Preliminary Development of a Multimodal Deep Learning Model Integrating Clinical Data and Dual-Plane MRI to Predict 1-Year Patient-Reported Lower-Limb Numbness Improvement After Tubular Microdiscectomy
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[bookmark: _Toc238922562]Section S1: Inclusion and exclusion criteria
Inclusion criteria: (1) age ≥ 18 years; (2) primary LDH spanning L3 to S1 (including multi-segmental herniation of 2–3 levels); (3) presence of radicular pain; (4) failure of standardized conservative management for ≥3 months, or acute presentation of severe pain, cauda equina syndrome, or progressive muscle weakness/atrophy; (5) positive straight leg raise test (≤70°); (6) clinical neurological manifestations corroborating CT/MRI findings; and (7) completion of standardized unilateral TMD and unified postoperative physiotherapy.
    Exclusion criteria: (1) absence of preoperative lower limb numbness; (2) incomplete follow-up/imaging data or suboptimal image quality; (3) lumbar segmental instability on dynamic radiographs; (4) severe systemic or psychiatric disorders; (5) concurrent rheumatic or autoimmune diseases with confounding symptoms; and (6) concurrent participation in other clinical trials. The overall workflow of this study is shown in Fig. 1.















[bookmark: _Toc238922563]Section S2: Detailed Surgical Procedure
Standardization and Anesthesia
[bookmark: _Toc227244965][bookmark: _Toc238922564][bookmark: _Toc236510069]All surgical procedures adhered to the standardized protocols of Hospital 1 and were supplemented by a unified postoperative physiotherapy regimen. Patients were placed in a prone position. General anesthesia was administered via endotracheal intubation, employing a combination of intravenous and inhalation agents.
[bookmark: _Toc238922565][bookmark: _Toc227244966][bookmark: _Toc236510070]Preoperative Localization
[bookmark: _Toc227244967][bookmark: _Toc236510071][bookmark: _Toc238922566]Following patient positioning, the target surgical segment was determined using a localization needle under C-arm fluoroscopic guidance in both anteroposterior and lateral views. The skin area corresponding to the target lumbar segment was precisely demarcated.
[bookmark: _Toc238922567][bookmark: _Toc227244968][bookmark: _Toc236510072]Surgical Approach and Channel Establishment
After standard disinfection and draping, the surgical puncture point was identified via intraoperative C-arm fluoroscopy. In patients presenting with lower limb pain, a longitudinal skin incision of approximately 1.5 to 1.8 cm was made on the symptomatic side. The subcutaneous tissue and myofascia were dissected layer by layer.Subsequently, a Kirschner wire (K-wire) was inserted through the incision to the inferior border of the medial lamina of the target vertebral body. The position and trajectory of the K-wire were adjusted under fluoroscopic guidance. Once the placement was confirmed, paravertebral dilators were introduced over the K-wire to sequentially expand and separate the surrounding musculature. A surgical micro-channel was then established, and its alignment with the intervertebral disc space was further validated using the C-arm.
[bookmark: _Toc238922568][bookmark: _Toc227244969][bookmark: _Toc236510073]Laminectomy and Decompression
Under microscopic visualization, blunt dissection was performed on the soft tissues overlying the laminar surface within the micro-channel. A high-speed drill was utilized to resect the inferior margin of the lamina and adjacent bony structures. The ligamentum flavum was then excised, exposing the spinal canal, the posterior dural sac, and the bilateral nerve root sleeves. Through thorough resection of the lateral ligamentum flavum and the inferior laminar segment, the nerve root was fully visualized from its dural exit to the adjacent segment of the spinal canal. The nerve root was carefully retracted to facilitate the removal of all herniated or prolapsed intervertebral disc tissue. This procedure ensured comprehensive 360° decompression of the nerve root. Finally, a secondary inspection of the spinal canal and neuroforamen was conducted to verify adequate decompression.
[bookmark: _Toc236510074][bookmark: _Toc238922569][bookmark: _Toc227244970]Wound Closure and Postoperative Management
Complete decompression of the spinal canal was intraoperatively verified based on the following observations: vigorous pulsation of the ipsilateral nerve root sleeve and adequate extracanalicular decompression of the dural sac. Expansion of both the dural sac and the nerve roots, coupled with a mobility of approximately 1cm, signified the resolution of mechanical compression and confirmed optimal structural flexibility for manipulation. Following the assessment, the surgical micro-channel was withdrawn, and the paravertebral musculature was anatomically restored. The incision was closed in a layered fashion—from the fascia to the skin—while maintaining meticulous hemostasis throughout the procedure.








[bookmark: _Toc238922570]Section S3: Imaging Protocol Details for MRI Acquisition Parameters at Both Centers
The imaging parameters for Center 1 consisted of a repetition time (TR) of 2500-3000 ms, an echo time (TE) of 100-110 ms, a slice thickness of 4 mm, an interslice gap of 1mm, a matrix size of 256 times 512, and a field of view (FOV) of 240×240 mm. For Center 2, the TR and TE were set to 2100 ms and 120 ms, respectively, while all other parameters remained identical to those utilized at Center 1.
















[bookmark: _Toc238922571]Section S4: Standards for Postoperative Follow-up and Leg Numbness
Notably, these metrics were utilized solely as descriptive recovery outcomes, rather than as candidate predictors.
1. Postoperative Follow-up Protocol
All patients who underwent tubular microdiscectomy (TMD) were enrolled in a standardized postoperative follow-up program.
a) Follow-up Schedule: Routine clinical evaluations were conducted at 1, 3, 9, and 12 months postoperatively, with a primary focus on the progression and status of leg numbness.
b) Modality: Assessments were performed during outpatient clinic visits. For patients unable to attend in person, structured telephone interviews were conducted by trained clinical personnel to ensure accurate data collection and continuity of care.
[bookmark: _Toc238922572][bookmark: _Toc236510077][bookmark: _Toc227244979]2. Primary Outcome Measure: Assessment of One-Year Postoperative Numbness
The primary endpoint of this study was the status of residual or recurrent leg numbness at the one-year follow-up point. To ensure a precise and rigorous evaluation, the following criteria were applied:
a) Baseline Establishment: A comparative analysis was performed between preoperative and postoperative states. To establish a consistent baseline, patients without preoperative leg numbness were excluded; the analysis was strictly restricted to those who were symptomatic at baseline.
b) Outcome Categorization (Binary Classification): Postoperative outcomes were categorized based on clinical change and patient-reported outcomes. Because numbness is a highly subjective sensory experience, the evaluation relied on the patient's explicit self-reporting rather than numerical rating scales:
i. Value 1 (Improved): Assigned to patients who reported complete resolution or partial improvement of lower-limb numbness at the 12-month follow-up compared with their preoperative status. Patients with residual numbness were classified as improved if they reported any symptomatic relief.
ii. Value 0 (Non-improved / Recurrent): Assigned to patients who reported unchanged or worsened lower-limb numbness at the 12-month follow-up compared with their preoperative status. Patients who experienced temporary relief followed by recurrence were classified according to their status at 12 months; those whose symptoms had returned to the preoperative level or worsened were classified as non-improved.
3. Secondary Postoperative Clinical Evaluations
While the primary focus for the predictive model was the binary outcome of numbness, comprehensive functional and pain assessments were also performed postoperatively using standardized scoring systems to track overall recovery. These secondary indicators included:
a) Postoperative Oswestry Disability Index (ODI): Evaluated to assess the ongoing impact of the lumbar spine condition on the patient's daily life activities.
b) Postoperative Japanese Orthopaedic Association (JOA) Score: Assessed at the 1-year mark to evaluate overall clinical efficacy, encompassing subjective symptoms, clinical signs, and restriction of activities of daily living.
c) Postoperative Numerical Rating Scale (NRS) for Leg Pain: A 0-10 scale used strictly to quantify residual radicular pain in the affected lower limb, evaluated independently from the sensation of numbness.
[bookmark: _Toc238922573]

[bookmark: _Toc236510079]Section S5: Detailed Definitions and Evaluation Standards for Clinical and Imaging Features
[bookmark: _Toc238922574]Basic information
Age, gender, height, weight, body mass index (BMI), high-risk occupation (an occupation that requires long-term sedentary standing or heavy physical activity), and family history (a first-degree relative with LDH).
[bookmark: _Toc227244897][bookmark: _Toc227244973][bookmark: _Toc238922575][bookmark: _Toc236510080]Medical history examination
History of lumbar trauma, duration of disease, preoperative conservative treatment time, preoperative pain medication use time, low back pain, underlying diseases (hypertension and diabetes), smoking history, alcoholism, preoperative physical examination (straight leg raising test) angle, sensory disturbance, muscle strength grading of the affected limb, and Barthel's scale.
[bookmark: _Toc238922576][bookmark: _Toc236510081][bookmark: _Toc227244898][bookmark: _Toc227244974]Preoperative inspection indicators
Serum creatine kinase (CK).
[bookmark: _Toc236510082][bookmark: _Toc227244975][bookmark: _Toc227244899][bookmark: _Toc238922577]Preoperative examination indicators
(1) Degeneration of the lumbar spine: ligament calcification, osteoporosis, lumbar spondylolisthesis, lumbar intervertebral disc space collapse, lumbar spinal canal sagittal meridian, and Modic type changes in the endplate and subendplate [1].
(2) Related conditions of lumbar intervertebral disc herniation: the number of protruding segments, the protruding position of the responsible segment[2], the sagittal division of the responsible segment, transverse division of the responsible segment and the degree of herniation according to the Michigan State University (MSU) classification grade[3], Protrusion Direction and Pfirrmann grade[4] for lumbar intervertebral disc degeneration of the responsible segment.
[bookmark: _Toc236510083][bookmark: _Toc227244976][bookmark: _Toc227244900][bookmark: _Toc238922578]Preoperative scoring
(1) The American Society of Anesthesiologists (ASA) score: before anesthesia, the patient was divided into 5 grades according to the patient's physical condition and surgical risk (grade 1 means no other systemic diseases except local lesions, grade 2 indicates mild or moderate systemic disease, grade 3 indicates that the patient has any serious systemic disease but has not lost the work ability, grade 4 indicates that the patient has a serious life-threatening systemic disease and has lost the work ability, and grade 5 indicates that the patient is in a critical condition requiring emergency surgery) [5].
(2) Oswestry Disability Index (ODI) score: a total score of 10 for the pain level, self-care ability of daily living, carrying objects, walking, sitting, standing, sleep, sex life, social activities, and travel was assessed by a questionnaire. Each aspect has 1 question and 6 options, corresponding to 0 to 5 points, respectively. The ODI score was calculated as the percentage of the total score obtained by the subjects in the total score of the highest score of the evaluated item. The higher the score, the more severe the dysfunction[6].
(3) Numerical rating scale (NRS) score for preoperative low back pain and leg pain: a score of 0-10 indicates the degree of pain; the higher the value, the higher the degree of pain[7].
(4) The Japanese Orthopedic Association (JOA) evaluation treatment score for the lumbar spine before surgery: including subjective symptoms (such as the degree of low back pain, numbness or pain in the lower extremity, and walking ability), clinical signs (such as straight leg lift) High angle, sensory disturbance, muscle strength 3 items), the degree of limitation of daily activities (including bed rest, standing, washing, bending, sitting, lifting, and walking; 7 items) and bladder function in a total of 4 aspects, each with 3- . The four choices correspond to their respective scores, with a total score. The lower the score, the more obvious the dysfunction[8].
[bookmark: _Toc236510084][bookmark: _Toc238922579][bookmark: _Toc227244977][bookmark: _Toc227244901]Surgery-related indicators
Surgical segments, number of operative segments, operative time, and intraoperative blood loss were considered as the surgery-related indicators.
1. Degeneration of the lumbar spine: 
a) Ligament Calcification
Ligaments that undergo calcification are discernible on CT scans by their increased brightness. The images highlight their thickness and the extent of their lateral spread. However, for our purposes, [9] we only record the presence or absence of calcification.
b) Osteoporosis
Osteoporosis is usually diagnosed by bone density scanning (BMD)
Osteoporosis is typically diagnosed using bone density scanning (BMD). It is defined based on the T-score from BMD results: a T-score that is less than 2.5 standard (T<-2.5) deviations below the young healthy population's mean is categorized as osteoporotic.[10]
c) Lumbar Intervertebral Disc Collapse
The status of disc collapse is assessed on the central sagittal plane of the CT image. There is an obvious narrowing of the intervertebral space, or a significant change in the ratio of disc height to vertebral body height[11].
a) Lumbar Spinal Canal Sagittal Diameter[12]
On mid-sagittal T2-weighted MRI, the anteroposterior diameter of the lumbar spinal canal was measured perpendicular to the long axis of the spinal canal, from the midpoint of the posterior vertebral body wall to the anterior edge of the corresponding lamina at the base of the spinous process.
b) Modic Changes[1, 13]
Modic changes, which are alterations in the MRI signal intensity of vertebral bone marrow, are classified based on sagittal T2 MRI criteria. These are further categorized as follows:
Normal: isointense on T1w and T2w. 
Modic Type I: Presence of edema and inflammation beneath the endplate, high signal on T2-weighted MRI sequences.
Modic Type II: Fatty degeneration beneath the endplate, high signal on T2-weighted MRI sequences.
Modic Type III: Bone sclerosis beneath the endplate, low signal on T2-weighted MRI sequences.
b) Related conditions of lumbar intervertebral disc herniation: 
a) Number of protruding segments
Single-Level Herniation: The herniation affects only one disc space.
Multi-Level Herniation: The herniation affects two or more disc spaces.
b) position of the responsible segment[2]
In cross-section, the prominence is judged as either Central, Left, or Right.
c) Michigan State University (MSU) classification grade[3] of the responsible segment
 It employs a single intra-facet line as a reference point to measure the disc herniation at the level of maximum extrusion, where the most impact on neurologic structures likely occurs.
size-1: In reference to the intra-facet line, a determination is made as to whether the disc herniation extends up to or less than 50% of the distance from the non-herniated posterior aspect of the disc to the intra-facet line.
size-2: More than 50% of that distance.
size-3: The herniation extends altogether beyond the intra-facet line.
Three points are placed along the intra-facet line, dividing it into four equal quarters. Then, perpendicular lines are drawn through each of these points to create the right and left lateral and right and left central quadrants.
zone-A: The right and left central quadrants.
zone-B: Right and left lateral quadrants.
zone-C: Is represented at the level of the foramen by the area that extends beyond the medial margin of either facet joint, past the borderline of the lateral quadrants
d) 4.Pfirrmann grade[4] for degeneration of the lumbar intervertebral discs in the responsible segment:
Grade I: The structure of the disc is homogeneous, with a bright hyperintense white signal intensity and a normal disc height. 
Grade II: The structure of the disc is inhomogeneous, with a hyperintense white signal. The distinction between nucleus and anulus is clear, and the disc height is normal, with or without horizontal gray bands. 
Grade III: The structure of the disc is inhomogeneous, with an intermediate gray signal intensity. The distinction between nucleus and anulus is unclear, and the disc height is normal or slightly decreased. 
Grade IV: The structure of the disc is inhomogeneous, with an hypointense dark gray signal intensity. The distinction between nucleus and anulus is lost, and the disc height is normal or moderately decreased. 
Grade V: The structure of the disc is inhomogeneous, with a hypointense black signal intensity. The distinction between nucleus and anulus is lost, and the disc space is collapsed. 
e) Sagittal_Disc_Protrusion_Level_(Migration_Grade)
Analyzed on the sagittal plane, migration direction is indicated by symbols: downward (caudal) is negative, and upward (cranial) is positive. The migration extent is represented by a scale from 0 to 3.
3: Extends beyond the lower border of the upper pedicle
2: Between the lower border of the upper pedicle and the midpoint to the superior disc margin
1: Between the midpoint and the superior disc margin
0: At the level of the disc
-1: Between the inferior disc margin and the midpoint to the lower pedicle
-2: Between the midpoint and the lower border of the lower pedicle
-3: Extends beyond the lower border of the lower pedicle
[bookmark: _Toc226655636][bookmark: _Toc238922580]Section S6: Parameter Settings During Deep Learning Model Training
Learning Rate Adjustment Strategy
In this study, a cosine annealing learning rate scheduler was implemented to dynamically adjust the learning rate for the entire network. This strategy helps the model avoid local minima and improves generalization ability. The formula for the learning rate adjustment is defined as follows:

Where =0, =0.01, =100 epochs represent the minimum learning rate, maximum learning rate, and the total number of iteration epochs, respectively.  denotes the current epoch number. This continuous decay was applied uniformly to all parameters throughout the training process.
Hyperparameter Configuration
a) Optimizer: The Adam optimizer was employed, which combines the advantages of both Momentum and RMSProp algorithms to provide adaptive learning rates and enhance the model's convergence performance.
b) Loss Function: The Softmax Cross-Entropy Loss function was adopted. While predicting postoperative numbness improvement is intrinsically a binary classification task, we implemented it utilizing a two-channel output configuration with Softmax activation in the final fully connected layer. Hidden layers utilized ReLU (Rectified Linear Unit) as the activation function.
c) Dropout Usage: Dropout layers were not incorporated into our training pipeline. The ResNet18, ResNet50, and ResNet101 architectures rely on Batch Normalization (BatchNorm) for regularization, which natively mitigates overfitting without the necessity of default Dropout layers.
Early Stopping Criteria
We did not employ a strict early stopping strategy to interrupt training prematurely. Models were allowed to train for the full defined schedule of 100 epochs. Post-training, the model checkpoint that achieved the optimal performance on the validation set was designated as the final preserved model. Throughout the process, validation accuracy and loss values were continuously logged per epoch to monitor training stability and assess the Area Under the Curve (AUC).
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[bookmark: _Toc238922581]Section S7: Preoperative Clinical Characteristics and Surgical Follow-up Variables in the Training, Internal Validation, and External Validation Sets
	Table S1. Preoperative Clinical Characteristics and Surgical Follow-up Variables in the Training, Internal Validation, and External Validation Sets   

	
	Train (n=111)
	Internal Validation Set (n=48)
	External Validation Set (n=55)

	features
	ALL
	Non-Improved
	improved
	p
	ALL
	Non-Improved
	improved
	p
	ALL
	Non-Improved 
	improved
	p

	
	
	(n=46)
	(n=65)
	
	
	(n=17)
	(n=31)
	
	
	(n=21)
	(n=34)
	

	Age_(years)
	53.20±14.97
	55.93±15.44
	51.26±14.42
	0.11 
	54.10±14.05
	56.24±11.49
	52.94±15.32
	0.44 
	51.38±14.71
	51.29±17.08
	51.44±13.31
	0.97 

	Height_(m)
	1.64±0.09
	1.64±0.09
	1.64±0.09
	0.97
	1.64±0.07
	1.65±0.07
	1.64±0.08
	0.61
	1.64±0.09
	1.65±0.10
	1.64±0.07
	0.55 

	Weight_(kg)
	64.62±11.98
	65.65±13.71
	63.89±10.64
	0.67 
	67.06±12.01
	69.06±10.72
	65.97±12.70
	0.22 
	67.42±14.02
	68.57±15.79
	66.71±13.01
	0.86 

	BMI
	24.02±2.70
	24.17±3.19
	23.91±2.32
	0.52 
	24.79±4.12
	25.24±2.66
	24.55±4.76
	0.20 
	24.91±4.19
	24.95±3.68
	24.88±4.52
	0.60 

	Preoperative_Analgesic_Duration_(months)
	2.62±11.92
	2.17±5.69
	2.94±14.88
	0.91 
	1.21±2.00
	1.18±1.88
	1.23±2.09
	0.90 
	3.87±16.20
	2.00±3.08
	5.03±20.50
	0.64 

	Preoperative_Steroid_Duration_(days)
	0.36±1.37
	0.54±1.89
	0.23±0.81
	0.76 
	0.31±1.07
	0.41±1.18
	0.26±1.03
	0.56 
	0.25±1.44
	0.67±2.31
	0.00±0.00
	0.07 

	Preoperative_Conservative_Treatment_Duration_(months)
	18.54±35.38
	22.67±32.60
	15.62±37.19
	0.06 
	23.62±40.33
	29.53±45.37
	20.39±37.67
	0.40 
	25.53±39.44
	37.24±46.39
	18.29±33.16
	0.15 

	Low_Back_and_Leg_Pain_Duration_(months)
	40.35±62.99
	44.85±62.52
	37.17±63.61
	0.13 
	37.23±52.16
	46.35±46.60
	32.23±55.06
	0.09 
	41.07±60.26
	48.62±58.95
	36.41±61.46
	0.41 

	Affected_Limb_Straight_Leg_Raise_Test_Angle
	42.07±18.49
	44.46±16.84
	40.38±19.53
	0.41 
	38.33±18.43
	35.59±16.94
	39.84±19.30
	0.29 
	43.91±10.83
	42.62±11.02
	44.71±10.80
	0.64 

	Preoperative_CK
	125.81±347.08
	155.39±501.83
	104.88±170.01
	0.93 
	123.52±130.81
	108.06±70.43
	132.00±154.77
	0.61 
	104.49±117.49
	88.48±65.16
	114.38±140.53
	0.60 

	Intraoperative_Blood_Loss_(ml)
	23.15±19.36
	25.70±28.44
	21.35±8.24
	0.38 
	23.90±14.95
	21.53±7.82
	25.19±17.68
	0.65 
	25.27±28.19
	29.05±40.58
	22.94±16.97
	0.98 

	Height_of_Upper_Adjacent_Intervertebral_Space_(cm)
	1.13±0.16
	1.12±0.15
	1.14±0.17
	0.83 
	1.09±0.20
	1.12±0.16
	1.07±0.22
	0.30 
	1.11±0.20
	1.13±0.16
	1.10±0.22
	0.61 

	Height_of_Surgical_Intervertebral_Space_(cm)
	0.91±0.20
	0.89±0.20
	0.93±0.19
	0.23 
	0.96±0.18
	1.00±0.19
	0.93±0.17
	0.20 
	0.88±0.26
	0.89±0.25
	0.88±0.27
	0.85 

	Height_of_Lower_Adjacent_Intervertebral_Space_(cm)
	0.99±0.20
	1.00±0.23
	0.99±0.18
	0.79 
	0.99±0.22
	0.98±0.27
	1.00±0.20
	0.60 
	0.97±0.23
	1.03±0.25
	0.93±0.22
	0.21 

	Sagittal_Diameter_(cm)
	1.38±0.22
	1.40±0.26
	1.36±0.18
	0.58 
	1.41±0.24
	1.44±0.22
	1.39±0.25
	0.52 
	1.39±0.28
	1.46±0.32
	1.35±0.25
	0.29 

	Postoperative_Hospital_Stay_(days)
	8.49±2.86
	8.57±2.45
	8.43±3.13
	0.62 
	8.58±2.96
	8.94±3.83
	8.39±2.40
	0.82 
	7.96±3.03
	8.19±2.56
	7.82±3.32
	0.32 

	Postoperative_Analgesic_Duration_(months)
	6.68±4.57
	7.54±5.47
	6.08±3.73
	0.29 
	7.85±6.43
	10.71±8.55
	6.29±4.31
	0.05 
	7.13±4.46
	8.05±5.04
	6.56±4.04
	0.35 

	Postoperative_Steroid_Duration_(days)
	5.43±2.47
	5.59±2.73
	5.32±2.28
	0.40 
	5.56±2.12
	5.94±1.85
	5.35±2.26
	0.37 
	5.71±2.54
	6.14±3.14
	5.44±2.11
	0.42 

	Post_ODI_(%)
	22.48±16.62
	27.20±18.25
	19.14±14.61
	0.04 
	23.06±16.76
	26.94±22.50
	20.94±12.52
	0.75 
	24.45±15.32
	30.24±15.91
	20.88±14.01
	0.03 

	Pre_ODI_(%)
	52.73±18.71
	53.80±18.96
	51.97±18.64
	0.48 
	52.71±19.66
	54.82±25.78
	51.55±15.73
	0.38 
	58.60±17.77
	61.76±16.08
	56.65±18.70
	0.38 

	Pre_Low_Back_Pain_NRS
	3.44±1.91
	3.33±2.15
	3.52±1.73
	0.58 
	3.02±2.28
	3.18±2.32
	2.94±2.29
	0.54 
	3.25±2.07
	3.33±2.27
	3.21±1.98
	0.49 

	Pre_Leg_Pain_NRS
	5.12±1.13
	5.17±1.14
	5.08±1.14
	0.58 
	4.94±1.17
	5.18±1.33
	4.81±1.08
	0.30 
	5.22±1.30
	5.43±1.21
	5.09±1.36
	0.32 

	Pre_JOA
	12.28±3.01
	12.22±3.00
	12.32±3.04
	0.50 
	12.38±3.78
	10.59±3.20
	13.35±3.76
	0.03 
	12.18±3.63
	11.48±2.73
	12.62±4.06
	0.40 

	Post_1_Year_JOA
	22.23±4.55
	20.78±4.97
	23.25±3.95
	0.01 
	21.38±4.41
	19.53±5.20
	22.39±3.62
	0.05 
	21.71±4.26
	20.14±4.25
	22.68±4.03
	0.04 

	Post_Low_Back_Pain_NRS
	1.86±1.37
	2.09±1.59
	1.71±1.17
	0.21 
	1.83±1.39
	2.24±1.56
	1.61±1.26
	0.24 
	1.89±1.24
	2.24±1.18
	1.68±1.25
	0.08 

	Post_Leg_Pain_NRS
	1.94±1.28
	2.35±1.46
	1.65±1.05
	0.01 
	2.04±1.24
	2.41±1.58
	1.84±0.97
	0.23 
	1.98±1.15
	2.48±0.98
	1.68±1.15
	0.01 

	Surgery_Time_(h)
	2.95±0.94
	3.13±1.15
	2.83±0.74
	0.45 
	3.06±0.86
	3.41±0.87
	2.87±0.81
	0.04 
	2.75±1.04
	3.00±1.18
	2.59±0.92
	0.30 

	Gender_(Male=1,_Female=0)
	
	
	
	0.84 
	
	
	
	0.72 
	
	
	
	1.00 

	0 
	53(47.75)
	23(50.00)
	30(46.15)
	
	20(41.67)
	6(35.29)
	14(45.16)
	
	27(49.09)
	10(47.62)
	17(50.00)
	

	1 
	58(52.25)
	23(50.00)
	35(53.85)
	
	28(58.33)
	11(64.71)
	17(54.84)
	
	28(50.91)
	11(52.38)
	17(50.00)
	

	Trauma_(Yes=1,_No=0)
	
	
	
	0.87 
	
	
	
	1.00 
	
	
	
	1.00 

	0 
	107(96.40)
	45(97.83)
	62(95.38)
	
	48(100.00)
	17(100.00)
	31(100.00)
	
	54(98.18)
	21(100.00)
	33(97.06)
	

	1 
	4(3.60)
	1(2.17)
	3(4.62)
	
	0(0.00)
	0.00 
	0.00 
	
	1(1.82)
	0.00 
	1(2.94)
	

	Hypertension_(Yes/No)
	
	
	
	0.11 
	
	
	
	0.66 
	
	
	
	0.37 

	0 
	78(70.27)
	28(60.87)
	50(76.92)
	
	37(77.08)
	12(70.59)
	25(80.65)
	
	44(80.00)
	15(71.43)
	29(85.29)
	

	1 
	33(29.73)
	18(39.13)
	15(23.08)
	
	11(22.92)
	5(29.41)
	6(19.35)
	
	11(20.00)
	6(28.57)
	5(14.71)
	

	Diabetes_(Yes/No)
	
	
	
	0.59 
	
	
	
	0.24 
	
	
	
	0.12 

	0 
	93(83.78)
	37(80.43)
	56(86.15)
	
	44(91.67)
	14(82.35)
	30(96.77)
	
	50(90.91)
	17(80.95)
	33(97.06)
	

	1 
	18(16.22)
	9(19.57)
	9(13.85)
	
	4(8.33)
	3(17.65)
	1(3.23)
	
	5(9.09)
	4(19.05)
	1(2.94)
	

	Rheumatism_(Yes/No)
	
	
	
	0.86 
	
	
	
	1.00 
	
	
	
	1.00 

	0 
	110(99.10)
	45(97.83)
	65(100.00)
	
	47(97.92)
	17(100.00)
	30(96.77)
	
	54(98.18)
	21(100.00)
	33(97.06)
	

	1 
	1(0.90)
	1(2.17)
	0.00 
	
	1(2.08)
	0.00 
	1(3.23)
	
	1(1.82)
	0.00 
	1(2.94)
	

	Alcohol_History
	
	
	
	0.66 
	
	
	
	1.00 
	
	
	
	0.43 

	0 
	101(90.99)
	43(93.48)
	58(89.23)
	
	46(95.83)
	16(94.12)
	30(96.77)
	
	52(94.55)
	21(100.00)
	31(91.18)
	

	1 
	10(9.01)
	3(6.52)
	7(10.77)
	
	2(4.17)
	1(5.88)
	1(3.23)
	
	3(5.45)
	0.00 
	3(8.82)
	

	Smoking_History_(Yes/No)
	
	
	
	1.00 
	
	
	
	0.99 
	
	
	
	1.00 

	0 
	81(72.97)
	34(73.91)
	47(72.31)
	
	41(85.42)
	14(82.35)
	27(87.10)
	
	46(83.64)
	18(85.71)
	28(82.35)
	

	1 
	30(27.03)
	12(26.09)
	18(27.69)
	
	7(14.58)
	3(17.65)
	4(12.90)
	
	9(16.36)
	3(14.29)
	6(17.65)
	

	ASIA_Score
	
	
	
	0.23 
	
	
	
	0.11 
	
	
	
	0.20 

	1 
	71(63.96)
	27(58.70)
	44(67.69)
	
	33(68.75)
	9(52.94)
	24(77.42)
	
	43(78.18)
	14(66.67)
	29(85.29)
	

	2 
	38(34.23)
	19(41.30)
	19(29.23)
	
	14(29.17)
	8(47.06)
	6(19.35)
	
	12(21.82)
	7(33.33)
	5(14.71)
	

	3 
	2(1.80)
	0.00 
	2(3.08)
	
	1(2.08)
	0.00 
	1(3.23)
	
	0(0.00)
	0.00 
	0.00 
	

	Family_History_of_Lumbar_Disc_Herniation_(Yes=1,_No=0)
	
	
	
	0.69 
	
	
	
	0.99 
	
	
	
	1.00 

	0 
	97(87.39)
	39(84.78)
	58(89.23)
	
	41(85.42)
	14(82.35)
	27(87.10)
	
	45(81.82)
	17(80.95)
	28(82.35)
	

	1 
	14(12.61)
	7(15.22)
	7(10.77)
	
	7(14.58)
	3(17.65)
	4(12.90)
	
	10(18.18)
	4(19.05)
	6(17.65)
	

	Low_Back_Pain_(Yes=1,_No=0)
	
	
	
	0.56 
	
	
	
	0.74 
	
	
	
	0.73 

	0 
	27(24.32)
	13(28.26)
	14(21.54)
	
	17(35.42)
	5(29.41)
	12(38.71)
	
	13(23.64)
	6(28.57)
	7(20.59)
	

	1 
	84(75.68)
	33(71.74)
	51(78.46)
	
	31(64.58)
	12(70.59)
	19(61.29)
	
	42(76.36)
	15(71.43)
	27(79.41)
	

	Affected_Limb_Muscle_Strength_(1-5)
	
	
	
	0.45 
	
	
	
	0.38 
	
	
	
	0.45 

	1 
	0(0.00)
	0.00 
	0.00 
	
	1(2.08)
	1(5.88)
	0.00 
	
	1(1.82)
	1(4.76)
	0.00 
	

	2 
	0(0.00)
	0.00 
	0.00 
	
	0(0.00)
	0.00 
	0.00 
	
	0(0.00)
	0.00 
	0.00 
	

	3 
	1(0.90)
	0.00 
	1(1.54)
	
	2(4.17)
	0.00 
	2(6.45)
	
	1(1.82)
	0.00 
	1(2.94)
	

	4 
	34(30.63)
	12(26.09)
	22(33.85)
	
	13(27.08)
	4(23.53)
	9(29.03)
	
	16(29.09)
	5(23.81)
	11(32.35)
	

	5 
	76(68.47)
	34(73.91)
	42(64.62)
	
	32(66.67)
	12(70.59)
	20(64.52)
	
	37(67.27)
	15(71.43)
	22(64.71)
	

	Babinski_Sign_(Negative=0,_Positive=1)
	
	
	
	0.14 
	
	
	
	1.00 
	
	
	
	0.98 

	0 
	106(95.50)
	46(100.00)
	60(92.31)
	
	45(93.75)
	16(94.12)
	29(93.55)
	
	51(92.73)
	20(95.24)
	31(91.18)
	

	1 
	5(4.50)
	0.00 
	5(7.69)
	
	3(6.25)
	1(5.88)
	2(6.45)
	
	4(7.27)
	1(4.76)
	3(8.82)
	

	Surgical_Segment_Number
	
	
	
	0.45 
	
	
	
	0.12 
	
	
	
	0.25 

	1 
	36(32.43)
	11(23.91)
	25(38.46)
	
	14(29.17)
	4(23.53)
	10(32.26)
	
	26(47.27)
	7(33.33)
	19(55.88)
	

	2 
	63(56.76)
	29(63.04)
	34(52.31)
	
	25(52.08)
	7(41.18)
	18(58.06)
	
	21(38.18)
	9(42.86)
	12(35.29)
	

	3 
	10(9.01)
	5(10.87)
	5(7.69)
	
	1(2.08)
	1(5.88)
	0.00 
	
	4(7.27)
	3(14.29)
	1(2.94)
	

	4 
	2(1.80)
	1(2.17)
	1(1.54)
	
	7(14.58)
	5(29.41)
	2(6.45)
	
	4(7.27)
	2(9.52)
	2(5.88)
	

	5 
	0(0.00)
	0.00 
	0.00 
	
	1(2.08)
	0.00 
	1(3.23)
	
	0.00 
	0.00 
	0.00 
	

	Number_of_Protruding_Segments
	
	
	
	0.02 
	
	
	
	0.97 
	
	
	
	0.27 

	1 
	0(0.00)
	0(0.00)
	0.00 
	
	0(0.00)
	0(0.00)
	0.00 
	
	0(0.00)
	0(0.00)
	0.00 
	

	2 
	1(0.90)
	1(2.17)
	0.00 
	
	0(0.00)
	0.00 
	0.00 
	
	1(1.82)
	1(4.76)
	0.00 
	

	3 
	2(1.80)
	2(4.35)
	0.00 
	
	3(6.25)
	1(5.88)
	2(6.45)
	
	4(7.27)
	3(14.29)
	1(2.94)
	

	4 
	76(68.47)
	25(54.35)
	51(78.46)
	
	28(58.33)
	10(58.82)
	18(58.06)
	
	25(45.45)
	7(33.33)
	18(52.94)
	

	5 
	29(26.13)
	15(32.61)
	14(21.54)
	
	15(31.25)
	5(29.41)
	10(32.26)
	
	23(41.82)
	9(42.86)
	14(41.18)
	

	6 
	3(2.70)
	3(6.52)
	0.00 
	
	2(4.17)
	1(5.88)
	1(3.23)
	
	2(3.64)
	1(4.76)
	1(2.94)
	

	Number_of_Surgical_Segments
	
	
	
	0.14 
	
	
	
	0.30 
	
	
	
	1.00 

	1 
	108(97.30)
	43(93.48)
	65(100.00)
	
	46(95.83)
	16(94.12)
	30(96.77)
	
	53(96.36)
	20(95.24)
	33(97.06)
	

	2 
	3(2.70)
	3(6.52)
	0.00 
	
	1(2.08)
	0.00 
	1(3.23)
	
	2(3.64)
	1(4.76)
	1(2.94)
	

	3 
	0(0.00)
	0.00 
	0.00 
	
	1(2.08)
	1(5.88)
	0.00 
	
	0.00 
	0.00 
	0.00 
	

	Protrusion_Direction_(Left=1,_Right=2)
	
	
	
	0.84 
	
	
	
	0.92 
	
	
	
	0.71 

	1 
	70(63.06)
	28(60.87)
	42(64.62)
	
	32(66.67)
	12(70.59)
	20(64.52)
	
	31(56.36)
	13(61.90)
	18(52.94)
	

	2 
	41(36.94)
	18(39.13)
	23(35.38)
	
	16(33.33)
	5(29.41)
	11(35.48)
	
	24(43.64)
	8(38.10)
	16(47.06)
	

	Intervertebral_Space_Collapse_(Yes=1,_No=0)
	
	
	
	0.41 
	
	
	
	1.00 
	
	
	
	1.00 

	0 
	76(68.47)
	29(63.04)
	47(72.31)
	
	39(81.25)
	14(82.35)
	25(80.65)
	
	32(58.18)
	12(57.14)
	20(58.82)
	

	1 
	35(31.53)
	17(36.96)
	18(27.69)
	
	9(18.75)
	3(17.65)
	6(19.35)
	
	23(41.82)
	9(42.86)
	14(41.18)
	

	Osteoporosis_(Yes=1,_No=0)_based_on_Bone_Density_Report
	
	
	
	0.06 
	
	
	
	0.15 
	
	
	
	0.73 

	0 
	88(79.28)
	32(69.57)
	56(86.15)
	
	38(79.17)
	11(64.71)
	27(87.10)
	
	42(76.36)
	15(71.43)
	27(79.41)
	

	1 
	23(20.72)
	14(30.43)
	9(13.85)
	
	10(20.83)
	6(35.29)
	4(12.90)
	
	13(23.64)
	6(28.57)
	7(20.59)
	

	Ligament_Calcification/Osteophyte_Formation_(Yes=1,_No=0)
	
	
	
	0.63 
	
	
	
	0.90 
	
	
	
	0.59 

	0 
	37(33.33)
	17(36.96)
	20(30.77)
	
	15(31.25)
	6(35.29)
	9(29.03)
	
	25(45.45)
	11(52.38)
	14(41.18)
	

	1 
	74(66.67)
	29(63.04)
	45(69.23)
	
	33(68.75)
	11(64.71)
	22(70.97)
	
	30(54.55)
	10(47.62)
	20(58.82)
	

	Sagittal_Disc_Protrusion_Level_(Migration_Grade)
	
	
	
	0.43 
	
	
	
	0.04 
	
	
	
	0.48 

	-3 
	2(1.80)
	1(2.17)
	1(1.54)
	
	0(0.00)
	0.00 
	0.00 
	
	1(1.82)
	0.00 
	1(2.94)
	

	-2 
	4(3.60)
	2(4.35)
	2(3.08)
	
	3(6.25)
	3(17.65)
	0.00 
	
	3(5.45)
	2(9.52)
	1(2.94)
	

	-1 
	61(54.95)
	21(45.65)
	40(61.54)
	
	28(58.33)
	8(47.06)
	20(64.52)
	
	18(32.73)
	6(28.57)
	12(35.29)
	

	0 
	42(37.84)
	20(43.48)
	22(33.85)
	
	15(31.25)
	4(23.53)
	11(35.48)
	
	32(58.18)
	12(57.14)
	20(58.82)
	

	1 
	1(0.90)
	1(2.17)
	0.00 
	
	1(2.08)
	1(5.88)
	0.00 
	
	1(1.82)
	1(4.76)
	0.00 
	

	2 
	1(0.90)
	1(2.17)
	0.00 
	
	1(2.08)
	1(5.88)
	0.00 
	
	0(0.00)
	0.00 
	0.00 
	

	3 
	0(0.00)
	0(0.00)
	0.00 
	
	0(0.00)
	0(0.00)
	0.00 
	
	0(0.00)
	0(0.00)
	0.00 
	

	Transverse _Disc_Protrusion_Location
	
	
	
	0.28 
	
	
	
	0.53 
	
	
	
	0.24 

	1 
	40(36.04)
	18(39.13)
	22(33.85)
	
	18(37.50)
	8(47.06)
	10(32.26)
	
	24(43.64)
	9(42.86)
	15(44.12)
	

	2 
	57(51.35)
	20(43.48)
	37(56.92)
	
	25(52.08)
	7(41.18)
	18(58.06)
	
	21(38.18)
	6(28.57)
	15(44.12)
	

	3 
	14(12.61)
	8(17.39)
	6(9.23)
	
	5(10.42)
	2(11.76)
	3(9.68)
	
	10(18.18)
	6(28.57)
	4(11.76)
	

	Transverse _Disc_Protrusion_Severity_(MSU_Grade)
	
	
	
	0.38 
	
	
	
	0.20 
	
	
	
	0.85 

	1 
	27(24.32)
	12(26.09)
	15(23.08)
	
	15(31.25)
	8(47.06)
	7(22.58)
	
	17(30.91)
	6(28.57)
	11(32.35)
	

	2 
	61(54.95)
	22(47.83)
	39(60.00)
	
	28(58.33)
	8(47.06)
	20(64.52)
	
	27(49.09)
	10(47.62)
	17(50.00)
	

	3 
	23(20.72)
	12(26.09)
	11(16.92)
	
	5(10.42)
	1(5.88)
	4(12.90)
	
	11(20.00)
	5(23.81)
	6(17.65)
	

	Modic_Change
	
	
	
	0.64 
	
	
	
	0.75 
	
	
	
	0.33 

	0 
	25(22.52)
	11(23.91)
	14(21.54)
	
	14(29.17)
	5(29.41)
	9(29.03)
	
	16(29.09)
	5(23.81)
	11(32.35)
	

	1 
	40(36.04)
	15(32.61)
	25(38.46)
	
	21(43.75)
	6(35.29)
	15(48.39)
	
	15(27.27)
	8(38.10)
	7(20.59)
	

	2 
	21(18.92)
	11(23.91)
	10(15.38)
	
	5(10.42)
	2(11.76)
	3(9.68)
	
	8(14.55)
	4(19.05)
	4(11.76)
	

	3 
	25(22.52)
	9(19.57)
	16(24.62)
	
	8(16.67)
	4(23.53)
	4(12.90)
	
	16(29.09)
	4(19.05)
	12(35.29)
	

	Pfirrmann_Grade
	
	
	
	0.00 
	
	
	
	0.01 
	
	
	
	0.26 

	1 
	1(0.90)
	1(2.17)
	0.00 
	
	0(0.00)
	0.00 
	0.00 
	
	0(0.00)
	0.00 
	0.00 
	

	2 
	9(8.11)
	4(8.70)
	5(7.69)
	
	3(6.25)
	0.00 
	3(9.68)
	
	5(9.09)
	1(4.76)
	4(11.76)
	

	3 
	27(24.32)
	7(15.22)
	20(30.77)
	
	11(22.92)
	5(29.41)
	6(19.35)
	
	16(29.09)
	4(19.05)
	12(35.29)
	

	4 
	50(45.05)
	16(34.78)
	34(52.31)
	
	25(52.08)
	5(29.41)
	20(64.52)
	
	22(40.00)
	9(42.86)
	13(38.24)
	

	5 
	24(21.62)
	18(39.13)
	6(9.23)
	
	9(18.75)
	7(41.18)
	2(6.45)
	
	12(21.82)
	7(33.33)
	5(14.71)
	

	Postoperative_Complications
	
	
	
	0.76 
	
	
	
	0.75 
	
	
	
	1.00 

	0 
	108(97.30)
	44(95.65)
	64(98.46)
	
	46(95.83)
	17(100.00)
	29(93.55)
	
	52(94.55)
	20(95.24)
	32(94.12)
	

	1 
	3(2.70)
	2(4.35)
	1(1.54)
	
	2(4.17)
	0.00 
	2(6.45)
	
	3(5.45)
	1(4.76)
	2(5.88)
	

	Occupation
	
	
	
	1.00 
	
	
	
	1.00 
	
	
	
	0.59 

	0 
	45(40.54)
	19(41.30)
	26(40.00)
	
	21(43.75)
	7(41.18)
	14(45.16)
	
	30(54.55)
	10(47.62)
	20(58.82)
	

	1 
	66(59.46)
	27(58.70)
	39(60.00)
	
	27(56.25)
	10(58.82)
	17(54.84)
	
	25(45.45)
	11(52.38)
	14(41.18)
	

	Numbness_Post-Op_(Yes=1,_No=0)
	
	
	
	<0.001
	
	
	
	<0.001
	
	
	
	<0.001

	0 
	53(47.75)
	0.00 
	53(81.54)
	
	23(47.92)
	0.00 
	23(74.19)
	
	24(43.64)
	0.00 
	24(70.59)
	

	1 
	58(52.25)
	46(100.00)
	12(18.46)
	
	25(52.08)
	17(100.00)
	8(25.81)
	
	31(56.36)
	21(100.00)
	10(29.41)
	

	Recurrence_Within_1_Year
	
	
	
	0.21 
	
	
	
	0.21 
	
	
	
	0.49 

	0 
	98(88.29)
	38(82.61)
	60(92.31)
	
	42(87.50)
	13(76.47)
	29(93.55)
	
	48(87.27)
	17(80.95)
	31(91.18)
	

	1 
	13(11.71)
	8(17.39)
	5(7.69)
	
	6(12.50)
	4(23.53)
	2(6.45)
	
	7(12.73)
	4(19.05)
	3(8.82)
	

	Reoperation_(Yes=1,_No=0)
	
	
	
	0.38 
	
	
	
	0.59 
	
	
	
	0.73 

	0 
	103(92.79)
	41(89.13)
	62(95.38)
	
	45(93.75)
	15(88.24)
	30(96.77)
	
	47(85.45)
	17(80.95)
	30(88.24)
	

	1 
	8(7.21)
	5(10.87)
	3(4.62)
	
	3(6.25)
	2(11.76)
	1(3.23)
	
	8(14.55)
	4(19.05)
	4(11.76)
	



[bookmark: _Hlk223072565][bookmark: _Toc238922582]Section S8: Methodology and Results of Feature Selection for Clinical and Deep Learning Models 
[image: ]
Fig. S1 a–c: Selection process for clinical model candidate features. a, LASSO coefficient paths; b, tuning parameter (λ) selection via 10-fold cross-validation; c, coefficients of the 6 selected clinical features.
[image: ]
Fig. S2 LASSO-based feature selection for deep learning features in the transverse plane.
· a–c: Feature selection for the ResNet18 transverse plane model. a, LASSO coefficient paths; b, tuning parameter (λ) selection via 10-fold cross-validation; c, coefficients of the 18 selected deep learning features.
· d–f: Feature selection for the ResNet50 transverse plane model. d, LASSO coefficient paths; e, tuning parameter (λ) selection via 10-fold cross-validation; f, coefficients of the 23 selected deep learning features.
· g–i: Feature selection for the ResNet101 transverse plane model. g, LASSO coefficient paths; h, tuning parameter (λ) selection via 10-fold cross-validation; i, coefficients of the 22 selected deep learning features.

[image: ]
Fig. S3 LASSO-based feature selection for deep learning features in the sagittal plane.
· a–c: Feature selection for the ResNet18 sagittal plane model. a, LASSO coefficient paths; b, tuning parameter (λ) selection via 10-fold cross-validation; c, coefficients of the 13 selected deep learning features.
· d–f: Feature selection for the ResNet50 sagittal plane model. d, LASSO coefficient paths; e, tuning parameter (λ) selection via 10-fold cross-validation; f, coefficients of the 30 selected deep learning features.
· g–i: Feature selection for the ResNet101 sagittal plane model. g, LASSO coefficient paths; h, tuning parameter (λ) selection via 10-fold cross-validation; i, coefficients of the 26 selected deep learning features.
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Fig. S4 LASSO-based feature selection for deep learning features in the dual-plane.
· a–c: Feature selection for the ResNet18 dual-plane model. a, LASSO coefficient paths; b, tuning parameter (λ) selection via 10-fold cross-validation; c, coefficients of the 13 selected deep learning features.
· d–f: Feature selection for the ResNet50 dual-plane model. d, LASSO coefficient paths; e, tuning parameter (λ) selection via 10-fold cross-validation; f, coefficients of the 30 selected deep learning features.
· g–i: Feature selection for the ResNet101 dual-plane model. g, LASSO coefficient paths; h, tuning parameter (λ) selection via 10-fold cross-validation; i, coefficients of the 26 selected deep learning features.
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	Table S2. Predictive performance of Clinical Model.

	Model
	ML
	Task
	Acc
	AUC
	95% CI
	Sen
	Spe
	PPV
	NPV

	clinical
	LR
	Training
	0.5495 
	0.6864 
	0.5861 - 0.7867
	0.3731 
	0.8182 
	0.7576 
	0.4615 

	
	LR
	Internal validation
	0.6458 
	0.6806 
	0.5267 - 0.8345
	0.5172 
	0.8421 
	0.8333 
	0.5333 

	
	LR
	External validation
	0.6364 
	0.6611 
	0.5102 - 0.8120
	0.6765 
	0.5714 
	0.7187 
	0.5217 

	
	SVM
	Training
	0.7658 
	0.8401 
	0.7573 - 0.9228
	0.6866 
	0.8864 
	0.9020 
	0.6500 

	
	SVM
	Internal validation
	0.7292 
	0.7187 
	0.5671 - 0.8703
	0.8621 
	0.5263 
	0.7353 
	0.7143 

	
	SVM
	External validation
	0.7455 
	0.7213 
	0.5684 - 0.8741
	0.8529 
	0.5714 
	0.7632 
	0.7059 

	
	MLP
	Training
	0.6937 
	0.7252 
	0.6276 - 0.8229
	0.7015 
	0.6818 
	0.7705 
	0.6000 

	
	MLP
	Internal validation
	0.6250 
	0.6733 
	0.5190 - 0.8276
	0.4483 
	0.8947 
	0.8667 
	0.5152 

	
	MLP
	External validation
	0.6909 
	0.6905 
	0.5409 - 0.8401
	0.7353 
	0.6190 
	0.7576 
	0.5909 

	Note: Acc, accuracy; AUC, area under the receiver operating characteristic curve; LR, logistic regression; ML, machine learning; MLP, multi-layer perceptron; NPV, negative predictive value; PPV, positive predictive value; Sen, sensitivity; Spe, specificity; SVM, support vector machine; 95% CI, 95% confidence interval.




	[bookmark: _Hlk223031758]Table S3. Predictive performance of transverse ResNet18, ResNet50, and ResNet101 models

	Model
	ML
	Task
	Acc
	AUC
	95% CI
	Sen
	Spe
	PPV
	NPV

	ResNet18
	
	
	
	
	
	
	
	
	

	
	LR
	Training
	0.7477 
	0.8212 
	0.7421 - 0.9003
	0.7273 
	0.7778 
	0.8276 
	0.6604 

	
	LR
	Internal validation
	0.7292 
	0.7778 
	0.6321 - 0.9234
	0.7000 
	0.7778 
	0.8400 
	0.6087 

	
	LR
	External validation
	0.6545 
	0.6884 
	0.5453 - 0.8314
	0.5882 
	0.7619 
	0.8000 
	0.5333 

	
	SVM
	Training
	0.8919 
	0.9370 
	0.8864 - 0.9877
	0.9091 
	0.8667 
	0.9091 
	0.8667 

	
	SVM
	Internal validation
	0.7708 
	0.7537 
	0.5936 - 0.9138
	0.8333 
	0.6667 
	0.8065 
	0.7059 

	
	SVM
	External validation
	0.6364 
	0.6548 
	0.4989 - 0.8106
	0.6176 
	0.6667 
	0.7500 
	0.5185 

	
	MLP
	Training
	0.7928 
	0.8478 
	0.7755 - 0.9201
	0.8182 
	0.7556 
	0.8308 
	0.7391 

	
	MLP
	Internal validation
	0.7083 
	0.7444 
	0.5961 - 0.8928
	0.7000 
	0.7222 
	0.8077 
	0.5909 

	
	MLP
	External validation
	0.6545 
	0.7108 
	0.5733 - 0.8483
	0.5882 
	0.7619 
	0.8000 
	0.5333 

	ResNet50
	
	
	
	
	
	
	
	
	

	
	LR
	Training
	0.8108 
	0.9098 
	0.8528 - 0.9668
	0.7313 
	0.9318 
	0.9423 
	0.6949 

	
	LR
	Internal validation
	0.7500 
	0.8475 
	0.7370 - 0.9581
	0.6207 
	0.9474 
	0.9474 
	0.6207 

	
	LR
	External validation
	0.6000 
	0.6485 
	0.4995 - 0.7974
	0.5000 
	0.7619 
	0.7727 
	0.4848 

	
	SVM
	Training
	0.9640 
	0.9780 
	0.9392 - 1.0000
	0.9552 
	0.9773 
	0.9846 
	0.9348 

	
	SVM
	Internal validation
	0.7917 
	0.8457 
	0.7204 - 0.9710
	0.7241 
	0.8947 
	0.9130 
	0.6800 

	
	SVM
	External validation
	0.6182 
	0.6751 
	0.5291 - 0.8211
	0.4706 
	0.8571 
	0.8421 
	0.5000 

	
	MLP
	Training
	0.8378 
	0.9159 
	0.8631 - 0.9687
	0.7910 
	0.9091 
	0.9298 
	0.7407 

	
	MLP
	Internal validation
	0.7917 
	0.8385 
	0.7233 - 0.9537
	0.8966 
	0.6316 
	0.7879 
	0.8000 

	
	MLP
	External validation
	0.7091 
	0.7563 
	0.6294 - 0.8832
	0.6176 
	0.8571 
	0.8750 
	0.5806 

	ResNet101
	
	
	
	
	
	
	
	

	
	LR
	Training
	0.7658 
	0.8372 
	0.7620 - 0.9123
	0.7910 
	0.7273 
	0.8154 
	0.6957 

	
	LR
	Internal validation
	0.7708 
	0.7877 
	0.6521 - 0.9232
	0.8621 
	0.6316 
	0.7812 
	0.7500 

	
	LR
	External validation
	0.6182 
	0.6239 
	0.4650 - 0.7829
	0.6176 
	0.6190 
	0.7241 
	0.5000 

	
	SVM
	Training
	0.9099 
	0.9834 
	0.9668 - 1.0000
	0.8657 
	0.9773 
	0.9831 
	0.8269 

	
	SVM
	Internal validation
	0.7292 
	0.7931 
	0.6503 - 0.9360
	0.6552 
	0.8421 
	0.8636 
	0.6154 

	
	SVM
	External validation
	0.7455 
	0.7311 
	0.5848 - 0.8774
	0.8529 
	0.5714 
	0.7632 
	0.7059 

	
	MLP
	Training
	0.8739 
	0.9030 
	0.8411 - 0.9649
	0.9851 
	0.7045 
	0.8354 
	0.9687 

	
	MLP
	Internal validation
	0.8125 
	0.8403 
	0.7167 - 0.9639
	0.8621 
	0.7368 
	0.8333 
	0.7778 

	
	MLP
	External validation
	0.7091 
	0.7010 
	0.5571 - 0.8448
	0.8824 
	0.4286 
	0.7143 
	0.6923 

	Note: Results are reported for training, internal validation, and external validation cohorts. Acc, accuracy; AUC, area under the curve; 95% CI, 95% confidence interval; Sen, sensitivity; Spe, specificity; PPV, positive predictive value; NPV, negative predictive value; LR, logistic regression; SVM, support vector machine; MLP, multi-layer perceptron; ResNet, residual network.



	Table S4. Predictive performance of Sagittal ResNet18, ResNet50, and ResNet101 models

	Model
	ML
	Task
	Acc
	AUC
	95% CI
	Sen
	Spe
	PPV
	NPV

	ResNet18
	
	
	
	
	
	
	
	
	

	
	LR
	Training
	0.7928 
	0.8246 
	0.7422 - 0.9069
	0.8971 
	0.6279 
	0.7922 
	0.7941 

	
	LR
	Internal validation
	0.6875 
	0.7036 
	0.5530 - 0.8542
	0.6071 
	0.8000 
	0.8095 
	0.5926 

	
	LR
	External validation
	0.5818 
	0.6653 
	0.5213 - 0.8093
	0.4118 
	0.8571 
	0.8235 
	0.4737 

	
	SVM
	Training
	0.9009 
	0.9309 
	0.8696 - 0.9922
	0.9559 
	0.8140 
	0.8904 
	0.9211 

	
	SVM
	Internal validation
	0.7500 
	0.7589 
	0.6184 - 0.8994
	0.6071 
	0.9500 
	0.9444 
	0.6333 

	
	SVM
	External validation
	0.6364 
	0.6457 
	0.4952 - 0.7961
	0.5294 
	0.8095 
	0.8182 
	0.5152 

	
	MLP
	Training
	0.7928 
	0.8625 
	0.7906 - 0.9344
	0.7794 
	0.8140 
	0.8689 
	0.7000 

	
	MLP
	Internal validation
	0.6667 
	0.6786 
	0.5219 - 0.8352
	0.7500 
	0.5500 
	0.7000 
	0.6111 

	
	MLP
	External validation
	0.4727 
	0.5700 
	0.4132 - 0.7268
	0.1471 
	1.0000 
	1.0000 
	0.4200 

	ResNet50
	
	
	
	
	
	
	
	
	

	
	LR
	Training
	0.8288 
	0.8819 
	0.8138 - 0.9500
	0.8429 
	0.8049 
	0.8806 
	0.7500 

	
	LR
	Internal validation
	0.7917 
	0.7640 
	0.6117 - 0.9163
	0.8077 
	0.7727 
	0.8077 
	0.7727 

	
	LR
	External validation
	0.8182 
	0.7675 
	0.6216 - 0.9134
	0.9118 
	0.6667 
	0.8158 
	0.8235 

	
	SVM
	Training
	0.9279 
	0.9840 
	0.9674 - 1.0000
	0.9143 
	0.9512 
	0.9697 
	0.8667 

	
	SVM
	Internal validation
	0.7708 
	0.8339 
	0.7078 - 0.9600
	0.7692 
	0.7727 
	0.8000 
	0.7391 

	
	SVM
	External validation
	0.7636 
	0.7955 
	0.6663 - 0.9247
	0.7647 
	0.7619 
	0.8387 
	0.6667 

	
	MLP
	Training
	0.8649 
	0.9477 
	0.9093 - 0.9862
	0.8143 
	0.9512 
	0.9661 
	0.7500 

	
	MLP
	Internal validation
	0.7500 
	0.7937 
	0.6591 - 0.9283
	0.7692 
	0.7273 
	0.7692 
	0.7273 

	
	MLP
	External validation
	0.7455 
	0.7696 
	0.6343 - 0.9049
	0.7647 
	0.7143 
	0.8125 
	0.6522 

	ResNet101
	
	
	
	
	
	
	
	

	
	LR
	Training
	0.8378 
	0.8894 
	0.8281 - 0.9507
	0.9254 
	0.7045 
	0.8267 
	0.8611 

	
	LR
	Internal validation
	0.7292 
	0.7786 
	0.6394 - 0.9177
	0.6897 
	0.7895 
	0.8333 
	0.6250 

	
	LR
	External validation
	0.7273 
	0.7017 
	0.5558 - 0.8476
	0.9706 
	0.3333 
	0.7021 
	0.8750 

	
	SVM
	Training
	0.9459 
	0.9841 
	0.9674 - 1.0000
	0.9701 
	0.9091 
	0.9420 
	0.9524 

	
	SVM
	Internal validation
	0.6667 
	0.7459 
	0.6030 - 0.8889
	0.5172 
	0.8947 
	0.8824 
	0.5484 

	
	SVM
	External validation
	0.6545 
	0.7227 
	0.5844 - 0.8610
	0.4706 
	0.9524 
	0.9412 
	0.5263 

	
	MLP
	Training
	0.8468 
	0.9342 
	0.8873 - 0.9811
	0.7761 
	0.9545 
	0.9630 
	0.7368 

	
	MLP
	Internal validation
	0.7500 
	0.7459 
	0.5951 - 0.8967
	0.7931 
	0.6842 
	0.7931 
	0.6842 

	
	MLP
	External validation
	0.6182 
	0.6891 
	0.5432 - 0.8350
	0.5000 
	0.8095 
	0.8095 
	0.5000 

	Note: Results are reported for training, internal validation, and external validation cohorts. Acc, accuracy; AUC, area under the curve; 95% CI, 95% confidence interval; Sen, sensitivity; Spe, specificity; PPV, positive predictive value; NPV, negative predictive value; LR, logistic regression; SVM, support vector machine; MLP, multi-layer perceptron; ResNet, residual network.





	[bookmark: _Hlk223078226]Table S5. Predictive performance of the three dual-plane deep learning architectures

	Model
	ML
	Task
	Acc
	AUC
	95% CI
	Sen
	Spe
	PPV
	NPV

	ResNet18
	
	
	
	
	
	
	
	

	
	LR
	Training
	0.8378 
	0.9229 
	0.8709 - 0.9749
	0.8030 
	0.8889 
	0.9138 
	0.7547 

	
	LR
	Internal validation
	0.7292 
	0.8278 
	0.7013 - 0.9543
	0.7000 
	0.7778 
	0.8400 
	0.6087 

	
	LR
	External validation
	0.7273 
	0.7367 
	0.5977 - 0.8757
	0.6176 
	0.9048 
	0.9130 
	0.5937 

	
	SVM
	Training
	0.9640 
	0.9899 
	0.9753 - 1.0000
	0.9545 
	0.9778 
	0.9844 
	0.9362 

	
	SVM
	Internal validation
	0.7708 
	0.8481 
	0.7403 - 0.9560
	0.7000 
	0.8889 
	0.9130 
	0.6400 

	
	SVM
	External validation
	0.7273 
	0.7031 
	0.5494 - 0.8567
	0.7647 
	0.6667 
	0.7879 
	0.6364 

	
	MLP
	Training
	0.8829 
	0.9384 
	0.8940 - 0.9827
	0.9091 
	0.8444 
	0.8955 
	0.8636 

	
	MLP
	Internal validation
	0.7917 
	0.8556 
	0.7505 - 0.9606
	0.8000 
	0.7778 
	0.8571 
	0.7000 

	
	MLP
	External validation
	0.6364 
	0.6793 
	0.5369 - 0.8216
	0.5588 
	0.7619 
	0.7917 
	0.5161 

	ResNet50
	
	
	
	
	
	
	
	

	
	LR
	Training
	0.8829 
	0.9370 
	0.8942 - 0.9798
	0.9242 
	0.8222 
	0.8841 
	0.8810 

	
	LR
	Internal validation
	0.8125 
	0.8370 
	0.7148 - 0.9593
	0.8333 
	0.7778 
	0.8621 
	0.7368 

	
	LR
	External validation
	0.6000 
	0.6485 
	0.4995 - 0.7974
	0.5000 
	0.7619 
	0.7727 
	0.4848 

	
	SVM
	Training
	0.9459 
	0.9919 
	0.9820 - 1.0000
	0.9242 
	0.9778 
	0.9839 
	0.8980 

	
	SVM
	Internal validation
	0.7917 
	0.8741 
	0.7683 - 0.9798
	0.7667 
	0.8333 
	0.8846 
	0.6818 

	
	SVM
	External validation
	0.6182 
	0.6751 
	0.5291 - 0.8211
	0.4706 
	0.8571 
	0.8421 
	0.5000 

	
	MLP
	Training
	0.8739 
	0.9236 
	0.8703 - 0.9768
	0.9394 
	0.7778 
	0.8611 
	0.8974 

	
	MLP
	Internal validation
	0.7500 
	0.8185 
	0.7011 - 0.9359
	0.6000 
	1.0000 
	1.0000 
	0.6000 

	
	MLP
	External validation
	0.7091 
	0.7563 
	0.6294 - 0.8832
	0.6176 
	0.8571 
	0.8750 
	0.5806 

	ResNet101
	
	
	
	
	
	
	
	

	
	LR
	Training
	0.8378 
	0.8999 
	0.8398 - 0.9600
	0.8507 
	0.8182 
	0.8769 
	0.7826 

	
	LR
	Internal validation
	0.7917 
	0.8221 
	0.6997 - 0.9446
	0.8621 
	0.6842 
	0.8065 
	0.7647 

	
	LR
	External validation
	0.6909 
	0.6877 
	0.5246 - 0.8507
	0.6471 
	0.7619 
	0.8148 
	0.5714 

	
	SVM
	Training
	0.9189 
	0.9824 
	0.9646 - 1.0000
	0.9104 
	0.9318 
	0.9531 
	0.8723 

	
	SVM
	Internal validation
	0.7292 
	0.8530 
	0.7484 - 0.9576
	0.5517 
	1.0000 
	1.0000 
	0.5937 

	
	SVM
	External validation
	0.7636 
	0.7885 
	0.6659 - 0.9111
	0.8235 
	0.6667 
	0.8000 
	0.7000 

	
	MLP
	Training
	0.8198 
	0.9003 
	0.8454 - 0.9551
	0.7612 
	0.9091 
	0.9273 
	0.7143 

	
	MLP
	Internal validation
	0.7083 
	0.8113 
	0.6914 - 0.9311
	0.5862 
	0.8947 
	0.8947 
	0.5862 

	
	MLP
	External validation
	0.6727 
	0.6765 
	0.5295 - 0.8234
	0.7941 
	0.4762 
	0.7105 
	0.5882 

	Note: Results are reported for training, internal validation, and external validation cohorts. Acc, accuracy; AUC, area under the curve; 95% CI, 95% confidence interval; Sen, sensitivity; Spe, specificity; PPV, positive predictive value; NPV, negative predictive value; LR, logistic regression; SVM, support vector machine; MLP, multi-layer perceptron; ResNet, residual network.
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Section S10: Interpretability Analysis of the Deep Learning Model
[image: ]
Fig. S5 Visual Interpretability of the Dual-Plane Deep Learning Model Using Grad-CAM.
· Sagittal (a) and Transverse (b) planes: The left columns show the original T2-weighted MRI images, and the right columns display the corresponding Grad-CAM activation maps.
· Color Significance: The heatmaps use a pseudo-color scale where the color transition from blue to red represents the increasing importance of image regions to the model’s prediction. Red areas indicate the core features prioritized by the network during feature extraction.
· Clinical Relevance: The visualization reveals that the model’s attention is primarily localized on key pathological regions. This corroborates that the model effectively captures clinically significant anatomical characteristics rather than relying on non-specific background noise.
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