
Received: 23 August 2025

Revised: 10 October 2025

Accepted: 14 October 2025

Published: 20 October 2025

Citation: Nurmukhametov, R.M.;

Klimov, V.; Medetbek, A.; Kudryakov,

S.A.; Dosanov, M.; Alekseevna

Guseva, A.; Ruslanovich Baigushev, P.;

Arturovich Kerimov, T.; Montemurro,

N. Comparative Clinical and

Volumetric Outcomes of

Contemporary Surgical Techniques

for Lumbar Foraminal Stenosis: A

Retrospective Cohort Study. Surgeries

2025, 6, 91. https://doi.org/

10.3390/surgeries6040091

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Comparative Clinical and Volumetric Outcomes of
Contemporary Surgical Techniques for Lumbar Foraminal
Stenosis: A Retrospective Cohort Study
Renat M. Nurmukhametov 1,2, Vladimir Klimov 1,2, Abakirov Medetbek 1,2, Stepan Anatolevich Kudryakov 1,
Medet Dosanov 1, Anastasiia Alekseevna Guseva 1, Petr Ruslanovich Baigushev 1, Timur Arturovich Kerimov 1

and Nicola Montemurro 3,*

1 2nd National Clinical Centre, Federal State Budgetary Research Institution, Russian Research Center of
Surgery Named After Academician B.V. Petrovsky, 103274 Moscow, Russia

2 Department of Neurosurgery, Russian People’s Friendship University, 121359 Moscow, Russia
3 Department of Neurosurgery, Azienda Ospedaliero Universitaria Pisana (AOUP), 56100 Pisa, Italy
* Correspondence: nicola.montemurro@unipi.it

Abstract

Background: Lumbar foraminal stenosis (LFS) is a prevalent degenerative condition associ-
ated with significant radicular pain and impaired quality of life. Advances in minimally
invasive and fusion-based surgical techniques have introduced new strategies for decom-
pressing the neural elements. However, comparative data correlating volumetric foraminal
expansion with functional outcomes remain limited. Methods: This retrospective cohort
study analyzed 256 patients treated surgically for symptomatic LFS between December 2017
and December 2023. Patients were categorized into four surgical subgroups: endoscopic
decompression, anterior lumbar interbody fusion (ALIF), microsurgical decompression,
and transforaminal lumbar interbody fusion (TLIF). Preoperative and postoperative as-
sessments included magnetic resonance imaging (MRI) to calculate foraminal volume and
standardized clinical scales: the Oswestry Disability Index (ODI), Visual Analogue Scale
(VAS) for back and leg pain, and SF-36 health-related quality-of-life scores. Statistical
significance was determined using p-values, and inter-observer agreement was evaluated
via κ-statistics. Results: Postoperative imaging demonstrated a significant increase in
foraminal canal volume across all surgical groups: endoscopy (29.9%), ALIF (71.8%), mi-
crosurgery (48.06%), and TLIF (67.0%). ODI scores improved from a preoperative mean of
55.25 to 18.27 at 24 months post-surgery (p < 0.001). VAS scores for back pain decreased
from 6.37 to 2.1 (p < 0.001), while leg pain scores declined from 6.85 to 2.05 (p < 0.001).
Functional improvement reached or exceeded the minimal clinically important difference
(MCID) threshold in over 66% of patients. Conclusions: Modern surgical strategies for
LFS, particularly fusion-based techniques, yield significant volumetric decompression and
durable clinical improvement. Volumetric gain in the foraminal canal is closely associated
with pain reduction and enhanced functional outcomes. These findings support a tailored
surgical approach based on anatomical pathology and segmental stability.
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1. Introduction
Degenerative–dystrophic disease of the lumbar spine is a globally prevalent condition

with significant clinical and socioeconomic consequences. According to the World Health
Organization, approximately 266 million individuals (about 3.63% of the global population)
present annually with low back pain [1]. Symptomatic intervertebral disc degeneration
is newly diagnosed in an estimated 403 million people each year (5.5%) and lumbar
spinal canal stenosis is diagnosed in 103 million people (1.41%) [1]. Among these entities,
lumbar foraminal stenosis (LFS) plays a key role in radiculopathy and functional disability,
particularly in older adults. LFS develops through a multifactorial process involving
reduction in disc height, hypertrophic changes in the facet joints, remodelling of bony
structures, and thickening of the ligamentum flavum [2–10]. These alterations contribute
to the narrowing of the intervertebral foramen, causing direct mechanical compression
of the exiting nerve root. Segmental instability, whether translational or rotational, may
further exacerbate foraminal encroachment [11–16]. Additionally, factors such as fibrosis,
adhesions, and post-inflammatory changes following interventional procedures can also
contribute to symptomatic foraminal stenosis [17–24].

Despite improvements in diagnostic imaging and classification systems, such as the
one proposed by Ko et al. [25], the optimal surgical strategy for LFS remains a matter of
ongoing debate. While decompression-only approaches aim to preserve spinal mobility
and minimize surgical trauma, decompression combined with fusion techniques offers the
advantage of restoring foraminal height and correcting instability [26–30]. However, the
recurrence of symptoms, particularly due to postoperative fibrosis or progressive degen-
eration, remains a challenge [3–7,9,15,22]. The expansion of minimally invasive surgical
(MIS) techniques has introduced new tools and protocols for addressing LFS with reduced
morbidity and faster recovery times [25–27,30–35]. Endoscopic and microsurgical decom-
pression methods offer the direct visualization of neural elements with minimal disruption
to surrounding tissues. Conversely, interbody fusion techniques—such as anterior lum-
bar interbody fusion (ALIF) and transforaminal lumbar interbody fusion (TLIF)—induce
indirect decompression by restoring intervertebral disc height and foraminal dimensions.
These techniques also allow for stabilization in cases of segmental dysfunction.

Nevertheless, comparative data assessing the volumetric impact of these approaches
on the foraminal canal—and their correlation with clinical outcomes—remain scarce. Most
previous studies focus either on symptomatic relief without anatomical quantification or on
radiological improvements without robust clinical follow-up [36–38]. This gap underscores
the need for a more integrated analysis of surgical efficacy in LFS.

To our knowledge, this is one of the few studies to directly correlate postoperative
volumetric expansion of the foraminal canal with validated long-term clinical outcomes
such as ODI, SF-36, and VAS scores. The relationship between anatomical restoration and
functional recovery has not been adequately quantified in the existing literature, espe-
cially across a comprehensive range of surgical techniques. The objective of this study is
twofold: first, to compare the clinical and radiographic outcomes of four modern surgical
strategies for LFS (endoscopic decompression, microsurgical decompression, ALIF, and
TLIF), and second, to determine whether the degree of foraminal canal expansion achieved
postoperatively predicts sustained improvements in quality of life and pain scores. By inte-
grating imaging-based volumetric analysis with longitudinal patient-reported outcomes,
this study offers new insights into the mechanisms of symptom relief and supports a more
individualized approach to surgical decision-making in lumbar foraminal stenosis.
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2. Materials and Methods
2.1. Study Setting and Period

From December 2017 to December 2023, 256 patients with radicular pain caused by
lumbar foraminal stenosis were treated surgically at the Neurosurgery Department (Spinal
Surgery Department of the Petrovsky National Research Centre of Surgery).

2.2. Inclusion and Exclusion Criteria

Inclusion criteria comprised adult patients (≥18 years) with unilateral or bilateral
lumbar radicular pain secondary to foraminal stenosis, confirmed by both MRI and CT,
who failed to improve after at least 12 weeks of structured conservative treatment (physical
therapy, anti-inflammatory medication, and epidural injections). Clinical–radiological corre-
lation was mandatory, with symptoms corresponding to the dermatome of the compressed
root. Only patients with follow-up ≥24 months were included.

Exclusion criteria were (1) discrepancy between clinical presentation and imaging
findings; (2) predominant axial back pain without radicular symptoms; (3) severe central
canal stenosis (Grade 3–4); (4) degenerative deformity >10◦ (Cobb angle), requiring correc-
tive surgery; (5) prior lumbar instrumentation at the index level; (6) congenital anomalies,
trauma, infection, or inflammatory spinal pathology; (7) patients with incomplete imaging
data or loss to follow-up.

This refinement ensured a homogeneous study cohort, minimizing confounding by
mixed pathologies or incomplete datasets.

2.3. Clinical and Imaging Assessment
2.3.1. MRI Acquisition and Standardization

All MRI examinations were performed using a 1.5 Tesla system (Siemens Magnetom
Avanto, Erlangen, Germany) with a dedicated lumbar spine coil. A standardized imaging
protocol was applied preoperatively and postoperatively across all patients and subgroups
to ensure comparability. The protocol included both sagittal and axial T1-weighted and
T2-weighted sequences (2D turbo spin-echo) with the following parameters: slice thickness
of 3.0 mm, interslice gap of 0.3 mm, field of view (FOV) of 280 × 280 mm, and acquisition
matrix of 320 × 256, yielding an in-plane resolution of 0.9 × 1.1 mm. In addition, a 3D
T2-weighted SPACE sequence was acquired in the sagittal plane with isotropic voxels
(1.0 mm3), which enabled multiplanar reconstructions for volumetric analysis.

Patient positioning was standardized in the supine position with slight hip and knee
flexion, and neutral lumbar alignment was maintained using a dedicated positioning cush-
ion. Care was taken to minimize motion artefacts. Preoperative and postoperative scans
were acquired with identical coil configurations, pulse sequences, and slice prescriptions to
ensure consistency across groups. Segmental stability was scored using the criteria of A.
A. White and M. M. Panjabi [16]; clinical instability corresponded to ≥5 points, whereas
<5 points denoted stability. Sagittal translational instability was defined by a displacement
≥ 4.5 mm (15%), and sagittal rotational instability was defined by an angular difference
≥ 15◦ at L1–L4, ≥20◦ at L4–L5, and ≥25◦ at L5–S1. CT and MRI of the lumbar spine
were obtained in every case. The diagnosis was established by correlating imaging with
dermatomal sensory deficits mapped on both the affected and contralateral sides (Keegan
schema). Foraminal stenosis was classified according to Ko et al. [25].

A quantitative evaluation of foraminal canal (FC) parameters was performed on
pre- and postoperative MRI scans. Foraminal canal (FC) volume was calculated with the
formula [14].

V = π × a × b × h = πabh/4
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where π = 3.14; a is the major axis, b is the minor axis of the elliptical foramen, and h is
the canal depth, taken as the fixed length of the exiting nerve. The percentage of the canal
occupied by the nerve was also recorded.

2.3.2. Image Processing and Calibration

DICOM (Digital Imaging and Communications in Medicine) datasets were exported
and analyzed using RadiAnt DICOM Viewer (version 2020.2.9, Medixant, Poznań, Poland).
Prior to volumetric measurements, pixel spacing calibration was verified against phan-
tom images supplied by the manufacturer, ensuring geometric fidelity across all datasets.
Foraminal boundaries were outlined manually by both observers, and segmentation was
performed using the elliptical ROI tool on each contiguous slice, followed by multiplanar
reconstruction to confirm accuracy. The volumetric algorithm applied the formula V = π

× a × b × h = πabh/4, where a and b represent the major and minor foraminal axes and
h represents the canal depth. All measurements were repeated on two separate sessions
to confirm intra- and inter-observer reproducibility. To avoid bias, images were reviewed
without access to patient clinical data. Inter-observer agreement for FC stenosis grading
was assessed by linearly weighted κ-statistics: κ < 0.20 indicated poor agreement; 0.21–0.40,
fair; 0.41–0.60, moderate; 0.61–0.80, good; and 0.81–1.00, very good agreement.

2.4. Statistical Analysis

Continuous variables were expressed as mean ± standard deviation (SD) for normally
distributed data or median with an interquartile range [Q1–Q3] for skewed distributions.
Categorical variables were reported as counts and percentages. Normality of distributions
was verified using the Shapiro–Wilk test. For group comparisons, parametric tests (paired
or unpaired Student’s t-test; ANOVA with Bonferroni correction) were used when assump-
tions of normality were met; otherwise, non-parametric equivalents (Mann–Whitney U,
Wilcoxon signed-rank, or Kruskal–Wallis tests) were applied.

Effect sizes were reported as Cohen’s d for continuous outcomes and risk ratios (RRs)
or odds ratios (ORs) with 95% confidence intervals (CIs) for categorical outcomes. This
allowed the interpretation of clinical as well as statistical significance [17]. Longitudinal
changes in clinical scores: ODI (Oswestry Disability Index), VAS (Visual Analogue Scale),
and SF-36 (36-Item Short Form Health Survey) were assessed using repeated-measures
ANOVA or Friedman’s test as appropriate. Inter-observer agreement for volumetric mea-
surements was calculated using linearly weighted κ-statistics.

Missing data were rare (<3% of cases) and handled with multiple imputation (five iter-
ations) to reduce potential bias. Sensitivity analyses confirmed that results were consistent
between the imputed and complete case datasets. All statistical analyses were performed
with SPSS v.27 (IBM Corp., Armonk, NY, USA). A two-sided p-value < 0.05 was considered
statistically significant [27,28].

2.5. Study Cohort

The analysis included n = 256 patients with radicular pain caused by lumbar FC
stenosis, aged 63/57 [27; 80] years. The cohort comprised 97 (37.9%) men and 159 (62.1%)
women (Figure 1). The mean follow-up duration was 36 months (median, 24 months; range,
3–65 months). Analyses were performed at standardized timepoints of 6 weeks, 6 months,
12 months, and 24 months, which were available for all patients. Longer-term data (≥36
months) were available in a subset of patients but were not included in the main statistical
comparisons due to heterogeneity of follow-up windows.
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Figure 1. Patient selection flow diagram.

Patients are divided into two groups and two subgroups (Group 1 and Group 2).
Group 1—119/256 (46.5%) patients with foraminal stenosis.
Subgroup 1A—80/256 (31.25%) patients with foraminal stenosis caused by disc herni-

ation in combination with osteophytes of hypertrophic facet joints (Fujiwara grade I–II) [19]
and Pfirmann disc degeneration stage I–II. At the FC level, lateral to the external pedicle
line 3 (3.75%), at the foraminal stenosis level, medial to the external pedicle line 77 (96.2%),
without instability of the spinal motor segment, the score was 2.9/2.5 [2; 4] according to
the White–Panjabi criteria. The Jamshidi needle, guidewire, dilators, and working can-
nula were inserted under direct and lateral fluoroscopic control through the intervertebral
foramen until contact with the MPD in the area of Kambin’s triangle in the spinal canal of
the subarticular zone along the medial pedicular line. Resection of the articular process
was performed with crown cutters; an endoscopic shaver system was used to expand
the foraminal foramen. With the help of foraminoscopy, the epidural space was revised,
fragments of the MPD hernia were removed, the root and cavity of the MPD were revised,
and the fibrous annulus and the posterior longitudinal ligament were coagulated to reduce
their volume, if necessary, using bipolar coagulation.
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Subgroup 1B 39/256 (15.23%): Patients with pain syndrome due to unilateral and
bilateral foraminal stenosis, with a moderate degree of degenerative changes in MPD
(discoradicular conflict) (Pfirmann grade I–II [18]) and moderate degenerative changes in
the facet joints (Fujiwara grade I–II [19]). Clinical instability of the spinal motor segment
according to the White–Panjabi criteria was 6/5 [2; 6] points. Nine (23.1%) underwent a
history of minimally invasive types of surgical care: endoscopic decompression, seven
(17.9%); microsurgical decompression of the spinal canal, fifteen (38.4%). The patients
underwent ventral retroperitoneal access according to the ALIF technique. In 9 cases,
indirect decompression of the foraminal stenosis was performed using the ALIF technique
using an interbody support cage and spinal fusion; in 15 cases, ALIF was supplemented
with transpedicular stabilization; in 15 cases, total arthroplasty of the lumbar MPD was
performed according to the generally accepted surgical technique (Table 1).

Table 1. Demographic and clinical characteristics of patients with lumbar foraminal stenosis stratified
by surgical subgroup.

Decompression Levels L2–L3 L3–L4 L4–L5 L5–S1

Group ob-
servation

1A (n = 80)/% n = 4
5%

n = 49
61.3%

n = 27
33.7%

n = 4
5.4%

n = 18
22.2%

n = 46
57.3%

n = 12
15.1%

1B (n = 39)/% n = 7
17.9%

n = 32
82.1% - n = 2

15.3%
n = 21
44.3%

n = 16
40.4%

2A (n = 65)/% n = 23
35.4%

n = 42
64.6%

n = 2
3.1%

n = 9
13.8%

n = 23
35.4%

n = 31
47.7%

2B (n = 72)/% n = 11
15.2%

n = 61
84.7% - n = 18

25.1%
n = 38
52.7%

n = 16
22.2%

Group 2—137/256 (53.5%) patients with foraminal stenosis.
Subgroup 2 A 65/256 (25.4%) patients: Cause of stenosis: facet joint hypertrophy

(Fujiwara grade III–IV), Pfirmann disc degeneration stage III–IV, FC stenosis without
instability of the vertebral motor segment, and 2.8/3 [2; 5] points according to the White–
Panjabi criteria; 13 (20%) patients in anamnesis underwent endoscopic transforaminal
decompression in the period from 1 to 5 years. Microsurgical decompression of foraminal
stenosis was performed without stabilizing the vertebral motor segment. The volume of
resection of the articular processes was no more than 50% of the joint (Table 1).

Subgroup 2B: 72/256 (28.12%) patients with stenosis due to facet joint hypertrophy
(Fujiwara III–IV degree), Pfirmann disc degeneration stage III–IV, and instability of the
vertebral motor segment; 5/5.3 [5; 7] points according to the White–Panjabi criteria. Causes
of FC compression: In 20 (27.7%), facet joint hypertrophy, in 22 (30.5%), compression of the
root by a synovial cyst, in 10 (13.8%), combined stenosis, and in 20 (27.7%), a combination
of facet joint hypertrophy and foraminal hernia. The history of minimally invasive types of
surgical care was 7 (9.7%) for endoscopic decompression, and 11 (15.2%) for microsurgical
decompression of the spinal canal. Facetectomy and decompression of spinal cord roots in
combination with interbody fusion and transpedicular fixation were performed. Table 1
shows all the details.

3. Results
A total of 256 levels (512 foraminal canal) were analyzed in 256 patients. Foraminal

canal sizes were measured on preoperative and postoperative MRI images. Morphometric
assessment revealed a significant increase in the volume of foraminal canal in all types
of operations. After endoscopic decompression, it was 29.9%, and after microsurgical
decompression, it was 48.06% on the side that the impact was obtained. After TLIF
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decompressive-stabilizing operations, following TLIF, the foraminal canal (FC) volume
increased by a mean of 67.0%. The use of anterior interbody cages and arthroplasty
according to the ALIF technique contributed to an increase in the volume of FC on both
sides, up to 71.8% (Table 2). According to Lee classification, Grade 1 was detected in 1.57%,
the second degree was detected in 35.15%, and the third degree was detected in 63.28%.
Comparison of the mean MRI values of operated and non-operated foraminal canal showed
significant differences at all levels. The correspondence between observers was moderate
for operated FCs (k = 0.567) and good for non-operated FCs (k = 0.676). MacNab Scores
and patient satisfaction at final follow-up: 85.2% of patients rated their outcome as “good”
or “excellent” on the MacNab scale: 1A: excellent 40% and good 53.75%; 1B: excellent 58.9%
and good 34.4%; 2A: excellent 37.2% and good 43.2%; 2B: excellent 37.5% and good 45.3%.
Appendix A reports some patients as examples.

Table 2. Quantitative changes in foraminal volume before and after surgery across treatment groups.

Volume mm3 Endoscopy 1A ALIF 1B Microsurgery
2A TLIF 2B

Before surgery 471.32/458.9 351.43/341.46 379.88/364.25 358.86/360.84
[303.51; 636.69] [227.81; 476.41] [323.12; 516.51] [230.76; 480.34]

After surgery 655.03/655.32 1256.12/1213.45 695.76/701.35 1101.64/1093.51
[680.35;
1638.71][559.46; 748.98] [705.21–

2003.14] [623.45; 768,4]

Difference % 29.90% 71.80% 48.06% 67.00%

Both back and leg pain showed rapid improvement by 6 weeks, sustained throughout
24 months. VAS for leg pain showed a sharper decline initially, consistent with neural
decompression efficacy. Differences were statistically significant at all timepoints (p < 0.001)
(Figure 2).

 

Figure 2. Visual Analogue Scale (VAS) scores for back and leg pain after surgery for lumbar forami-
nal stenosis, showing significant reductions across all surgical groups with variability depicted as
standard deviations (back pain, (A)) and 95% confidence intervals (leg pain, (B)). Blu, endoscopic
decompression; orange, ALIF; green, microsurgical decompression; red, TLIF.

The analysis of the quality of life of patients according to the Oswestry Index (ODI)
established a significant improvement in the functional state after surgery compared to the



Surgeries 2025, 6, 91 8 of 18

preoperative value in all patients. On average, from 55.25/54.95 [43; 67] to 21.12/20.5 [20;
36] 6 months after surgery (p < 0.001), and no statistically significant changes in quality
of life were recorded at follow-up and amounted to 18.27/18.12 after 24 months [15; 20].
(Table 3).

Table 3. Functional improvement measured by the Oswestry Disability Index (ODI) in pre- and
postoperative follow-up.

ODI
Before

6 Weeks
6 12 24

Operation p Months p Months p Months

1A (n = 80)
56/54.3 23/22 p < 0.001 20.1/20 p < 0.001 19.5/19 p < 0.001 18/18.3
[43; 67] [20; 40] [20; 35] [17; 21] [15; 19]

1B (n = 39)
57/56 28/27 p < 0.001 22/21 p < 0.001 21/19 p < 0.001 19/18

[46; 61] [20; 41] [20; 36] [17; 23] [15; 19]

2A (n = 65)
56/55.5 23/22,5 p < 0.001 21.1/20 p < 0.001 20.5/20 p < 0.001 18/18.2
[44; 60] [20.1; 40.2] [20; 35.3] [17; 22] [15.1; 19]

2B (n = 72)
56/54 28.5/28 p < 0.001 21.3/21 p < 0.001 19.7/19 p < 0.001 18.1/18

[44; 60] [20; 41] [20; 36] [17; 23] [15; 20]

Oswestry Disability Index (ODI) scores across timepoints. Values are mean ± SD. Repeated-measures ANOVA
with Greenhouse–Geisser correction was used. Post hoc comparisons employed Bonferroni adjustment.

Safety and Resource Utilization

Across the 256-patient cohort, no perioperative mortality was observed. The overall
intraoperative complication rate was 6.6%, with distribution varying by surgical sub-
group (Table 4). Dural tears occurred in seven patients (2.7%), of whom four required
intraoperative repair with fibrin sealant, and three were treated conservatively without
sequelae. Transient root irritation was documented in five patients (2.0%), resolving within
three months. Wound infection occurred in four patients (1.6%) (two superficial and two
deep), all managed successfully with antibiotics ± surgical debridement. No permanent
neurological deficit was attributable to surgery.

Table 4. Perioperative safety and resource utilization by surgical subgroup.

Outcome Endoscopy (n = 80) Microsurgery
(n = 65) ALIF (n = 39) TLIF (n = 72) Overall (n = 256)

Dural tear, n (%) 1 (1.3) 2 (3.1) 1 (2.6) 3 (4.2) 7 (2.7)

Nerve root injury, n (%) 0 1 (1.5) 2 (5.1) 2 (2.8) 5 (2.0)

Wound infection, n (%) 0 1 (1.5) 1 (2.6) 2 (2.8) 4 (1.6)

Blood loss (mL),
mean ± SD 72 ± 41 138 ± 55 291 ± 98 328 ± 104 –

OR time (min),
mean ± SD 91 ± 22 124 ± 38 163 ± 44 178 ± 52 –

LOS (days), median [IQR] 2 [1–3] 2 [1–3] 5 [4–6] 5 [4–7] –

Readmissions ≤ 24
months, n (%) 2 (2.5) 3 (4.6) 3 (7.7) 7 (9.7) 15 (5.9)

Reoperations, n (%) 2 (2.5) 1 (1.5) 4 (10.3) 5 (6.9) 12 (4.7)

ASD, n (%) 0 1 (1.5) 3 (7.7) 5 (6.9) 9 (3.5)

Cage subsidence, n (%) – – 5 (12.8) 6 (8.3) 11 (4.3)

Estimated blood loss (EBL) was lowest in the endoscopic subgroup (mean 72 mL, SD
41) and highest in TLIF (mean 328 mL, SD 104). Operative time averaged 91 min (SD 22) for
endoscopy, 124 min (SD 38) for microsurgery, 163 min (SD 44) for ALIF, and 178 min (SD 52)
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for TLIF. The median length of stay was 2 days [IQR 1–3] for endoscopic and microsurgical
groups, versus 5 days [IQR 4–7] for ALIF and TLIF.

Within 24 months, 15 patients (5.9%) required unplanned readmission, most commonly
for wound-related issues (n = 6) or recurrent radicular pain (n = 5). Reoperation at the
index level was necessary in twelve patients (4.7%), including five for recurrent stenosis,
four for implant failure or cage migration, and three for infection.

During follow-up, radiographically confirmed adjacent segment disease (ASD) was
identified in nine patients (3.5%), predominantly in fusion groups. Clinically relevant cage
subsidence was recorded in eleven patients (4.3%), all in the ALIF/TLIF arms, although
only four required revision surgery. No cases of pseudoarthrosis were detected within the
observation period.

4. Discussion
This study offers a comprehensive comparison of four contemporary surgical strategies

for lumbar foraminal stenosis, integrating quantitative imaging with validated clinical
outcomes. In a cohort of 256 patients, all approaches—endoscopic decompression, ALIF,
microsurgical decompression, and TLIF—resulted in statistically significant improvements
in foraminal canal volume, pain scores, disability indices, and quality of life metrics.

According to the literature, a 10-point decrease in the quality-of-life index is associ-
ated with a patient with minimal clinical difference (MCR) before and after treatment [20].
Comparable results were obtained according to the SF-36 questionnaire (Tables 5 and 6).
An increase in the degree of functional adaptation and improvement in the quality of life
in accordance with the MCID value was recorded in most patients with lumbar forami-
nal stenosis by 72.25% according to SF-36 MN, 66.4% according to SF-36 PH, and 66.8%
according to ODI.

Table 5. SF-36 Mental Health Scores (MN) in the groups before and after surgery.

SF-36 PH Before
Operation 12 Months p 24 Months p

1A (n = 80) 28/27
[22; 34]

41/42
[33; 51] p < 0.001 45/44

[39; 53] p < 0.001

1B (n = 39) 25/24
[22; 30]

39/38
[32; 49] p < 0.001 43/41

[38; 51] p < 0.001

2A (n = 65) 26/26
[21; 28]

40/41
[32; 50] p < 0.001 44/43

[36; 51] p < 0.001

2B (n = 72) 26/25
[21; 30]

41/39
[33; 53] p < 0.001 43/48

[36; 53] p < 0.001

Table 6. SF-36 Physical Health Scores (PH) in the pre- and postoperative groups.

SF-36 PH Before
Operation 12 Months p 24 Months p

1A (n = 80) 27/26
[21; 30]

40/39
[32; 46] p < 0.001 42/45

[35; 51] p < 0.001

1B (n = 39) 28/27
[22; 30]

38/37
[30; 40] p < 0.001 41/39

[32; 50] p < 0.001

2A (n = 65) 25/24
[22; 28]

41/40
[31; 43] p < 0.001 41/44

[33; 50] p < 0.001

2B (n = 72) 27/26
[20; 32]

38/38
[32; 44] p < 0.001 41/43

[32; 51] p < 0.001
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A significant decrease in the intensity of back pain syndrome in the early postoperative
period was recorded by an average of three points, 46.42% of all observed patients. The
assessment of back pain syndrome according to the VAS revealed positive dynamics in
the form of a significant decrease in its severity after surgery, from an average of 6.37/5.6
[4; 8] to 2.8/2.12 [2; 4] 6 months after surgery (p < 0.001), with minimal values maintained
throughout the study, and 24 months after surgery, the severity of back pain according to
VAS was 2.1/1.82 [1; 3], with a 67.5% reduction in pain in all observation groups. According
to the literature, a decrease in the intensity of back pain by 1.8–1.9 points according to
VAS is equivalent to the patient’s achievement of MCR [21]. The results of our dynamic
observations of the severity of back pain according to VAS confirm the achievement of
minimal clinically important difference (MCD) in all the studied cases (Table 7).

Table 7. VAS back in pre- and post-surgery groups.

VAS Before
Operation 6 Weeks

6 12 24

Spine p Months p Months p Months

1A (n = 80) 6/5.2
[4; 6]

3.1/3 p < 0.001 2.6/2 p < 0.001 2.1/2 p < 0.001 2/1.9
[1; 4] [2; 4] [2; 3] [1; 3]

1B (n = 39) 6.2/5.9
[5; 8]

3.2/3 p < 0.001 2.7/2.1 p < 0.001 2.3/2 p < 0.001 2/1.3
[1; 4] [2; 4] [2; 3] [1; 3]

2A (n = 65) 6.3/5.5 3.4/3 p < 0.001 2.9/2.1 p < 0.001 2.5/2.1 p < 0.001 2.2/2.1
[5; 7] [1; 4] [2; 4] [2; 4] [1; 3]

2B (n = 72) 7/5.8
[5; 8]

3.7/3.2 p < 0.001 3/2.3 p < 0.001 2.5/2.2 p < 0.001 2.2/2
[2; 4.5] [2; 4] [1; 4] [1; 3]

The analysis of the intensity of pain syndrome in the leg according to VAS among
all observation groups recorded a decrease in pain in the early postoperative period by
3.05 points, 46.7%. The assessment of pain syndrome in the leg according to the VAS
revealed a positive trend in the form of a significant decrease in its severity after surgery
from an average of 6.85/6.52 [4; 8] to 2.8/2.32 [1; 4] 6 months after surgery (p < 0.001),
with minimal values for the entire study, and 24 months after surgery, the severity of pain
syndrome in the leg according to the VAS was 2.05/1.67 [1; 3]; a 74% reduction in pain in
all observation groups (Table 8).

Table 8. VAS leg in the pre and post-surgery groups.

VAS Legs Before
Operation 6 Weeks

6 12 24
p Per Month p Months p Months

1A 7/6.9 3.1/3 p < 0.001 3/2.7 p < 0.001 2.1/2 p < 0.001 2/1.7
n = 80 [5; 8] [1; 4] [1; 4] [1; 3] [1; 3]

1B 6.1/6 3.3/3 p < 0.001 2.7/2 p < 0.001 2.1/2 p < 0.001 2/1.2
n = 39 [5; 8] [1; 4] [1; 4] [1; 3] [1; 3]

2A 7.2/6.6 3.2/3 p < 0.001 3/2.5 p < 0.001 2.2/2.1 p < 0.001 2.1/1.8
n = 65 [5; 8] [1; 4] [1; 4] [1; 3] [1; 3]

2B 7.1/6.6 3.6/3.2 p < 0.001 2.5/2.1 p < 0.001 2.3/2.1 p < 0.001 2.1/2
n = 72 [5; 8] [2; 4] [1; 4] [1; 3] [1; 3]

The analysis of patients’ satisfaction with the results of surgical intervention according to
the MacNab subjective scale (Table 9) in dynamics revealed mainly good and excellent results.
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Table 9. MacNab in groups after surgery.

MacNab Excellent p Satisfactory p Poor p

1A (n = 80) 32(40%) p < 0.001 43 (53.75%) p < 0.001 5 (6.25%) p < 0.001

1B (n = 39) 23(58.9%) p < 0.001 15 (34.4%) p < 0.001 1 (2.5%) p < 0.001

2A (n = 65) 24(37.2%) p < 0.001 28 (43.2%) p < 0.001 13 (19.6%) p < 0.001

2B (n = 72) 27(37.5%) p < 0.001 33 (45.3%) p < 0.001 12 (16.6%) p < 0.001

Our results show that the improvements in ODI, VAS, and SF-36 scores were both
statistically and clinically significant. In spine surgery research, the minimal clinically
important difference (MCID) is the threshold that reflects true patient benefit. An ODI
change of 10–12 points is usually regarded as clinically meaningful [17]. In our series, the
mean ODI reduction was more than 35 points—over three times the MCID—indicating
substantial recovery of function and daily activity. For pain, MCID values are typically
defined as a 1.5–2.0 point decrease on the VAS [21]. Patients in this study reported mean
reductions of 4.2 points for back pain and 4.8 points for leg pain, well beyond the benchmark,
confirming durable symptomatic relief.

The SF-36 adds a broader view, encompassing physical and mental health. Both do-
mains improved beyond the thresholds documented in previous spinal surgery studies [20].
Importantly, the mental health component revealed meaningful psychological benefits,
suggesting that decompression and stabilization ease the emotional distress of chronic
radiculopathy, improving social interaction and quality of life.

In our cohort, follow-up was limited to a maximum of 24 months, and systematic data
on late complications were not available. Although early stability and functional recovery
were consistently favourable, it is well documented in the literature that fusion-based
techniques, particularly ALIF and TLIF, may predispose patients to ASD over longer obser-
vation periods, with reported incidence rates ranging from 10% to 25% at 5–10 years [39–43].
Likewise, issues such as cage subsidence, implant loosening, or recurrent foraminal stenosis
can compromise long-term results and necessitate reoperation [39,40,44,45]. The absence of
late complication data in this series represents a limitation. Future prospective studies with
extended follow-up (≥5 years) are essential to capture the trajectory of outcomes beyond
the early postoperative window.

4.1. Future Directions

Prospective randomized studies are warranted to validate the observed relationships
between foraminal expansion and clinical recovery. Future research should also evaluate
the role of real-time intraoperative volumetry and incorporate longer follow-up to assess
complications such as adjacent segment disease or cage subsidence.

Integration of cost-effectiveness models (particularly comparing high-resource fusion
techniques to less invasive decompression) could provide important policy insights. Finally,
the application of AI-based imaging analytics and predictive modelling may refine patient
selection and personalize surgical planning [46–48]. The safety profile in this series aligns
with prior reports of foraminal stenosis surgery, where complication rates range between
5 and 12% depending on approach [49]. Endoscopic and microsurgical decompression
were associated with lower blood loss, shorter operative times, and reduced hospital stays,
consistent with their minimally invasive nature [22,50–52]. In contrast, fusion procedures
carried higher perioperative resource utilization but offered greater volumetric gains and
lower rates of recurrent stenosis. Importantly, the incidence of ASD (3.5%) and cage
subsidence (4.3%) remained within reported benchmarks and was clinically significant in
only a subset requiring reoperation [49]. These findings highlight the trade-off between
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invasiveness, stability restoration, and longer-term biomechanical risks, underscoring the
need for individualized surgical planning.

4.2. Limitations of This Study

ALIF and total disc arthroplasty were analyzed jointly in Group 1B. Although both rely
on the restoration of disc height to achieve indirect foraminal decompression, they differ
in biomechanical profiles: fusion eliminates motion and stabilizes the segment, whereas
arthroplasty preserves mobility. Pooling these procedures may have contributed to the
magnitude of volumetric gain observed in Group 1B. Future studies with larger sample
sizes should address these techniques separately to clarify their relative contributions.

5. Conclusions
In this retrospective cohort, improvements in quality of life after foraminal decompres-

sion were associated with increased foraminal canal volume across all surgical strategies.
Both minimally invasive decompression and fusion-based approaches demonstrated con-
sistent benefits, with no significant differences in long-term patient-reported outcomes
between groups.

In patients with radiographic or clinical signs of instability, procedures that included
stabilization were associated with better functional recovery and quality-of-life scores.
Conversely, intraoperative visualization of a freely decompressed nerve root is sufficient
for pain relief. Notably, greater degrees of decompression did not show additional benefits
in our cohort and were instead linked with a higher likelihood of postoperative scarring
described in the prior literature.

Endoscopic and microsurgical techniques achieved meaningful clinical improvement
with lower resource utilization, whereas fusion procedures produced larger volumetric
gains but carried higher perioperative demands and a measurable risk of adjacent-segment
changes. These patterns underscore that the relationship between anatomical restora-
tion and patient recovery is complex and influenced by baseline stability, the extent of
degeneration, and surgical approach.
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Abbreviations

PK Foraminal canal (canalis foraminalis);
MPD Intervertebral disc (discus intervertebralis);
ODI Oswestry Disability Index;
VAS Visual Analogue Scale;
SF-36 MN Mental Health domain of the SF-36;
SF-36 PH Physical Health domain of the SF-36;
ALIF Anterior Lumbar Interbody Fusion;
TLIF Transforaminal Lumbar Interbody Fusion.

Appendix A
Clinical Cases

Patient n◦ 1 is a 27-year-old male, presented with complaints of lumbar pain radiating
to the left lower limb. The pain was refractory to conservative treatment for over three
months. MRI revealed Grade 3 foraminal stenosis according to Lee’s classification. The
left L4–L5 foraminal canal (FC) volume was 368.1 mm3, with the exiting nerve occupying
316.2 mm3 (nerve occupancy: 84.2%) (Figure A1A,B). On the right side, FC volume was
584.3 mm3 with a nerve volume of 310.2 mm3, and occupancy was 53.08%. Pain intensity
was 7 cm in the leg and 4 cm in the back (VAS), and the Oswestry Disability Index (ODI)
score was 47. The patient underwent endoscopic foraminotomy and decompression of the
spinal nerve root at L4–L5 on the left. Postoperative FC volume increased to 559.6 mm3

with a nerve volume of 316.4 mm3, and occupancy decreased to 56.5% (Figure A1C,D). This
corresponds to a 34.1% increase in FC volume. At 12 months, leg pain improved to 1 cm
and back pain to 2 cm on VAS, with an ODI improvement to 17 points.

Patient n◦ 2 is a 55-year-old male, reported severe intermittent lumbar pain radiating
to the right lower limb, unresponsive to three months of conservative therapy. VAS scores
were 8 cm (leg) and 6 cm (back). Segmental instability was rated at 6 points per White–
Panjabi criteria, and ODI was 55. MRI showed Grade 3 foraminal stenosis (Lee). On
the right L4–L5 level, FC volume was 524.9 mm3, nerve volume 305.5 mm3, with 58.1%
occupancy (Figure A2A). On the left, FC volume was 1492.5 mm3, nerve volume 305.2 mm3,
and occupancy 20.85%. The patient underwent open foraminotomy, root decompression,
and transforaminal lumbar interbody fusion (TLIF) at L4–L5. Postoperative FC volume on
the right was 1638.1 mm3, nerve volume 305.8 mm3, and occupancy decreased to 18.6%
(Figure A2B,C), representing a 68.0% increase in FC volume. On the left, postoperative FC
volume remained 1492.5 mm3 with occupancy at 20.4% (Figure A2B,C). Pain decreased to
1.8 cm in the leg and 2 cm in the back. ODI improved to 19 at 12 months.

Patient n◦ 3 is a 35-year-old male, presented with episodic severe lumbar pain radiating
to the left lower limb along the L5–S1 dermatome. Pain had persisted for more than three
months despite conservative therapy. VAS was 8 cm in the leg and 5 cm in the back, and
ODI was 54. MRI showed bilateral foraminal stenosis with moderate degenerative changes:
Pfirrmann Grade I–II discs and Fujiwara Grade I–II facet joints. Clinical instability was 5
points per White–Panjabi. On MRI, FC volume at L5–S1 on the left was 412.3 mm3 with
nerve volume of 297.1 mm3 (occupancy: 72.1%) (Figure A3A–C). On the right, FC volume
was 227.8 mm3 with a nerve volume of 218.2 mm3 (occupancy: 95.7%) (Figure A3A,B). The
patient underwent a preperitoneal approach with disc resection and total disc arthroplasty
at L5–S1 (ALIF). Postoperatively, indirect bilateral foraminal decompression was achieved.
Right FC volume increased to 2003.6 mm3 (occupancy: 10.9%) (Figure A3D,E), a 79.4%
increase. Left FC volume increased to 1764.8 mm3 (occupancy: 16.8%) (Figure A3E,F), a
76.6% increase. VAS scores improved to 2 cm (back) and 1 cm (leg). ODI at 12 months
was 17.
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Figure A1. MRI of patient n◦ 1.

 

Figure A2. MRI of patient n◦ 2.
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Figure A3. MRI of patient n◦ 3.

Patient n◦ 4 is a 64-year-old female, complained of lumbar pain with radiation to the
left lower extremity, unresponsive to conservative therapy for over three months. MRI
revealed Grade 3 foraminal stenosis at L5–S1. Left FC volume was 323.2 mm3, nerve
volume 220.6 mm3, and nerve occupancy was 68.2% (Figure A4A–C). Right FC volume was
694.3 mm3, nerve volume 316 mm3 (occupancy: 34.1%). VAS scores were 8 cm in the leg
and 5 cm in the back. Instability was rated at 4 points per White–Panjabi, and ODI was 46.

Microsurgical foraminotomy and decompression of the left L5–S1 root were per-
formed. Postoperative FC volume increased to 768.4 mm3 with unchanged nerve volume
(220.6 mm3), reducing nerve occupancy to 28.7% (Figure A4D,E), representing a 57.9%
volumetric gain. VAS scores improved to 1 cm (back and leg). ODI improved to 18 at
12 months.

 

Figure A4. MRI of patient n◦ 4.
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