394

  Low-back pain§ 156.0 
(39.0–520.0)

104.0 
(47.0–520.0)

0.979

Nature of symptoms 0.448
  Neurogenic claudication 11 17
  Pseudoradicular pain 0 1
  Radicular syndrome 14 14
  Radicular syndrome &  
  neurogenic claudication

13 7

  Radicular syndrome &  
  pseudoradicular pain

1 2

  Radicular syndrome,  
  neurogenic claudication, &  
  pseudoradicular pain

3 5

  Motor deficit¶ 2 3 >0.999
SF-36 scores**
  Physical functioning 42.7 ± 19.4 43.1 ± 19.8 0.929
  Role physical 73.2 ± 35.5 77.8 ± 35.0 0.548
  Role emotional 49.2 ± 45.5 42.2 ± 45.7 0.478
  Vitality 47.7 ± 20.6 44.8 ± 20.8 0.477
  Mental health 62.2 ± 21.9 66.0 ± 20.6 0.411
  Social functioning 57.1 ± 27.6 61.9 ± 24.7 0.395
  Bodily pain 37.9 ± 15.8 38.3 ± 19.4 0.912
  General health 57.9 ± 18.7 55.7 ± 21.5 0.614
  Physical component  
  summary

39.2 ± 5.4 39.2 ± 6.2 0.890

  Mental component summary 41.6 ± 7.7 41.7 ± 7.0 0.923
Preop RDQ score†† 13.7 ± 5.3 14.0 ± 4.9 0.821
Preop VAS leg pain score 70.4 ± 18.0 66.3 ± 21.6 0.332
Preop VAS back pain score‡‡ 50.0 ± 30.1 54.9 ± 27.6 0.430
Operated levels§§
  L3–4 4 1
  L4–5 11 10
  L4–S1 1 0
  L5–S1 26 33
  L6–S1 0 2
Meyerding grade 0.437
  1 31 38
  2 11 8

» CONTINUED FROM PREVIOUS COLUMN

TABLE 1. Patient baseline characteristics

Characteristic
Study Group*

p ValueD (n = 44) DF (n = 47)

Flexion-extension movement at 
listhesis, mm¶¶

0.796

  0–1 27 27
  2–3 11 9

Pt = patient.
Data are presented as number of patients, mean ± SD, or median (range) 
unless otherwise indicated.
* Baseline data were available for 42 patients in group D and 46 in group DF. 
† BMI data were available for 42 patients in group D and 45 in group DF.
‡ Data were available for 41 patients in group D and 46 in group DF.
§ Data were available for 33 patients in group D and 43 in group DF.
¶ Motor deficit defined as measured weakness in motor function detected on 
neurological examination. Data were available for 43 patients in group D and 
41 in group DF.
** The SF-36 questionnaire has been used frequently and is validated in surgi-
cal studies on spinal column pathology.26,27 Data were available for 42 patients 
in group D and 45 in group DF.
†† Data were available for 41 patients in group D and 46 in group DF.
‡‡ Data were available for 42 patients in group D and 45 in group DF.
§§ Fisher’s exact test based on dichotomized values (L5–S1 vs rest). 
¶¶ Data were measured from preoperative dynamic flexion-extension radio-
graphs.
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Improvements in VAS back pain were comparable in 
the D and DF groups at both the 12-week (−10.5, 95% CI 
−24.7 to 3.7, p = 0.15) and 2-year (−11.4, 95% CI −25.7 
to 2.9, p = 0.12) follow-ups. In addition, the mixed model 
did not find a statistically significant interaction effect be-
tween the study groups and VAS back pain over the fol-
low-up time (p = 0.392) (Fig. 2C).

Surgical Outcomes and Complications
Surgery time differed significantly between the study 

groups: median of 69 (range 47.5–97.50) minutes versus 
median of 190 (range 170.0–207.5) minutes in the D group 
and DF group, respectively (p < 0.001). Also, blood loss 
was higher in the DF group (median 450 [range 300.0–
850.0] ml) compared with the D group (median 150 [range 
75.0–300.0] ml) (p < 0.001). Additionally, patients in the 
DF group had lengths of hospital stay that were signifi-

cantly longer than those for patients in the D group: me-
dian of 4.0 (range 3.75–4.0) days compared with a median 
of 1.0 (range 1.0–2.0) day (p < 0.001).

One perioperative complication (pedicle breach) oc-
curred in the DF group and none in the D group (p = 
0.485). With regard to postoperative complications, the 
DF group had 1 patient with a postoperative hemorrhage, 
4 patients with temporary micturition disorders, 1 patient 
with motor dysfunction in the form of a unilateral foot 
drop, and 1 patient with fever of unknown origin. In the D 
group, only 1 patient had a temporary micturition disorder, 
and 1 patient received a pacemaker due to second-degree 
atrioventricular block. The surgical outcomes and compli-
cations are summarized in Table 4.

Reoperations
No patients in the DF group underwent reoperation, 

FIG. 2. A–C: Courses of primary outcomes and Kaplan-Meier curves for risk of reoperation in the D and DF groups. Shown are 
the courses of the RDQ score (A), VAS leg pain score (B), and VAS back pain score (C) over time, for which outcome at 0 weeks 
was set as the mean value at baseline. Dashed lines represent results found in the Sciatica-Gill trial. D: The cumulative risk of re-
operation over time for the two study groups. Patients lost to follow-up or patients who did not undergo reoperation within 2 years 
after the primary operation were censored. The cumulative probability for reoperation at the 2-year follow-up was 23.5% in the D 
group and 0% in the DF group (p < 0.001). Figure is available in color online only.
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whereas 9 patients in the D group underwent reoperation 
after a median time period of 4 (range 2–9) months. All 
reoperations were performed due to persisting radicular 
complaints. Performed reoperations, RDQ scores, VAS 
scores, and Likert scores are listed in Table 5. The cumula-
tive probability of reoperation in the D group at the 2-year 
follow-up was 23.5% (p < 0.001, log-rank test) (Fig. 2D). 
An overview of reoperated patients can be found in Table 5.

Meta-Analysis
A meta-analysis was performed that included the data 

for the patient populations analyzed in the present study (n 
= 91) and the previously published RCT study (n = 84) (175 
patients total: 87 patients in the D group and 88 patients 
in the DF group). The combined results showed no differ-
ence in the pooled estimates between both groups at the 
12-week follow-up (MD −1.39, 95% CI −3.29 to 0.50, p = 
0.15) (Fig. 3). However, at the 2-year follow-up, the meta-
analysis showed a significant difference in RDQ scores 
in favor of decompression and fusion (MD −3.74, 95% CI 
−5.94 to −1.55, p = 0.0008) (Fig. 3). Although the pooled 
estimate of VAS leg pain was favorable for decompression 
and fusion at the 12-week follow-up (MD −10.77, 95% CI 
−20.93 to −0.60, p = 0.04), this difference was diminished 

at the 2-year follow-up (Fig. 3). The pooled estimate of 
VAS back pain score improvement was more in favor of 
decompression and fusion at the 2-year follow-up (MD 
−14.96, 95% CI −24.77 to −5.16, p = 0.003). With regard 
to the defined subgroups, in this study we found no signifi-
cant differences between the treatment groups in pooled 
estimates of all outcome measures for both the 12-week 
and 2-year follow-ups (Supplemental Figs. 1–6).

Discussion
This study demonstrated that in patients with symptom-

atic isthmic spondylolisthesis, adding instrumented fusion 
to decompression provides treatment results superior to 
those for decompression alone at the 2-year follow-up. At 
the short-term follow-up, no superior results were obtained 
for the less-invasive decompression-alone surgery. More-
over, no subgroups were identified with results in favor of 
decompression alone.

Previously, we presented the results of an RCT in which 
we studied decompression alone versus decompression 
and fusion in the same type of patients. Two years after 
randomized patient treatment, the outcome was convinc-
ingly in favor of decompression and fusion.13 However, pa-
tients who consented to be randomized may not represent 

TABLE 2. Primary outcomes at short-term follow-up 

Variable

Comparison at 12-Wk FU
D Group DF Group

Improvement w/  
D vs DF (95% CI)

p  
Value*Score

Diff Compared w/  
Baseline (95% CI) Score

Diff Compared w/  
Baseline (95% CI)

RDQ 9.2 ± 6.6 4.4 (2.3 to 6.5) 8.7 ± 6.9 5.8 (3.9 to 7.8) −1.4 (−4.3 to 1.4) 0.31
VAS leg pain 26.5 ± 27.1 35.0 (24.5 to 45.6) 22.2 ± 25.2 47.5 (37.4 to 57.5) −12.4 (−27.0 to 2.1) 0.09
VAS back pain 36.7 ± 31.2 23.5 (13.3 to 33.7) 20.5 ± 29.5 34.0 (24.1 to 43.8) −10.5 (−24.7 to 3.7) 0.15
Perceived recovery in 
global health†‡

16 ± 39 NA 25 ± 55 NA NA 0.14

Perceived recovery in 
leg pain†‡

18 ± 43 NA 28 ± 62 NA NA 0.13

SF-36‡
  Physical functioning 61.5 ± 22.9 17.7 (9.7 to 25.6), p < 0.001 62.3 ± 21.9 19.7 (11.6 to 27.8), p < 0.001 −0.81 (−10.4 to 8.8) 0.87
  Role physical 63.4 ± 42.2 −9.0 (−23.6 to 5.6), p = 0.220 69.1 ± 38.4 −10.3 (−21.2 to 0.7), p = 0.066 −5.7 (−22.9 to 11.6) 0.52
  Role emotional 36.6 ± 44.6 −11.1 (−28.3 to 6.1), p = 0.200 34.8 ± 44.9 −6.2 (−20.6 to 8.2), p = 0.389 1.8 (−17.5 to 21.0) 0.86
  Vitality 62.0 ± 16.4 13.3 (7.4 to 19.2), p < 0.001 59.7 ± 21.8 16.0 (9.2 to 22.9), p < 0.001 2.3 (−6.1 to 10.6) 0.59
  Mental health 73.5 ± 19.6 11.3 (4.9 to 17.7), p = 0.001 43.6 ± 7.1 8.4 (3.3 to 13.5), p = 0.002 −1.2 (−10.1 to 7.7) 0.79
  Social functioning 73.8 ± 25.9 16.3 (5.8 to 26.9), p = 0.003 72.2 ± 26.0 9.6 (1.3 to 17.9), p = 0.025 1.6 (−9.6 to 12.7) 0.78
  Bodily pain 53.6 ± 24.2 14.9 (5.9 to 23.9), p = 0.002 61.2 ± 23.2 23.4 (16.4 to 30.5), p < 0.001 −7.7 (−17.8 to 2.5) 0.14
  General health 61.1 ± 20.1 2.2 (−2.4 to 6.8), p = 0.345 66.1 ± 21.6 10.1 (4.5 to 15.8), p = 0.001 −5.0 (−14.0 to 4.0) 0.27
  Physical component  
  summary

43.7 ± 6.6 4.1 (1.9 to 6.3), p = 0.001 46.0 ± 8.3 6.6 (4.1 to 9.1), p < 0.001 −2.3 (−5.5 to 1.0) 0.17

  Mental component  
  summary

44.6 ± 6.2 3.2 (0.7 to 5.6), p = 0.012 43.6 ± 7.1 1.9 (−0.6 to 4.5), p = 0.127 1.0 (−1.9 to 3.9) 0.49

Diff = difference; FU = follow-up; NA = not applicable.
Data are presented as mean ± SD unless otherwise indicated.
* p value of difference in improvement between the D and DF groups at 12 weeks.
† Likert scores “complete recovery” and “almost complete recovery” were defined as good results and were used to dichotomize data. A Likert-perceived recovery 
evaluation was performed for the recovery of overall health and recovery of leg pain separately. 
‡ Summary data were based on available cases.
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the average patient who presents with neurological symp-
toms due to an isthmic spondylolisthesis. To that end, in 
the present study we evaluated patients who underwent 
the surgical intervention of their preference. Prior to the 
start of the RCT, we hypothesized that decompression 
alone would be found to be advantageous at the short-term 
follow-up because decompression alone has a shorter du-
ration with a smaller wound, which allows patients to mo-
bilize faster postoperatively and leads to more satisfaction. 
However, in both the RCT and the present study cohort, no 
such outcome was observed. On the contrary, in all analy-
ses we observed at least a tendency for better results in the 
DF group. For the long-term follow-up, we hypothesized 
that decompression and fusion would yield better results, 
which is indeed what we demonstrated in both the RCT 
and the cohort study patients. The results from the RCT 
were more convincing, but the trend in the cohort study 
was certainly toward a better outcome in the DF group.

Several authors have considered both RCT and ob-
servational cohort study results in comparing treatment 
protocols and combined these data in a meta-analysis.20,21 
Therefore, we combined the RCT results and the present 
study data in a meta-analysis. Although the number of pa-
tients was limited in both the RCT and the cohort study, 

the combined data convincingly indicate an advantage 
with decompression and fusion compared with decom-
pression alone for symptomatic isthmic spondylolisthesis.

Theoretically, there may be a subgroup of patients who 
would benefit more from decompression alone. In the 
present study, we evaluated whether the outcomes would 
be different in a subgroup of elderly patients, because their 
spinal columns could be “naturally fused” with spondylo-
phytes and they may do better with a short surgical inter-
vention. However, this hypothesis was not demonstrated in 
the present study. Another subgroup that could theoreti-
cally benefit from decompression alone are patients with a 
high BMI. In these patients, instrumented fusion is more 
challenging, and therefore they may have an increased 
complication rate. However, in this group an advantageous 
outcome after decompression alone was not demonstrated.

Furthermore, it could be hypothesized that if patients 
have a preference for a type of operation, they may be more 
satisfied with the intervention they undergo. In support of 
this hypothesis, the cumulative reoperation rate was lower 
in the cohort study than in the RCT (23.5% vs 47%), illus-
trating that fewer reoperations may be needed in patients 
who are able to choose decompression alone than in those 
who are randomly assigned to this treatment.

TABLE 3. Primary outcomes at long-term follow-up

Variable

Comparison at 2-Yr FU
D Group DF Group

Improvement w/  
D vs DF (95% CI)

p 
Value*Score

Diff Compared w/  
Baseline (95% CI) Score

Diff Compared w/  
Baseline (95% CI)

RDQ 7.4 ± 7.7 6.0 (3.5 to 8.4) 5.2 ± 7.3 9.1 (6.8 to 11.4) −3.1 (−6.4 to 0.3) 0.07
VAS leg pain 25.6 ± 26.4 42.6 (31.9 to 53.2) 22.6 ± 25.0 50.0 (40.0 to 60.0) −7.4 (−22.1 to 7.2) 0.31
VAS back pain 26.7 ± 29.5 21.9 (11.6 to 32.3) 18.2 ± 27.5 33.3 (23.4 to 43.2) −11.4 (−25.7 to 2.9) 0.12
Perceived recovery of 
global health†‡

17 ± 51 NA 28 ± 71 NA NA 0.09

Perceived recovery of 
leg pain †‡

17 ± 51 NA 31 ± 79 NA NA 0.02

SF-36‡
  Physical functioning 65.9 ± 27.5 24.4 (15.7 to 33.0), p < 0.001 72.2 ± 28.5 29.3 (19.0 to 39.7), p < 0.001 −6.3 (−19.5 to 6.9) 0.35
  Role physical 35.6 ± 45.1 −42.7 (−62.3 to −23.2), p < 0.001 33.3 ± 44.5 −44.6 (−59.8 to −29.4), p < 0.001 2.3 (−18.9 to 23.4) 0.83
  Role emotional 26.3 ± 40.6 −22.6 (−41.6 to −3.5), p = 0.022 19.7 ± 36.4 −17.1 (−30.4 to −3.9), p = 0.013 6.6 (−11.5 to 24.7) 0.47
  Vitality 59.2 ± 21.1 11.3 (4.7 to 17.8), p = 0.001 18.2 ± 27.5 16.4 (8.7 to 24.0), p < 0.001 −2.4 (−12.8 to 8.0) 0.64
  Mental health 70.9 ± 21.6 9.2 (2.8 to 15.6), p = 0.007 28 ± 71 7.1 (1.2 to 12.8), p = 0.019 −3.6 (−13.6 to 6.5) 0.48
  Social functioning 77.7 ± 24.8 23.8 (12.8 to 34.8), p < 0.001 31 ± 79 15.2 (3.0 to 27.4), p = 0.016 0.1 (−12.6 to 12.7) 0.99
  Bodily pain 63.3 ± 22.9 26.6 (17.7 to 35.5), p < 0.001 73.2 ± 23.0 36.3 (29.0 to 43.6), p < 0.001 −9.9 (−20.7 to 0.9) 0.07
  General health 58.8 ± 23.8 1.9 (−4.2 to 8.1), p = 0.527 62.7 ± 26.7 6.9 (0.1 to 13.7), p = 0.046 −3.9 (−15.9 to 8.1) 0.52
  Physical component  
  summary

43.8 ± 7.0 4.5 (2.2 to 6.8), p < 0.001 46.5 ± 8.2 7.2 (5.0 to 9.4), p < 0.001 −2.7 (−6.3 to 0.9) 0.14

  Mental component  
  summary

42.7 ± 7.5 1.7 (−0.9 to 4.3), p = 0.198 42.2 ± 6.4 0.5 (−2.2 to 3.3), p = 0.707 0.6 (−2.7 to 3.9) 0.72

Data are presented as mean ± SD unless otherwise indicated.
* p value of difference in improvement between the D and DF groups at 2 years.
† Likert scores “complete recovery” and “almost complete recovery” were defined as good results and were used to dichotomize data. A Likert-perceived recovery 
evaluation was performed for the recovery of overall health and recovery of leg pain separately.
‡ Summary data were based on available cases.
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The reoperation rate of the D group in the present study 
is in line with the previously reported reoperation rate in a 
study of the clinical outcomes of decompression alone in 
isthmic spondylolisthesis.22 However, in the present study 
this difference in reoperation rates may have been biased 
by the fact that some of the study patients had a strict pref-
erence not to undergo instrumented fusion, illustrated by 

the observation that even though fewer patients had recov-
ered from their leg pain (as measured by the Likert score) 
in the D group than in the DF group, these patients still 
did not undergo a reoperation. This difference in perceived 
recovery in favor of the DF group has implications regard-
ing clinical care and patient information. Patients can be 
informed not only that decompression alone leads to a 
higher reoperation rate, but also that decompression and 
fusion leads to a significantly better perceived recovery of 
leg pain.

In the cohort study, patients in the D group underwent 
reoperation after a median of 4 months, compared with 
7.3 months for patients in the RCT. Interpretation of the 
clinical outcome data of these reoperated patients was 
significantly influenced by intention-to-treat analysis, be-
cause treatment effects of fusion might cloud the results in 
the D group. Also, reoperated patients may not have had 
enough time to recover after surgery compared with the 
non-reoperated patients and thus were not in the same fol-
low-up time frame. To reduce these influences, we chose 
to define long-term follow-up at 2 years to allow enough 
time for reoperated patients to recover after secondary fu-
sion. Nevertheless, taking these factors into consideration 
is important when interpreting the results.

Fewer patients underwent reoperation in the DF group 
than the D group. This finding was present in both the 
RCT (n = 5) and this cohort study (n = 0). This result may 
be clouded by the fact that in patients who have persist-
ing leg pain after decompression alone, secondary decom-
pression and fusion is more accessible, whereas revision 
surgery is performed more hesitantly in patients who have 
already had a primary decompression and fusion.

Decompression and fusion is a more invasive surgi-
cal technique than decompression alone and is associated 
with fusion-related complications,23–25 as confirmed by our 
findings that patients in the DF group had more postop-
erative complications, significantly longer surgery time 
and length of stay, and significantly more blood loss. The 
risk of these outcomes is a disadvantage of instrumented 

TABLE 4. Surgical outcomes and complications

Characteristic
Study Group*

p ValueD (n = 44) DF (n = 47)

Surgery time, mins† 69 (47.5–97.50) 190 (170–207.5) <0.001
Blood loss, ml 150 (75.0–300.0) 450 (300.0–850.0) <0.001
Length of stay, days‡ 1 (1–3) 4.0 (3.75–4.0) <0.001
Perop complications 0 1

0.485  Dural tear 0 0
  Pedicle breach 0 1
Postop complications 2 7

0.427

  Postop hemorrhage 0 1
  CSF leak§ 0 0
  Micturition disorder¶ 1 4
  Sensible  
  dysfunction**

0 0

  Motor dysfunction 0 1
  Other†† 1 1

Values are presented as number or median (range) unless otherwise indicated.
* Data were available for 42 patients in group D and 46 patients in group DF.
† Data were available for 13 patients in group D and 16 patients in group DF.
‡ Data were available for 15 patients in group D and 22 patients in group DF.
§ CSF leakage requiring prolonged bed rest.
¶ Temporary micturition problems requiring urinary catheter.
** Numbness in the dermatome of the decompressed nerve root.
†† Other postoperative complications consisted of pacemaker insertion due 
to postoperative second-degree atrioventricular block in group D and fever of 
unknown origin in group DF.

TABLE 5. Reoperations

Pt 
No. Reason for Reop

Outcome
RDQ Score VAS Leg Pain Score* VAS Back Pain Score* Likert  

Score†Preop Postop Preop Postop Preop Postop

1 Additional fusion 21 21 83 53 81 47 Unsatisfied
2 Additional fusion 8 NA 56 NA 78 NA
3 Additional fusion 21 23 88 90 87 100 Unsatisfied
4 Additional fusion 6 NA 57 NA 13 NA Unsatisfied
5 Additional fusion 5 0 76 5 61 7 Satisfied
6 Contralateral hemi-Gill procedure 9 1 76 13 32 6 Satisfied
7 Additional fusion 18 1 81 0 0 0 Satisfied
8 Additional fusion 19 16 75 73 36 57 Unsatisfied
9 Additional fusion 19 NA 85 NA 64 NA Unsatisfied

Preop = baseline; postop = 2-year follow-up.
* Data are numbers within the referred outcome measurement.
† The Likert score is for perceived recovery of global health, whereas the scores “complete recovery” and “almost complete recovery” were defined as satisfied. All 
patients who underwent reoperation rated preoperative global health as “unsatisfactory.”
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fusion. However, the increasing use of intraoperative CT 
navigation may shorten the surgical time and thereby limit 
the complication rate. Furthermore, complication rates 
may also be lower in the future due to a gradual increase 
in technical proficiency and the ongoing learning curve of 
neurosurgeons.

Our study has several limitations. First, the intended 
sample size was not reached: the inclusion rate was low, 
and because of this, we evaluated results in a preliminary 
state.13 This study was not powered on the basis of pa-
tients’ perceived recovery, defined as one of our primary 
outcomes, which has an impact on the reliability of the 
results. Even though some of our findings are statistically 

significant, the estimates on which the significant findings 
are based are wide and therefore might not be replicated 
in other contexts. Second, in the present observational co-
hort study, patients were not randomized and therefore the 
treatment groups may be subject to selection bias. However, 
roughly the same number of patients were represented in 
each treatment group, and baseline characteristics between 
both groups did not differ at baseline. Third, loss to follow-
up was higher in the D group. This may be explained by 
a higher threshold for the patients with no spondylodesis 
materials in situ to contact their surgeon, even though our 
study protocol specified similar postoperative and outpa-
tient follow-up for all patients. Another explanation could 

FIG. 3. Forest plots of primary outcomes at the 12-week and 2-year follow-ups. The forest plots compare the differences of im-
provement from baseline between the D and DF groups in terms of scores for RDQ, VAS leg pain, and VAS back pain. IV = inverse 
variance; 12w = 12-week follow-up; 2y = 2-year follow-up. Figure is available in color online only.
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be that satisfied patients tend to be more reluctant to fill 
in study questionnaires because follow-up may be burden-
some.

Conclusions
Our RCT and cohort data demonstrate that adding 

instrumented fusion to decompression leads to superior 
functional outcome and recovery from leg pain and fewer 
reoperations in patients with symptomatic isthmic spondy-
lolisthesis at the 2-year follow-up. No subgroup of patients 
was identified as having a superior outcome with decom-
pression alone. Therefore, we recommend decompression 
and fusion over decompression alone as a primary surgical 
treatment option in isthmic spondylolisthesis.

References
  1.	 Hutton WC, Cyron BM. Spondylolysis. The role of the pos-

terior elements in resisting the intervertebral compressive 
force. Acta Orthop Scand. 1978;​49(6):​604-609.

  2.	 Lauerman WC, Cain JE. Isthmic spondylolisthesis in the 
adult. J Am Acad Orthop Surg. 1996;​4(4):​201-208.

  3.	 Cavalier R, Herman MJ, Cheung EV, Pizzutillo PD. Spondy-
lolysis and spondylolisthesis in children and adolescents:​ I. 
Diagnosis, natural history, and nonsurgical management. J 
Am Acad Orthop Surg. 2006;​14(7):​417-424.

  4.	 Kalichman L, Kim DH, Li L, Guermazi A, Berkin V, Hunter 
DJ. Spondylolysis and spondylolisthesis:​ prevalence and as-
sociation with low back pain in the adult community-based 
population. Spine (Phila Pa 1976). 2009;​34(2):​199-205.

  5.	 Ganju A. Isthmic spondylolisthesis. Neurosurg Focus. 2002;​
13(1):​E1.

  6.	 Möller H, Hedlund R. Surgery versus conservative management 
in adult isthmic spondylolisthesis—a prospective randomized 
study:​ part 1. Spine (Phila Pa 1976). 2000;​25(13):​1711-1715.

  7.	 Garet M, Reiman MP, Mathers J, Sylvain J. Nonoperative 
treatment in lumbar spondylolysis and spondylolisthesis:​ a 
systematic review. Sports Health. 2013;​5(3):​225-232.

  8.	 Gill GG, White HL. Surgical treatment of spondylolisthesis 
without spine fusion:​ a long term follow-up of operated cases. 
Acta Orthop Scand Suppl. 1965;​36(suppl 85):​5-99.

  9.	 Pekkanen L, Neva MH, Kautiainen H, Kyrölä K, Marttinen I, 
Häkkinen A. Changes in health utility, disability, and health-
related quality of life in patients after spinal fusion:​ a 2-year 
follow-up study. Spine (Phila Pa 1976). 2014;​39(25):​2108-2114.

10.	 Endler P, Ekman P, Ljungqvist H, Brismar TB, Gerdhem P, 
Möller H. Long-term outcome after spinal fusion for isthmic 
spondylolisthesis in adults. Spine J. 2019;​19(3):​501-508.

11.	 Sudo H, Oda I, Abumi K, Ito M, Kotani Y, Minami A. Bio-
mechanical study on the effect of five different lumbar re-
construction techniques on adjacent-level intradiscal pressure 
and lamina strain. J Neurosurg Spine. 2006;​5(2):​150-155.

12.	 Fritzell P, Hägg O, Nordwall A. Complications in lumbar fu-
sion surgery for chronic low back pain:​ comparison of three 
surgical techniques used in a prospective randomized study. 
A report from the Swedish Lumbar Spine Study Group. Eur 
Spine J. 2003;​12(2):​178-189.

13.	 Azizpour K, Schutte P, Arts MP, et al. Decompression alone 
versus decompression and instrumented fusion for the treat-
ment of isthmic spondylolisthesis:​ a randomized controlled 
trial. J Neurosurg Spine. 2021;​35(6):​687-697.

14.	 Arts MP, Verstegen MJT, Brand R, Koes BW, van den Akker 
ME, Peul WC. Cost-effectiveness of decompression accord-
ing to Gill versus instrumented spondylodesis in the treat-
ment of sciatica due to low grade spondylolytic spondylolis-
thesis:​ a prospective randomised controlled trial [NTR1300]. 
BMC Musculoskelet Disord. 2008;​9:​128.

15.	 Brazier JE, Harper R, Jones NM, et al. Validating the SF-36 
health survey questionnaire:​ new outcome measure for pri-
mary care. BMJ. 1992;​305(6846):​160-164.

16.	 Atlas SJ, Keller RB, Wu YA, Deyo RA, Singer DE. Long-
term outcomes of surgical and nonsurgical management of 
sciatica secondary to a lumbar disc herniation:​ 10 year results 
from the Maine Lumbar Spine Study. Spine (Phila Pa 1976). 
2005;​30(8):​927-935.

17.	 Atlas SJ, Deyo RA, Keller RB, et al. The Maine Lumbar 
Spine Study, Part II. 1-year outcomes of surgical and nonsur-
gical management of sciatica. Spine (Phila Pa 1976). 1996;​
21(15):​1777-1786.

18.	 Biering K, Hjollund NH, Frydenberg M. Using multiple 
imputation to deal with missing data and attrition in longi-
tudinal studies with repeated measures of patient-reported 
outcomes. Clin Epidemiol. 2015;​7:​91-106.

19.	 Review Manager (RevMan) Windows. Version 5.4. The Co-
chrane Collaboration;​ 2020.

20.	 Shrier I, Boivin JF, Steele RJ, et al. Should meta-analyses of 
interventions include observational studies in addition to ran-
domized controlled trials? A critical examination of underly-
ing principles. Am J Epidemiol. 2007;​166(10):​1203-1209.

21.	 O’Connor AM, Sargeant JM. Meta-analyses including data 
from observational studies. Prev Vet Med. 2014;​113(3):​313-322.

22.	 Arts M, Pondaag W, Peul W, Thomeer R. Nerve root decom-
pression without fusion in spondylolytic spondylolisthesis:​ 
long-term results of Gill’s procedure. Eur Spine J. 2006;​
15(10):​1455-1463.

23.	 Chan V, Nataraj A, Bailey C, et al. Comparison of clinical 
outcomes between posterior instrumented fusion with and 
without interbody fusion for isthmic spondylolisthesis. Clin 
Spine Surg. 2021;​34(1):​E13-E18.

24.	 Noorian S, Sorensen K, Cho W. A systematic review of clini-
cal outcomes in surgical treatment of adult isthmic spondylo-
listhesis. Spine J. 2018;​18(8):​1441-1454.

25.	 Endler P, Ekman P, Möller H, Gerdhem P. Outcomes of pos-
terolateral fusion with and without instrumentation and of 
interbody fusion for isthmic spondylolisthesis. J Bone Joint 
Surg Am. 2017;​99(9):​743-752.

26.	 Bombardier C. Outcome assessments in the evaluation of 
treatment of spinal disorders. Spine (Phila Pa 1976). 2000;​
25(24):​3097-3099.

27.	 Ware JE Jr, Sherbourne CD. The MOS 36-item short-form 
health survey (SF-36). I. Conceptual framework and item 
selection. Med Care. 1992;​30(6):​473-483.

28.	 Meyerding HW. Spondylolisthesis. Surg Gynecol Obstet. 
1932;​54:​371-377.

29.	 Roland M, Morris R. A study of the natural history of back 
pain. Part I:​ Development of a reliable and sensitive measure 
of disability in low-back pain. Spine (Phila Pa 1976). 1983;​
8(2):​141-144.

Disclosures
This investigator-initiated study was partially funded by Medtron-
ic, which had no involvement in the design or conduct of the 
study; data collection; management; analysis; and interpretation 
of data; and preparation, review, or approval of the manuscript. 
Dr. Arts reported being a consultant for Johnson & Johnson 
and NuVasive, receiving royalties from Johnson & Johnson, and 
receiving clinical or research support for the study described from 
Johnson & Johnson and Zimmer-Biomet. Mr. Azizpour reported 
receiving clinical or research support for the study described from 
Medtronic. Dr. Peul reported receiving a grant from Medtronic.

Author Contributions
Conception and design: Azizpour, Schutte, Arts, Peul, Vleggeert-
Lankamp. Acquisition of data: Bouma, Coppes, Peul. Analysis 
and interpretation of data: Azizpour, Steyerberg, Vleggeert-

Brought to you by Bibliotheek der Rijksuniversiteit | Unauthenticated | Downloaded 10/03/23 01:27 PM UTC



Azizpour et al.

J Neurosurg Spine  Volume 38 • May 2023584

Lankamp. Drafting the article: Azizpour, Vleggeert-Lankamp. 
Critically revising the article: Azizpour, Arts, Pondaag, Vleg-
geert-Lankamp. Reviewed submitted version of manuscript: Aziz-
pour, Arts, Pondaag. Approved the final version of the manuscript 
on behalf of all authors: Azizpour. Statistical analysis: Azizpour, 
Schutte, Steyerberg. Administrative/technical/material support: 
Schutte, Bouma, Coppes, Peul, Vleggeert-Lankamp. Study super-
vision: Schutte, Arts, Pondaag, Peul, Vleggeert-Lankamp.

Supplemental Information 
Online-Only Content
Supplemental material is available with the online version of the 
article.

Supplemental Figs. 1–6. https://thejns.org/doi/
suppl/10.3171/2022.12.SPINE22808.

Previous Presentations
This work was previously presented at International Society for 
the Study of the Lumbar Spine (ISSLS) 2022, Boston, MA, May 
9–13, 2022, and EUROSPINE 2022, Milan, Italy, October 19–21, 
2022.

Correspondence
Kayoumars Azizpour: Leiden University Medical Center, Leiden, 
The Netherlands. k.azizpour@lumc.nl.

Brought to you by Bibliotheek der Rijksuniversiteit | Unauthenticated | Downloaded 10/03/23 01:27 PM UTC

https://thejns.org/doi/suppl/10.3171/2022.12.SPINE22808
https://thejns.org/doi/suppl/10.3171/2022.12.SPINE22808

