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ABSTRACT

Background: Identifying pain generators in multilevel lumbar degenerative disc disease is not trivial but is crucial
for lasting symptom relief with the targeted endoscopic spinal decompression surgery. Artificial intelligence (AI)
applications of deep learning neural networks to the analysis of routine lumbar MRI scans could help the primary care
and endoscopic specialist physician to compare the radiologist’s report with a review of endoscopic clinical outcomes.

Objective: To analyze and compare the probability of predicting successful outcome with lumbar spinal
endoscopy by using the radiologist’s MRI grading and interpretation of the radiologic image with a novel Al deep
learning neural network (Multus Radbot™) as independent prognosticators.

Methods: The location and severity of foraminal stenosis were analyzed using comparative ordinal grading by the
radiologist, and a contiguous grading by the Al network in patients suffering from lateral recess and foraminal stenosis
due to lumbar herniated disc. The compressive pathology definitions were extracted from the radiologist lumbar MRI
reports from 65 patients with a total of 383 levels for the central canal — (0) no disc bulge/protrusion/canal stenosis, (1)
disc bulge without canal stenosis, (2) disc bulge resulting in canal stenosis, and (3) disc herniation/protrusion/extrusion
resulting in canal stenosis. Both neural foramina were assessed with either — (0) neural foraminal stenosis absent, or (1)
neural foramina are stenosis present. Reporting criteria for the pathologies at each disc level and, when available, the
grading of severity were extracted and assigned into two categories: “Normal,” and “Stenosis.” Clinical outcomes were
graded using dichotomized modified Macnab criteria considering Excellent and Good results as “Improved,” and Fair
and Poor outcomes as “Not Improved.” Binary logistic regression analysis was used to predict the probability of the Al-
and radiologist grading of stenosis at the 88 foraminal decompression sites to result in “Improved” outcomes.

Results: The average age of the 65 patients was 62.7 +/- 12.7 years. They consisted of 51 (54.3%) males and 43
(45.7%) females. At an average final follow-up of 57.4 4/- 12.57, Macnab outcome analysis showed that 86.4% of the 88
foraminal decompressions resulted in Excellent and Good (Improved) clinical outcomes. The stenosis grading by the
radiologist showed an average severity score of 4.71 ++/- 2.626, and the average Al severity grading was 5.65 +/- 3.73.
Logit regression probability analysis of the two independent prognosticators showed that both the grading by the
radiologist (86.2%; odds ratio 1.264) and the Al grading (86.4%; odds ratio 1.267) were nearly equally predictive of a
successful outcome with the endoscopic decompression.

Conclusions: Deep learning algorithms are capable of identifying lumbar foraminal compression due to herniated
disc. The treatment outcome was correlated to the decompression of the directly visualized corresponding pathology
during the lumbar endoscopy. This research should be extended to other validated pain generators in the lumbar spine.

Level of Evidence: 3.

Clinical Relevance: Validity, clinical teaching, evaluation study.

Special Issue

Keywords: artificial intelligence, deep neural network learning, magnetic resonance imaging, herniated disc, endoscopic
decompression
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INTRODUCTION

One might ask what is the significance of artificial
intelligence (Al) analysis of routine lumbar magnet-
ic resonance imaging (MRI) scan reads of patients
who contemplate endoscopic decompression for
sciatica-type back and leg pain due to herniated
disc and stenosis. The answer lies in the need for
better or additional prognosticators in the preoper-
ative diagnostic process to direct this minimal
surgical decompression procedure at the pain
generators that are causing the patient’s symptoms. '
The specific cause for spine-related disability can be
quite diverse but is—in the currently established
framework of medical necessity criteria for spine
surgery—restricted to overt mechanical neural
element compression or instability. Image-based
standards of grossly abnormal findings, such as
grade I or higher spondylolisthesis or severe spinal
stenosis, are well-accepted triggers for traditional
open spine surgery and meet Medicare coverage
criteria and those for most managed care plans.”
These criteria, however, leave a significant percent-
age of patients with sciatica-type low back and leg
pain without treatment, as their MRI scans are
erroneously graded as “normal” (false negative) or
underestimate the pain generators in a multilevel
degenerative segment involvement. A recent study
has estimated that this diagnostic gap is between
18% and 30%.* These patients in pain are going to
continue to look for treatments, some of which may
translate into continued and repetitive use of
ineffective medical and physical therapies or, simply
put, waste. It may also be impractical to address
each possible pain generator in 1 surgical session, so
the clinician will, for practicability, choose the 1 or 2
most significant pain generators that correlate with
the clinical exam.

Endoscopic visualization of previously unrecog-
nized painful spinal pathology could reduce spine-
related disability if appropriate treatment was
instituted even if the routine lumbar MRI scan of
the painful area suggested otherwise and was read as
normal.*”’ One example of this problem is the
frequently overlooked extraforaminal disc hernia-
tions of various sizes® '* that may impinge on the
dorsal root ganglion of the exiting nerve root,
chronically inflame it, and cause severe sciatica that
seems out of proportion with the associated findings
on the axial MRI scan through the suspected
symptomatic level.®* However, once directly visual-
ized with the endoscope and successfully treated, a
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surgeon might never forget this commonly missed
entity and always include it in the differential
diagnosis of unexplained spine pain. Many other
such directly visualized pain generators that escape
the routine lumbar MRI scan have been validated
and successfully treated with the spinal endoscopy
procedure, corroborating the need for more accu-

rate diagnostic tools during the preoperative work-

up.!

In this clinical outcome study on patients
suffering from sciatica due to herniated disc, the
authors present the results of a binary logistic
probability analysis of the AI deep learning
networks being able to predict successful outcomes
with the targeted endoscopic decompression surgery
as is currently implied in the radiologist’s descrip-
tion of the compressive pathology in routine MRI
reporting. Ultimately, the author’s goal was to aid
in the development of more useful diagnostic tools
to work up low back pain patients to provide more
targeted and effective treatments. This retrospective
study is a stepping-stone toward that goal. The
consideration of Al is a check on the meaning or
accuracy of the radiologist’s report to the clinician
who orders the imaging scan. Radiologists are also
known to emphasize or deemphasize certain aspects
of imaging as significant or insignificant, depending
on whether the report is for a primary care
physician or for a spine specialist who ordered the
imaging study and report.

MATERIALS AND METHODS

In this study, the authors focused on the
application of a deep learning neural network
models on herniated disc affecting the lateral recess
and the neuroforamina. The feasibility of this Al
approach to reliably generate MRI reports compa-
rable to those provided by a radiologist was
demonstrated in the prior literature.'*!'> We are
now reporting on the probability of the deep
learning neural network with computer Al and
software engineers to predict clinical improvements
with the endoscopic decompression procedure on
the basis of Al segmentation models directly
targeting compressive pathology in the lateral recess
and the neuroforamen.

Patients and Inclusion and Exclusion Criteria

This study included 65 patients who underwent
endoscopic transforaminal decompression for her-
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niated disc. The average age of the 65 patients was
62.54 years, with a standard deviation of 12.7 years
ranging from 29 to 93 years. There were 51 (54.3%)
male and 43 (45.7%) female patients. The average
follow-up was 57.4 months with a standard devia-
tion of 12.57 months ranging from 42 to 86 months.
Patients with symptoms that have proven refractory
to nonoperative treatment were considered for this
procedure using the following inclusion criteria:'®'®

(1) lumbar radiculopathy including pain, sensory
changes, or weakness;

(2) imaging evidence of foraminal or lateral
recess stenosis demonstrated on preopera-
tive MRI and computed tomography (CT)
scans

(3) unsuccessful nonoperative treatment includ-
ing physical therapy and transforaminal
epidural steroid injections for at least 12
weeks

Patients considered not suitable for the trans-
foraminal endoscopic decompression were stratified
according to the following exclusion criteria:

(1) segmental instability with greater than grade
I spondylolisthesis or translational motion
of greater than 5 mm on preoperative
extension flexion radiographs, severe central
stenosis (less than 100 mm?),"” or both

(2) extensive facet arthropathy

(3) infection

(4) metastatic disease

Endoscopic Surgical Technique

In this clinical outcome study on patients
suffering from sciatica due to herniated disc, the
authors present the results of a binary logistic
probability analysis of patients who underwent
endoscopic transforaminal decompression employ-
ing the “outside- in” technique.?® An initial fora-
minoplasty was performed with power drills,
trephines, chisels, and rongeurs after serial dilation
and placement of the working cannula in the
neuroforamen following published techniques.*'*
The endoscopic decompression procedure was
directly or indirectly visualized throughout the
surgery. Compressive pathology contributing to
inflammation or tethering of the nerve roots was
recorded for correlation to the preoperative MRI
scan, which, as described below, was graded by the
radiologist and the AI deep learning network.
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Figure 1. Preoperative sagittal (A), axial (B) magnetic resonance imaging
scan, posterior-anterior (C), and lateral (D) radiograph of a 48-year-old male.
The patient was treated with transforaminal outside-in endoscopic
decompression with foraminoplasty and discectomy (E) for failed conservative
care of an L4-L5 herniated disc.

Fluoroscopic surveillance images were occasionally
taken for orientation and verification of the
decompression. An illustrative case of a 48-year-
old male who was treated with transforaminal
outside-in endoscopic decompression with foramin-
oplasty and discectomy for failed conservative care
of an L4-L5 herniated disc is shown in Figure 1.

Radiographic and Diagnostic Criteria

The size and location of the compressive pathol-
ogy, whether from disc herniations or other types of
soft tissue or bony stenosis in the spinal canal,
lateral recess, and neuroforamen, were classified
according to well-established radiographic classifi-
cation systems.>*? MRI criteria used in the clinical
stratification of symptomatic patients were 15 mm
or less for the height of the neuroforamen, 3 mm or
less measured as posterior intervertebral disc height,
or the width of the neuroforamen.’ Diagnostic and
therapeutic selective nerve root blocks and foram-
inal epidurography®’ with favorable therapeutic
response (or selective nerve root blocks) were used
to confirm the pain level.>> 7 The type of disc
herniation was classified as central, paracentral, or
combined central and paracentral.”® Moreover, they
were graded as contained or extruded.

Clinical Outcome Measures

Outcome assessment with the endoscopic decom-
pression procedure was done employing the modi-
fied Macnab criteria: excellent—little pain and
return to desired activities with few limitations;
good—occasional pain or dysesthesias with daily
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activities with minor restrictions, without needing
pain medication; fair—improved but needing pain
medication postoperatively; or poor—worse func-
tion prompting additional surgery.’*All patients
were instructed to be seen at a minimum in
follow-up for examination and management of any
problems at 2 and 6 weeks and then at 3, 6, 12, and
24 months postoperatively.

Grading of MRI Data

The deep learning neural network models ana-
lyzed 65 lumbar MRI scans from the same number
of patients comprising a total of 383 levels. The
MRI DICOM data sets were obtained from the
MRI imaging center where the patient had the
study. The MRI imaging centers also provided
radiology reports prepared and approved by board-
certified radiologists. The MRI scans and reports
were screened and graded by an independent
radiologist for the presence or absence of annular
bulging®® (circumferential, paracentral, posterior),
disc herniation*® (extrusion, protrusion, sequestra-
tion, fragmentation), central canal stenosis*' ™
(compromise of the thecal sac with presence or
absence of ventral epidural fat), and foraminal
stenosis** (compromise of the left, right, or both
neural foramina and nerve roots). For this analysis,
only parameters derived from the surgically treated
level were included in the statistical computations.
The independent radiologist graded the severity of
the foraminal and lateral recess stenosis on an
ordinal noncontiguous scale from 1 (no stenosis) to
10 (severe stenosis). Also, the location of the
foraminal stenotic process was recorded from
medial to lateral into the entry, mid-, and exit zone
employing validated radiographic classification sys-
tems.*

Extraction of MRI Data and Al Detectors

The segmentation models employed by the deep
learning algorithms involve extracting the location
of the disc herniation, and its dimensions were
extracted from the radiologist report using the
following classes for the central canal: (0) no disc
bulge/protrusion/canal stenosis, (1) disc bulge with-
out canal stenosis, (2) disc bulge resulting in canal
stenosis, and (3) disc herniation/protrusion/extru-
sion resulting in canal stenosis. One of the following
classes were also extracted for each of the left and
right neural foramina: (0) neural foraminal stenosis
absent or (1) neural foramina is stenosis present.
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The algorithm generated a contiguous severity score
of foraminal and canal stenosis by employing
several pathology detectors. The first pathology
detector assesses the deformity of the posterior
annulus to determine whether any posterior disc
deformities due to bulging exist. If the deformity
value is >50%, the herniation and stenosis detectors
are triggered. The herniation detector is trained to
identify posterior, central, and paracentral disc
herniations and to classify them as protrusions,
extrusions, or contained circumferential bulges. In
comparison, the canal stenosis detector is trained to
identify whether the disc deformity causes stenosis
in the central canal. Each of the 3 detectors has a
remapped contiguous confidence level of the specific
Al detector from 0 to 10 representing the level of
confidence that the Al segmentation models have
that a particular pathology is, in fact, present in the
patient’s MRI scan. Hence, it is not equivalent to
the linear ordinal severity scale used by the
radiologist. In contrast, the employed Al detectors
auto-tune the confidence level threshold to 50% by
referring to the prior training data set to minimize
binary cross-entropy loss to render a prediction as
to whether a compressive pathology, such as a disc
herniation, exists (>50% confidence level) or does
not exist (<50%). This auto-tuning of the Al
detectors uses a combination of sigmoids for class
activations, softmax for final layer activations, and
rectified linear unit (ReLU) functions for the image
kernel layers, all of which are nonlinear detector
functions.*® The deep learning algorithm uses these
sets of nonlinear activation functions to learn and
predict various outcomes, in this case either the
sigmoid or the ReLU function. This results in the
confidence level output from the algorithm for each
class having a very nonlinear relationship to severity
of the pathology.

Statistical Analysis

For the clinical outcome analysis, descriptive
statistics (mean and standard deviation), cross-
tabulation statistics of sensitivity, specificity, and
measures of association were computed for 2-way
tables using IBM SPSS Statistics software (version
26.0). The Pearson y> and the likelihood-ratio y>
tests were used as statistical measures of association.
The authors employed binary logistic regression to
model the probability of the MRI severity grading
of the compressive pathology provided by either the
radiologist or the Al to predict the binary dependent
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Table 1. Level distribution of spinal disc spaces treat with endoscopic Table 2. Laterality frequency distribution of endoscopic decompression
discectomy. procedures.
Level Distributions Laterality of Endoscopic Decompression

Cumulative Cumulative
Disc Level Frequency Percent Valid Percent Percent Surgical Side Frequency Percent Valid Percent Percent
L3-L4 9 10.2 10.2 10.2 Bilateral, left 17 19.3 19.3 19.3
L4-L5 59 67.0 67.0 77.3 Bilateral, right 17 19.3 19.3 38.6
L5-S1 20 22.7 22.7 100.0 Left 33 37.5 37.5 76.1
Total 88 100.0 100.0 Right 21 23.9 239 100.0

Total 88 100.0 100.0

Macnab outcome variable: clinical improvement
(excellent and good Macnab outcomes) and no
improvement (fair and poor Macnab outcomes).
This logistic regression was used to estimate the
parameters of a binary logistic model in which the
categorical dependent variable (Macnab outcome)
has 2 possible values: improved or not improved.
The logarithm of the odds (log odds) for the value
labeled 1 is a linear combination of 1 of the 2
independent predictors variables—the stenosis se-
verity score produced by the radiologist (an ordinal
variable of increasing severity from 1 to 10) and by
the Al (a continuous variable of increasing severity
from 1 to 10). The basic premise of this logit model
is that the odds of a successful clinical outcome with
the endoscopic decompression increases by a
multiple (odds ratio) of a constant rate at which it
ordinarily occurs by increasing 1 of the 2 indepen-
dent stenosis severity variables employed in this
study. This analysis relies on the hypothesis that
decompression of compressive pathology that is
more accurately graded as to its severity results in
more reliable symptom relief and hence improved
clinical outcomes. The log odds are converted to a
probability by the logistic model allowing the
authors to compare the predictive value of the
stenosis grading provided by either the Al or the
radiologist. This type of analysis was most appro-
priate since each independent predictor variable
could have its own parameter for the binary
dependent variable (Macnab outcome), allowing
one to generalize the odds ratio. The confidence
intervals for the likelihood ratios were calculated
using the log method.

RESULTS

The demographic and level frequency distribution
observed in the 65 patients is summarized in Tables
1 and 2. Seventeen of the 65 patients had a bilateral
decompression, which accounts for 88 foraminal
decompression sites. As expected, L4-L5 was the
most commonly operated level (59/88; 67%). Most
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patients had contained disc herniations (85/88;
96.6%), and only 3 patients had an extruded disc
herniation (3.4%; Table 3), most of which were
centrally located (55.7%). The remaining hernia-
tions were nearly equally distributed between
paracentral (21.6%) and combined central and
paracentral herniations (22.7%). Measuring the
width of the herniations across its base on axial
MRI sections through the midsection of the disc
showed that the majority of them were larger than
10 mm in width (88.6%). The posterior disc height
was preserved to more than 3 mm in the majority of
surgical disc levels as well (95.5%). Most patients
had a central canal area larger than 100 mm?
indicating the absence of severe central stenosis.
Cross tabulation of the foraminal zone classification
and the location of the herniated disc in the spinal
canal revealed that approximately half of lumbar
disc herniations were causing foraminal stenosis in

Table 3. Frequency distribution of diagnosis, herniated nucleus pulposus type,
size, and location and stenosis parameters in patients who underwent
transforaminal endoscopic decompression.

Valid  Cumulative
Item Frequency Percent Percent  Percent
Type of herniated disc
Contained 85 96.6 96.6 96.6
Extruded 3 3.4 3.4 100.0
Total 88 100.0 100.0
Location of herniated disc
Central 49 55.7 55.7 55.7
Combined 20 22.7 22.7 78.4
Paracentral 19 21.6 21.6 100.0
Total 88 100.0 100.0
Size of herniated disc®
<10 mm 10 11.4 11.4 11.4
>10 mm 78 88.6 88.6 100.0
Total 88 100.0 100.0
Posterior disc height
<3 mm 4 4.5 4.5 4.5
>3 mm 84 95.5 95.5 100.0
Total 88 100.0 100.0
Central canal stenosis®
<100 mm 10 11.4 114 11.4
>100 mm 78 88.6 88.6 100.0
Total 88 100.0 100.0

“The size of the herniated disc is measured on axial magnetic resonance images

defined as the size of its widest distance across the bases.

b, : . : 19 2
Severe central stenosis was defined according to Sengupta et al’” as <100 mm

cross-sectional area.'”
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Table 4. Cross tabulation of location of herniated disc and the foraminal zones
with stenosis.

Table 5. Macnab outcomes with the transforaminal endoscopic
decompression surgery.

Location of Herniated Disc

Central,
Central Paracentral Paracentral
Herniation Herniation Herniation Total

Foraminal Zone
With Stenosis

Exit zone

Count 0 2 0 2

% within herniated disc 0.0 10.0 0.0 2.3
Mid-zone

Count 9 0 2 11

% within herniated disc 18.4 0.0 10.5 12.5
Exit zone

Count 3 2 1 6

% within herniated disc 6.1 10.0 53 6.8
Entry and mid-zone

Count 3 3 2 8

% within herniated disc 6.1 15.0 10.5 9.1
Mid- and exit zone

Count 27 10 8 45

% within herniated disc 55.1 50.0 42.1 51.1
All zones

Count 7 3 6 16

% within herniated disc 14.3 15.0 31.6 18.2
Total

Count 49 20 19 88

% within herniated disc 100.0 100.0 100.0 100.0

the mid- and exit zone for central and paracentral
herniations (Table 4).

Analyzing the severity of the stenosis grading by
the radiologist showed higher variation in the
severity assessment of foraminal stenosis in the
various foraminal zones with an average severity
score of 4.71 and a standard deviation of 2.626, with
the highest variation in the entry zone (Figure 2).
The Al severity grading of the foraminal zones on
average was slightly higher at 5.65 with a standard
deviation of 3.73 and more consistent across all
zones except in the exit zone (Figure 3). The scatter
plot of the severity grading (continuous scale)

Macnab Criteria

Cumulative
Item Frequency Percent Valid Percent Percent
Excellent 21 23.9 239 23.9
Good 55 62.5 62.5 86.4
Fair 12 13.6 13.6 100.0
Total 88 100.0 100.0

provided by the AI Multus RadBot versus the
radiologist grading (ordinal scale) showed, as
expected, that a nonlinear relationship between
these 2 independent predictor variables existed, with
the Multus RadBot consistently grading higher in
nearly in all foraminal zones (Figure 4).

Macnab outcome analysis showed that 86.4% of
foraminal decompressions resulted in excellent and
good clinical outcomes at final follow-up (Table 5).
There were no statistical correlations between
clinical outcomes from the endoscopic decompres-
sion procedure and the type, size, or location of the
herniation. Logit regression probability analysis of
the 2 independent prognosticators employed in this
study showed that both the grading by the
radiologist (86.2% probability; Tables 6-9) of the
foraminal stenosis and the AI grading (86.4%
probability; Tables 10-13) were nearly equally
predictive of a successful outcome with the endo-
scopic decompression. In other words, essentially
every patient with an improved outcome was picked
up by either 1 of the 2 independent predictor
variables. The odds ratios for the predictors
obtained by the exponentiation of the coefficients
were nearly equal as well, with 1.267 for the
radiologist grading and 1.264 for the Multus

Radlologhst Stenosis Severity Eu.dlng by Foraminal Zone Invelvement

—hdlninglll: Crade
I ="u Upper onered fimit
= Awerage = 4,71
=" Livwer contred limie

Mean Foraminal Severity Score

All Zomnes Em?I & Mid Entry Zone  Exit Zone  Mid & Exit  Mid Zone
e Zone

Figure 2. The foraminal severity grading provided by the radiologist plotted for the different foraminal zones showing an average score of 4.71 + of 2.62 and variable

grading across all zones.
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Multus Radbot™ Severity Score of Foraminal Stenosis

e RiFB 08 Spvrity SCore of
= Foraminal Stenodis

== Ayprage = 5 ESS0G440
="s Lower Confidence Lewel

Mean Multus Radbot™ Severity Score

o —————
Exit Hone

Mid Zone  Exit Zone 'e'.'-iuz"'iﬁm Mid & Exit All Zanes

Figure 3. The Al Multus RadBot severity grading plotted for the different foraminal zones showing an average score of 5.65 *+ of 3.73 and consistent grading across

all zones except in the exit zone.

RadBot grading. The linear (Figure 5) and nonlin-
ear (Figure 6) logit models for predicting improved
clinical outcomes as defined by the dichotomized
Macnab outcomes were graphically displayed for
the radiologist ordinal grading and the contiguous
Al grading by the Multus RadBot.

DISCUSSION

This correlative clinical study between spinal
endoscopy outcomes and independent prognostica-
tors of symptom relief in patients who suffer from
the sciatica-type back and leg pain showed that a
deep learning network is capable of identifying
compressive pathology at a similar probability level
as the radiologist. Successful surgical decompression
proved that the Multus RadBot-generated reports
on the painful pathology were equally useful as the
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radiologist’s report in the treatment of herniated
disc when using the directly visualized endoscopic
decompression procedure.

The clinical outcomes that the authors found in
this group of patients are comparable with previous
clinical studies on the successful employment of
endoscopy in the treatment of lumbar spinal
stenosis and herniated disc. Most patients suffered
from a contained herniated disc. The binary logistic
regression analysis was best suited for this analysis
of the clinical application of the Al deep learning
neural network in routine lumbar MRI reading. as it
allowed mixed statistical analysis of ordinal and
continuous scale variables and categorical variables,
such as the Macnab outcome criteria. The dichot-
omized use of the Macnab criteria as either
improved or not improved greatly simplified the

Foraminal Zone

O Exit Zone

Wil Jone
O Exit Zone

Entry & Mid Zone
O Mg & Exit Zone
O Al Fomi

g8 8"

L ] bE

RADIDLOGIST FORAMIMAL STENOSIS SEVERITY GRADE

Figure 4. The scatter plot of the severity grading (continuous scale) provided by the artificial intelligence Multus RadBot versus the radiologist grading (ordinal scale)
showing a nonlinear relationship between these 2 independent predictor variables, with the Multus RadBot consistently grading higher in nearly in all foraminal zones.
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Table 6. Logit regression analysis of independent radiologist severity grade by
dichotomized Macnab outcomes.

Table 12. Model summary for the logit regression analysis of Multus RadBot
severity grade by dichotomized Macnab outcomes.

Predicted
Percentage
Observed No Improvement Improved Correct
No improvement 0 12 .0
Improved 0 75 100.0
Overall percentage 1 missing entry 86.2

Table 7. Variables in the equation for the logit regression analysis of
independent radiologist severity grade by dichotomized Macnab outcomes.

95% CI
for Exp(B)

B SE Wald df Sig. Exp(B) Lower Upper

Radiologist foraminal .004 .119 .001 1 .974 1.004 .795 1.267

stenosis grade®
Constant

1.814 .637 8.124 1 .004 6.137

“Variables entered on step 1: RadBot Foraminal Stenosis Severity Grade.
Abbreviations: B, unstandardized regression weight; SE, standard error; Wald,
obtained by dividing the value of the coefficient by standard error o; df, degrees of
freedom; Sig., significance; Exp(B), odds ratios for the predictors obtained by the
exponentiation of the coefficients; CI, confidence interval.

Table 8. Model summary for the logit regression analysis of independent
radiologist severity grade by dichotomized Macnab outcomes.

Step —2 Log Likelihood

Cox and Snell R? Nagelkerke R*

1 69.806 .000 .000

Table 9. Hosmer and Lemeshow test for the logit regression analysis of
independent radiologist severity grade by dichotomized Macnab outcomes.

Step 1 df Significance

1 3.633 6 726

Abbreviations: df, degrees of freedom.

Table 10. Logit regression analysis of Multus RadBot severity grade by
dichotomized Macnab outcomes.

Predicted
Percentage
Observed No Improvement Improved Correct
No improvement 0 12 .0
Improved 0 76 100.0
Overall percentage 86.4
Table 11. Variables in the equation for the logit regression analysis of Multus

RadBot severity grade by dichotomized Macnab outcomes.

95% CI
for Exp(B)

B SE Wald df Sig. Exp(B) Lower Upper

RadBot foraminal .071 .083 .730 1 .393 1.074 912 1.264
stenosis grade
Constant

1.468 .518 8.016 1 .005 4.339

Step —2 Log Likelihood Cox and Snell R? Nagelkerke R?

1 69.386" .008 .015

“Variables entered on step 1: RadBot Foraminal Stenosis Severity Grade.

analysis and avoided a more complex and perhaps
more-challenging-to-interpret multiple regression
analysis. In comparison, the authors’ binary linear
logit analysis was practical. It did not find any
statistically significant increases in odds ratios when
testing any of the confounding factors in the ability
of the Multus RadBot’s or the radiologist’s report-
ing to predict a successful outcome with the
endoscopic decompression procedure more accu-
rately. In other words, neither of the 2 severity
scores—that provided by the radiologist and the
other by the AI network—was sensitive enough to
provide additional detail on the foraminal configu-
ration the authors had hoped to stratify by cross
tabulating these 2 independent predictor scores with
the foraminal zone classification. It is clear from this
study that additional, more detailed Al segmenta-
tion models would need to be developed that go
beyond the routine MRI reporting provided by the
radiologist.

The authors chose this simplified way of analyz-
ing the level of probability of the Multus RadBot
and radiologist’s MRI reading, predicting successful
clinical outcome with the spinal endoscopy, by
applying the following assumptions: (1) the MRI
report by the radiologist was employed as the gold
standard in this analysis, and (2) the authors
categorized the MRI findings in a straightforward
manner with ordinal and contiguous severity scales
of foraminal stenosis to distinguish between normal
anatomy and stenosis. The authors’ previous 2
research studies on the Multus RadBot employed
accepted statistical methods of ¥ testing to deter-
mine the sensitivity, specificity, positive and negative
predictive value, the overall test reliability with the
receiver operating characteristics (ROC) and area
under the ROC curve method and the calculations
of Cohen’s alpha and kappa to demonstrate that the
Multus RadBot is a high-quality diagnostic test

Table 13. Hosmer and Lemeshow test for the logit regression analysis of
Multus RadBot severity grade by dichotomized Macnab outcomes.

“Variables entered on step 1: RadBot Foraminal Stenosis Severity Grade.
Abbreviations: B, unstandardized regression weight; SE, standard error; Wald,
obtained by dividing the value of the coefficient by standard error o; df, degrees of
freedom; Sig., significance; Exp(B), odds ratios for the predictors obtained by the
exponentiation of the coefficients; CI, confidence interval.
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Step x> df Significance

1 15.023 8 059

Abbreviations: df, degrees of freedom.
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Figure 5. Scatter plot of linear logit model describing the probability of improved clinical outcomes as defined by the dichotomized Macnab criteria predicted by the

radiologist ordinal grading.

comparable to the routine MRI reading. A limita-
tion of this simplified statistical analysis is assuming
that the MRI reports provided by the reading
radiologists were flawless. Perhaps that is one of the
reasons that the probability of these 2 independent
prognosticators to predict clinical success was
limited to 86%. While there may have been other
limitations at play, the side-by-side comparison of
the radiologist and Multus RadBot predictions are
similar to the real-world scenario, where routine
lumbar MRI scans are read by 1 board-certified
radiologist with little additional scrutiny. Clinical
decision making on the most appropriate use of
spinal endoscopy in the treatment of herniated disc
or foraminal stenosis, particularly in the setting of
multilevel lumbar degenerative disease, is currently
based on a similar set of information. Ultimately,
the Al deep learning neural network applications

i} P 11 %

Predicted Probability Foraminal Severity Radbot™

:

T O30

A QOO0

are only as smart as they were “taught” during the
initial training phase. Therefore, future applications
will likely be driven by “fine-tuning” the Al to
clinically meaningful treatments of validated spinal
pain generators. Clinician input is critical to such
successful training.

CONCLUSIONS

This study demonstrated the application of Al
deep learning networks to assist in the use of the
lumbar MRI scan as a prognosticator of favorable
clinical outcomes with the endoscopic spine surgery
for foraminal stenosis due to a herniated disc.
Future, more targeted Al applications in clinical
decision making will have to focus on predominant
pain generators, causing pain and disability in the
functional context at the time when the spine care is

S0O00E0 LEOS0I0 12808080

Multus Radbot™ Severity Score of Foraminal Stenosis

Figure 6. Scatter plot of nonlinear logit model describing the probability of improved clinical outcomes as defined by the dichotomized Macnab criteria predicted by

the contiguous artificial intelligence grading by the Multus RadBot.
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delivered. Further refinement of the Al segmenta-
tion models on MRI image findings of intraopera-
tively verified and validated pain generators
responsive to treatment requires surgeon input that
should be provided by only the most experienced
and skilled critical opinion leader surgeons who can
set the gold standard in expert endoscopic spine
care.
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