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Objective: To investigate the correlation between postoperative imaging parameters and clinical outcomes in patients with foraminal 
stenosis (FS) and lateral recess stenosis (LRS) who underwent percutaneous endoscopic transforaminal decompression (PETD).
Methods: The study included 104 eligible patients who underwent PETD, and the mean follow-up time was 2.4 years (range 2.2–3.6 
years). Visual Analog Scale (VAS) scores, Oswestry Disability Index (ODI) scores, and the modified MacNab criteria were used to 
evaluate the clinical outcomes. The related parameters of the FS and LRS based on computed tomography and magnetic resonance 
imaging were measured before and after surgery. Correlations between the imaging parameters and clinical outcomes were 
investigated.
Results: The proportion of excellent and good results following MacNab evaluation was 82.6%. In the treatment of LRS, VAS-back, 
VAS-leg, and ODI at the 2-year follow-up were negatively correlated with postoperative facet joint length based on computed 
tomography. In the treatment of FS, the above clinical results were positively correlated with the variation of foraminal width and 
nerve root-facet distance before and after surgery based on magnetic resonance imaging.
Conclusion: PETD can achieve good clinical outcomes in the treatment of patients with LRS or FS. Postoperative facet joint length 
was negatively correlated with clinical outcomes of LRS patients. In FS patients, the variation in foraminal width and nerve root-facet 
distance before and after surgery were positively correlated with their clinical outcomes. These findings may help surgeons optimize 
treatment strategies and selection of surgical candidates.
Keywords: lumbar spinal stenosis, clinical outcomes, percutaneous endoscopic transforaminal decompression, microsurgery, spinal 
endoscopy

Introduction
Lumbar spinal stenosis (LSS) is a common spinal disease including central canal, lateral recesses, and intervertebral foramen 
stenosis. It approximately affects 4–6% of geriatric patients.1–3 The typical symptoms of LSS are neuropathic leg pain, lower back 
pain, intermittent claudication, and weakness, which can seriously affect the patients’ quality of life.1 Most patients can be treated 
conservatively in the early stages of the disease by physical therapy and drug therapy.4–6 For persistent symptoms, surgical 
treatment has proven to be superior to conservative treatment.4,6 Percutaneous endoscopic transforaminal decompression (PETD), 
a minimally invasive surgical technique, has more advantages than conventional open surgery, but it was reported that 11.4–17.2% 
of the patients had unsatisfactory clinical outcomes.7–9
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The superior articular process (SAP) plays an important role in the operation of PETD. Lee et al10 classified foraminal and 
lateral recess stenosis (LRS) into three zones: the entry, mid, and exit zones. The classification system has been previously applied 
in several studies.11,12 Hypertrophy of the SAP is the predominant cause of entry and exit zone stenosis.10 Therefore, in the PETD 
procedure, surgical intervention of the SAP is crucial and necessary as it can expand the neuroforamen for the establishment of 
working channel of PETD and further decompression of the entrance zone, as well as decompression of the nerve roots in patients 
with stenosis in the exit zone. However, there are few studies focusing on the relationship between the anatomical changes caused 
by PETD procedures and the clinical outcomes that may direct treatments in a more optimal manner.

The objectives of this study are to evaluate the clinical outcomes of PETD in the treatment of FS and LRS and investigate the 
correlation between postoperative or dynamic changes in the imaging parameters and clinical outcomes of patients.

Materials and Methods
Patient Population
We retrospectively analyzed 104 patients, including 74 patients with LRS and 30 patients with FS, who underwent PETD at 
Beijing Chaoyang Hospital between 2017 and 2019. According to the evaluation method proposed by Wildermuth,13 there are 
four levels of FS based on magnetic resonance imaging (MRI): Grade 0 is a normal foramen, with a normal shape and epidural fat 
(oval); Grade 1 is mild FS, with the fat around the nerve root partially absent but the nerve root still completely surrounded by 
adipose tissue; Grade 2 is moderate FS, with the fat around the nerve root markedly absent and the nerve root being only partially 
surrounded by fat; while Grade 3 is significant FS, with complete disappearance of the fat around the nerve root. This study 
included patients with grades 1, 2, and 3 FS. Patients with FS usually experience increased pain due to the extension of the lumbar 
spine on one side (Kemp sign). A nerve root block can be utilized to help further determine whether a specific nerve root is causing 
the symptoms.14 The diagnosis of LRS is based on computed tomography (CT) showing a lateral crypt with a sagittal diameter of 
less than 3 mm and patients’ symptoms of intermittent claudication with or without radiating pain in the lower extremities.15

The inclusion criteria were as follows: (1) a diagnosis of LRS or FS based on physical examination results, clinical symptoms, 
and imaging studies. (2) single-level LRS or FS. (3) failure after at least 3 months of conservative treatment. The exclusion criteria 
were as follows: (1) Patients with LRS combined with FS. (2) a history of lumbar spinal surgery; (3) lumbar spondylolisthesis; (4) 
symptoms of stenosis caused by disc herniation without degenerative changes of the lumbar spine; (5) scoliosis; (6) spinal trauma, 
tumor, and systemic or local infection; and (7) incomplete preoperative or postoperative CT and MRI data.

Operative Technique
In the PELD procedure, the patient was placed in the prone position, and all procedures were performed under local anesthesia. 
The entry point of the assumed approach was 10 to 14 cm lateral to the midline of the spine at the affected intervertebral level. The 
guidewire was inserted into the SAP of the targeted segment through a puncture needle, and the surgical approach was 
progressively expanded to 7.5 mm with a hollow tapered cannula (Figure 1). Next, a trephine was used to enlarge the aperture 
under C-arm fluoroscopic guidance. The trephine was removed when it reached the medial border of the pedicle on the 
anteroposterior view and the posterior border of the vertebral body on the lateral view. A tubular retractor with an outer diameter 
of 7.5 mm was then placed, and if necessary, the trephine was used again to further enlarge the aperture under endoscopy. The 
nerve roots were then decompressed dorsally and ventrally under constant irrigation. For patients with LRS, it was especially 
necessary to remove the osteoproliferation under the nerve root that caused the narrowing of the lateral recess (LR). The herniated 
disc was resected using a rongeur and could be removed with an endoscope if there was a large amount of disc tissue. The 
proliferative ligamentum flavum was removed to expose the dura and nerve roots, and the entire nerve root was probed to ensure 
complete decompression. After irrigation and hemostasis, the surgical wounds were sutured in anatomical order. Representative 
cases are presented in Figure 2.

Clinical Evaluation
Clinical assessments were conducted preoperatively and at 3 months, 1 year, and 2 years postoperatively. The degree of pain was 
assessed using the visual analog scale (VAS), from 0 to 100 for the back (VAS-back) and legs (VAS-leg), with higher scores 
indicating more pain. The Oswestry Disability Index (ODI) was used for the assessment of function on a scale of 0–100%, with 
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Figure 1 Foraminoplasty. (A) The cannula is placed on the medial border of the pedicle on the anteroposterior view. (B) The cannula is placed on the posterior border of 
the vertebral body on the lateral view. (C) The trephineis used again to further enlarge the aperture under endoscopy. (D) Nerve roots exposed in clear view.

Figure 2 Percutaneous endoscopic transforaminal decompression performed on a 63-year-old male patient diagnosed with lumbar spinal stenosis. (A) Preoperative 
computed tomography on sagittal scans. The white arrow indicates preoperative foraminal stenosis on sagittal scans. (B) Postoperative computed tomography on sagittal 
scans. The white arrow indicates postoperative foraminal enlargement on sagittal scans. (C) Preoperative computed tomography on axial scans. The white arrow indicates 
preoperative foraminal stenosis on axial scans. (D) Postoperative computed tomography on axial scans. The white arrow indicates postoperative foraminal enlargement on 
axial scans.
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higher scores indicating higher levels of disability. Surgical results were defined as excellent, good, fair, and poor according to the 
modified MacNab criteria.

Imaging Parameters
After a thorough review, it was found that most imaging parameters used in the present study had been described in the previous 
literature,16–19 except for anteroposterior diameter of facet joint length (FJL). All measurement methods are summarized in 
Figure 3. FJL was measured on the sagittal CT image between the tip of the SAP and the inferior articular process of superior 
vertebral body (Figure 3A). The parameters measured on CT included foraminal bony canal area (FBCA) (Figure 3B), foraminal 
width (FW) (Figure 3B), foraminal height (FH) (Figure 3B), disc height (DH) (Figure 3C), segmental lordosis (SL) (Figure 3C), 
anteroposterior diameter of LR (Figure 3D), and LR angle (Figure 3D). Lumbar lordosis (Figure 3E) was measured on 
a standardized standing lateral X-ray. Foraminal soft tissue canal area (FSCA) (Figure 3F), nerve root-facet distance (NRFD) 
(Figure 3G), nerve root-pedicle distance (NRPD) (Figure 3G), nerve root-disc distance (NRDD) on the axial plane (Figure 3G), 
and nerve root-disc distance (NRDD) on the sagittal plane (Figure 3H) were measured on MRI. All imaging parameters were 
measured using Mimics Medical 21.0 (Materialise, Leuven, BEL).

Statistical Analysis
All data were analyzed using SPSS 24.0 (IBM, Armonk, NY, USA). Variables were tested for normal distribution using 
the Kolmogorov–Smirnov test. Normally distributed data, including clinical outcomes and imaging parameters, were 
compared using Student’s t-test for paired samples. Pearson’s correlation was used to identify correlations between the 
imaging parameters and clinical outcomes. Statistical significance was set at P < 0.05.

Results
In total, 104 patients met the inclusion criteria. The mean follow-up time was 2.4 years (range 2.2–3.6 years). Fifty-four 
of the patients were male (51.9%), and the mean age was 60.9 ± 13.8 years. The most common surgical segment was L4– 
L5 (67.3%), followed by L5–S1 (25.0%) and L3–L4 (7.7%). There were 74 (71.2%) patients with LRS and 30 (28.8%) 

Figure 3 Imaging parameters. (A) Foraminal height (FH) and foraminal width (FW). (B) Facet joint length (FJL). (C) Disc height (DH) and segmental lordosis (SL). (D) 
Lumbar lordosis (LL). (E) Anteroposterior diameter of the lateral recess (LR) and LR angle. (F) Axial nerve root-disc distance. (NRDD axial view). (G) Parasagittal nerve 
root-disc distance. (NRDD parasagittal view), nerve root-pedicle distance (NRPD) and nerve root-facet distance (NRFD). (H) Foraminal soft tissue canal area.
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with FS. The average duration of the symptoms was 67.6 ± 84.0 weeks, and the mean operative time was 178.0 ± 57.1 
minutes. The baseline information is summarized in Table 1.

The average preoperative VAS scores for lower back and leg pain were 67.9 ± 8.7 and 65.4 ± 9.9, respectively. The 
preoperative ODI score was 71.3 ± 6.3. All the patients had an average VAS score of 28.4 ± 6.2, 30.7 ± 6.6, and 31.5 ± 
6.9 for lower back pain and 27.6 ± 5.9, 30.9 ± 6.6, and 31.1 ± 6.7 for leg pain at the 3-month, 1-year, and 2-year follow- 
up, respectively. Meanwhile, the average ODI score was 22.7 ± 7.4, 24.7 ± 7.7, and 25.2 ± 7.8 at the 3-month, 1-year, and 
2-year follow-up, respectively. Statistical differences were seen in VAS and ODI scores at all time points postoperatively 
compared to the points preoperatively (Table 2). The proportion of excellent and good results following MacNab 
evaluation was 82.6% at the 2-year follow-up.

Statistically significant differences were observed in FBCA (1.19 ± 0.33 vs 1.78 ± 0.41, P < 0.01), FW (4.84 ± 1.97 vs 
10.23 ± 3.36, P < 0.01), FJL (14.53 ± 3.00 vs 9.59 ± 3.60, P < 0.01), and anteroposterior diameter of LR (2.61 ± 0.76 vs 
6.93 ± 2.36, P < 0.01) based on CT imaging parameters, as well as FSCA (0.77 ± 0.24 vs 1.07 ± 0.40, P < 0.01), NRFD 
(2.58 ± 2.42 vs 3.81 ± 2.77, P < 0.01), NRFD (sagittal) (2.15 ± 1.95 vs 2.53 ± 1.88, P < 0.05), NRDD (axial) (1.65 ± 1.32 
vs 2.50 ± 1.23, P < 0.01), and nerve root-pedicle distance (NRPD) (1.99 ± 1.67 vs 2.41 ± 1.43, P < 0.01) based on MRI 
parameters (Table 3).

Pearson’s correlation analyses of LRS-related parameters showed that postoperative VAS and ODI scores at different 
time points had a significantly positive correlation with postoperative FJL (P < 0.05) (Table 4). Meanwhile, in Pearson’s 
correlation analyses of FS-related parameters, most postoperative VAS and ODI scores at different time points had 
a significantly negative correlation with the improvement of the NRFD (P < 0.05) and FW (P < 0.05) after the operation 
(Table 5). There were no significant correlations between clinical outcomes and other imaging parameters.

Discussion
In this study, we retrospectively analyzed 104 patients (including 74 patients with LRS and 30 patients with FS) who 
underwent PETD. The clinical outcomes showed that the proportion of excellent and good results following MacNab 
evaluation was 82.6% with a minimum follow-up period of 2 years. We further analyzed the imaging data and found that 
the clinical outcomes were related to the postoperative FJL and the variation in FW and NRFD before and after surgery.

Although PETD has been successful in the treatment of LRS and FS, it is reported that 11.4–17.2% of the patients 
still have unsatisfactory clinical outcomes.7–9 Imaging parameters play an important role in planning surgical procedures; 
thus, we attempted to analyze the clinical outcomes from an imaging perspective. In our study, we studied the changes in 
imaging parameters before and after surgery and found significant changes in the CT-based FJL, FW, FBCA, and 
anteroposterior diameter of LR parameters and the MRI-based FSCA, NRFD, NRDD, and NRPD. It is easy to deduce 
that the changes of the above parameters are due to the surgical enlargement of the intervertebral foramen and lateral 
recesses. However, no significant changes were found for DH-, FH-, LR-, LL- and SL-related variables. These negative 

Table 1 Demographic Data

Clinical Baseline Characters Value

Total patients, n 104

Age, years 60.9 ± 13.8
Gender, male 54 (51.9%)

Stenosis type, n

LRS 74 (71.2%)
FS 30 (28.8%)

Stenosis level, n

L3-L4 8 (7.7%)
L4-L5 70 (67.3%)

L5-S1 26 (25.0%)

Symptom duration, months 67.6 ± 84.0
Operation duration, minutes 178.0 ± 57.1

Follow-up, months 28.2 ±7.4
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imaging indicators reflect the absence of spinal instability. PETD does not typically cause spinal instability, as it is that 
the operation is less damaging to the facet joints and paraspinal muscles than an open approach.

Next, we investigated the correlation between postoperative imaging parameters and clinical outcomes including VAS 
and ODI score. In the treatment of LRS, we found that the clinical outcomes were negatively correlated with post
operative FJL based on CT. Particularly, the magnitude of FJL depends on the extent of SAP resection. Hypertrophy of 

Table 3 Variation of Imaging Parameters Before and After Surgery

Imaging Parameters Preoperative Postoperative Variation

CT imaging parameters
Foraminal bony canal area, cm2 1.19 ± 0.33 1.78 ± 0.41* 0.60 ± 0.38

Disc height, mm 5.80 ± 2.29 5.97 ± 2.08 –

Foraminal width, mm 4.84 ± 1.97 10.23 ± 3.36* 5.38 ± 2.77
Foraminal height, mm 16.05 ± 2.76 16.24 ± 2.70 –

Facet joint length, mm 14.53 ± 3.00 9.59 ± 3.60* −4.94 ± 3.35
Anteroposterior diameter of LR, mm 2.61 ± 0.76 6.93 ± 2.36* 4.33 ± 2.22

LR angle 46.21 ± 11.34 46.39 ± 12.35 –

Segmental lordosis 12.17 ± 5.79 12.19 ± 5.90 –
Lumbar lordosis# 39.02 ± 11.01 40.12 ± 10.98 –

MRI parameters

Foraminal soft tissue canal area, cm2 0.77 ± 0.24 1.07 ± 0.40* 0.29 ± 0.39
Nerve root-facet distance, mm 2.58 ± 2.42 3.81 ± 2.77* 1.24 ± 2.42

Nerve root-disc distance (sagittal), mm 2.15 ± 1.95 2.53 ± 1.88* 0.38 ± 1.65

Nerve root-disc distance (axial), mm 1.65 ± 1.32 2.50 ± 1.23* 0.85 ± 1.33
Nerve root-pedicle distance, mm 1.99 ± 1.67 2.41 ± 1.43* 0.43 ± 1.41

Notes: *Statistical significance (P < 0.05). #This parameter was measured by X-ray.

Table 4 Correlation Between LRS-Related Imaging Parameters and Clinical Outcomes

LRS-Related Parameters (N=74) VAS (Back) VAS (Leg) ODI

1 Year 2 Years 1 Year 2 Years 1 Year 2 Years

Postoperative imaging parameters

Disc height, mm 0.076 0.085 0.100 0.078 0.107 0.129

Facet joint length, m 0.247* 0.257* 0.273* 0.227* 0.262* 0.247*
Anteroposterior diameter of LR, mm −0.118 −0.113 −0.119 −0.107 −0.131 −0.124

LR angle, −0.094 −0.104 −0.082 −0.071 −0.091 −0.098

Lumbar lordosis, −0.158 −0.167 −0.177 −0.221* −0.190 −0.179
Segmental lordosis, −0.052 −0.055 −0.075 −0.056 −0.069 −0.044

Variation of imaging parameters

Facet joint length, mm 0.141 0.161 0.141 0.122 0.157 0.152
Anteroposterior diameter of LR, mm 0.175 0.142 0.153 0.196 0.126 0.142

Note: *Statistical significance (P < 0.05).

Table 2 VAS Pain Scores and ODI Score

Outcome Pre-Op Score Post-Op Score

3 Months 1 Year 2 Years Latest Follow-Up

VAS back pain 67.9 ± 8.7 28.4 ± 6.2* 30.7 ± 6.6* 31.5 ± 6.9* 30.2 ± 6.2*

VAS leg pain 65.4 ± 9.9 27.6 ± 5.9* 30.9 ± 6.6* 31.1 ± 6.7* 30.7 ± 6.3*
ODI (%) 71.3 ± 6.3 22.7 ± 7.4* 24.7 ± 7.7* 25.2 ± 7.8* 24.8 ± 7.5*

Note: *Statistical significance (P < 0.05).
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the SAP is the most common cause of LRS, and some authors believe that adequate decompression is sufficient.9,10,20,21 

Under endoscopy, PETD can achieve selective resection of the SAP and can determine the size of the space around the 
nerve root. In our study, the reduction in FJL may be due to more resection of the top of SAP, resulting in an increase of 
space around nerve roots, thus achieving good clinical results. Therefore, more attention should be focused on the 
management of SAP during surgery. Interestingly, the variation in FJL did not correlate with the clinical outcomes. Some 
patients have mild hyperplasia of the SAP, and only a small amount of the SAP can be removed during the operation to 
achieve a good clinical outcome. Therefore, we believe that good clinical outcomes are related to the actual FJL during 
surgery rather than its variation.

Hypertrophy of the SAP is not only the most common cause of LRS but also plays an important role in the formation 
of FS, especially affecting the anteroposterior diameter of the foramen.10 In our analysis of the clinical efficacy in 
patients with intervertebral FS, we found that the outcome was positively correlated with the variation in FW and NRFD 
before and after surgery. The dimensions of the above two parameters still depend on the extent of the SAP removed 
during the operation. Also, the increase in FW and NRFD are associated with more resection of SAP, which is beneficial 
for nerve decompression and an improved surgical outcome. In the process of foraminoplasty, we should pay attention to 
foraminal enlargement, especially in patients with FS. In addition, Tatsuki et al22 found that the diameter of the 
intervertebral foramen narrowed by 1 mm/year and that the width of the articular process increased by approximately 
0.8 mm/year after foraminoplasty. Bony regeneration of the facet joint after resection was the main reason for FS. 
Therefore, we believe that adequate decompression is particularly important in foraminal osseous stenosis to reduce 
restenosis. In terms of stability of the spine, Osman et al23 and Lee et al10 found that 45.5–50% of SAP resections did not 
increase the range of motion or the neutral zone in any direction and maintained the stability of the spine. This is likely 
because minimally invasive surgery associated with less damage to the muscles and ligaments attached to the spine. 
However, if 75% of the SAP was removed, a significant change in rotational movement was observed.24 Nevertheless, 
further large-scale multicenter studies are needed to determine the SAP retention range, which can help maintain the 
stability of the spine and meet the greatest degree of decompression.

Table 5 Correlation Between FS-Related Imaging Parameters and Clinical Outcomes

FS-Related Parameters (N=30) VAS (Back) VAS (Leg) ODI

1 Year 2 Years 1 Year 2 Years 1 Year 2 Years

Postoperative imaging parameters

Foraminal bony canal area, cm2 −0.169 −0.152 −0.230 −0.223 −0.161 −0.150
Foraminal soft tissue canal area, cm2 0.195 0.218 0.177 0.151 0.194 0.182

Disc height, mm 0.013 −0.035 0.043 0.024 0.020 0.041

Foraminal width, mm −0.224 −0.128 −0.260 −0.216 −0.194 −0.200
Foraminal height, mm −0.137 −0.086 −0.063 −0.069 −0.084 −0.075

Nerve root-facet distance, mm −0.165 −0.020 −0.174 −0.155 −0.127 −0.123

Nerve root-disc distance (sagittal), mm 0.077 0.084 0.019 0.088 0.096 0.083
Nerve root-disc distance (axial), mm 0.081 0.067 0.033 0.097 0.061 0.035

Nerve root-pedicle distance, mm 0.088 0.180 0.042 0.155 0.097 0.087

Lumbar lordosis, ° −0.312 −0.275 −0.251 −0.352 −0.296 −0.282
Segmental lordosis, ° −0.012 0.067 0.034 −0.015 −0.001 0.028

Variation of imaging parameters

Foraminal bony canal area, cm2 −0.216 −0.240 −0.290 −0.273 −0.232 −0.224
Foraminal soft tissue canal area, cm2 0.136 0.171 0.137 0.089 0.143 0.131

Foraminal width, mm −0.401* −0.342 −0.435* −0.396* −0.394* −0.404*

Nerve root-facet distance, mm −0.429* −0.362* −0.364* −0.455* −0.389* −0.373*
Nerve root-disc distance (sagittal), mm −0.046 −0.101 −0.044 −0.073 −0.054 −0.081

Nerve root-disc distance (axial), mm 0.175 0.134 0.208 0.115 0.156 0.166

Nerve root-pedicle distance, mm 0.087 0.086 0.122 0.074 0.088 0.112

Note: *Statistical significance (P < 0.05).
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This study had some limitations. First, in our study, compared to CT, which showed a cross-section thickness of 
0.625 mm, MRI showed a higher cross-section thickness of 1.5 mm, which might have reduced the measurement 
accuracy of MRI-related parameters. Second, the preliminary correlation between the imaging parameters and the clinical 
outcomes shown in this study requires further biomechanical experiments to determine the specific range and limit the 
correlation results to that range. Finally, large-scale, multicenter, long-term studies are necessary.

Conclusion
PETD can achieve good clinical outcomes in the treatment of patients with LRS or FS. Postoperative facet joint length 
was negatively correlated with clinical outcomes of LRS patients. In FS patients, the variation in foraminal width and 
nerve root-facet distance before and after surgery were positively correlated with their clinical outcomes. These findings 
may help surgeons optimize treatment strategies and selection of surgical candidates.
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