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Abstract: Background: In this study, based on machine-learning technology, we aim to develop a
predictive model of the short-term prognosis of Korean patients who received spinal stenosis surgery.
Methods: Using the data obtained from 112 patients with spinal stenosis admitted at N hospital from
February to November, 2019, a predictive analysis was conducted for the pain index, reoperation,
and surgery time. Results: Results show that the predicted area under the curve was 0.803, 0.887,
and 0.896 for the pain index, reoperation, and surgery time, respectively, thereby indicating the
accuracy of the model. Conclusion: This study verified that the individual characteristics of the
patient and treatment characteristics during surgery enable a prediction of the patient prognosis and
validate the accuracy of the approach. Further studies should be conducted to extend the scope of
this research by incorporating a larger and more accurate dataset.
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1. Introduction

Machine learning (ML) is a field of artificial intelligence that comprises various algorithms
allowing the self-learning of data patterns using a computer [1]. Therefore, the knowledge acquired by
the machine attains a practical influence, while being used in the related decision-making process and
predictions of future outcomes [2].

Recently, ML algorithms have been applied for the development of predictive models in the field
of medicine owing to the emergence of big data, development of various algorithms, and gradual
improvement in the computational power [3]. Several ML techniques, such as the gradient boosting
machine, decision-making tree, random forest, and neural network, have already been proven effective
for the treatment of neurosurgical patients from the viewpoint of a greater predictive power than
conventional statistical modelling techniques [4].

The number of patients with spinal stenosis in Korea has increased owing to an increase in
the average life expectancy. According to the statistical survey of the Health Insurance Review and
Assessment Service in Korea, the number of patients with spinal stenosis has increased substantially
from 1,283,861 in 2014 to 1,649,222 in 2018 [5]. For treatment of spinal stenosis, non-surgical therapies
are generally recommended and have been found to be effective; however, several studies have
reported that the decompression surgery is more advantageous than non-surgical therapies [6,7].
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The prognosis for the surgical treatments is hard to predict due to the requirement of a systematic
and objective preoperative consultation for identifying the psychological factors of the patient related
to surgery [8]. Although previous studies have reported several factors that affect the outcome of
spinal stenosis surgery [9,10], it is extremely challenging to predict a single, unified result that reflects
the myriad individual patient characteristics. If an ML-based predictive model incorporating all such
essential and complex factors could be developed, it would likely enable both the patients and surgeons
to share clinically valuable results.

It is expected that this novel technology will enable surgeons to identify patients who would
benefit the most from surgical treatment and predict the prognosis and any side effects more accurately
than the conventional technologies. These results will also help in preoperative decision-making of the
patient based on the objective data. Therefore, the proposed study aims to develop an ML model for
predicting the range of short-term endpoints from the viewpoint of pain experienced by patients who
have received decompression surgery for spinal stenosis. The resulting ML model is expected to allow
a predictive analysis before surgery and determine its accuracy.

2. Materials and Methods

2.1. Data Summary

The subjects in this study were 112 patients who received endoscopic and open surgery at the
Spine center of N Hospital located in Seoul, South Korea, from February to November, 2019. All the
patients received either single or multi-level decompression surgery. For data collection, adult patients,
whose standard data were recorded without omission, were included in this study In addition, there is
no informed consent form because our research is a retrospective study using patient’s medical records.
This retrospective study was conducted in accordance with the Declaration of Helsinki. The protocol
was approved by the Ethics Committee of Nanoori Hospital Gangnam (NR-IRB 2020-021).

2.2. Data Collection

The clinical and radiological data of the subjects were collected on the day of the first outpatient
visit. According to the heath care procedures at the hospital, the subjects received MRI and clinical
tests. The 13 parameters of the collected data were gender, age, height (cm), weight (kg), BMI, smoking
(active/non-active), alcohol drinking (yes/no), medical cost affordability (high/moderate/low), surgical
segment, anesthesia grade based on the American Society of Anesthesiologist score, single or multi-level
decompression, index level, and the result of the patient-reported outcome measure (PROM).

2.2.1. Patient-Reported Outcome Measure (Numeric Rating Scale)

The PROM was set based on a Numeric Rating Scale (NRS) with a range of 0–10, and it means the
degree of suffering from radiating pain. To conduct PROM, a standardized questionnaire was used to
collect the data prior to surgery, immediately after surgery, one day after surgery, upon discharge, and
one month after the surgery. In this study, the short-term surgery outcome was defined as achieving
the threshold of the minimum clinically important difference after surgery; therefore, the short-term
clinical success was defined as a 30% decrease in the NRS than that reported by the patient before
surgery [11].

2.2.2. Incidence of Reoperation

The incidence of reoperation in all subjects was applied, and the data required to predict the
probability of reoperation were collected.

2.2.3. Surgery Time

The surgery time in all subjects was traced in this study, where the criteria was set as the patients
who received surgery lasting ≥200 min. This cut-off was determined based on the observed distribution
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in the samples collected for this study. An analysis of the surgery time is essential, because a relatively
long surgery time indicates a high probability of a prolonged length of stay [12].

2.3. Empirical Analysis

Herein, the continuous data were expressed based on the mean and standard deviation, whereas
the categorical data were expressed in eigenvalue and percentage. Data, wherein one or more
parameters were omitted, were excluded from the analysis. The collected data were randomly divided
into 70% for training and 30% for the evaluation of the ML model. The ML model with the training
dataset was trained using a bootstrapping model, and the training result was validated. Furthermore,
for each parameter, seven ML algorithms, including random forest, XGBoost, Bayesian generalized
linear model, decision-making tree model, k-cluster analysis, logistic regression analysis, and neural
network analysis, were tested. Based on the results of the training and evaluation of each model,
the algorithm with the greatest explanatory power was determined by comparing the area under the
curve (AUC) and selecting the one with the largest value.

The final model selected was tested based on the evaluation dataset for an internal validation,
and all the previously described explanatory variables were used as an input to all models for analysis.
For any imbalance in the model training, the synthetic minority oversampling technique was applied to
the training dataset to ensure the robustness of the model. This was because the model training using
data that substantially vary in the numbers of each class causes an excessive classification of patterns
into multiple categories, which would thus affect the model performance [13]. In addition, the Brier
score was used to evaluate the parameters that verify the accuracy of the predicted results. The Brier
score ranges between zero and one, and a value closer to zero indicates more accurate results [14]. For
all analyses, STATA ver. 15. MP was used.

3. Results

The data obtained from 112 patients were collected through the patient analysis and cleaning
from February to November, 2019. All the data were included in the training model for subsequent
trainings. The number of males in this dataset was 50, accounting for 44.6% of the total dataset, with a
mean age of 60.4 years. The details of the demographic characteristics and the information regarding
surgery are listed in Table 1.

Table 1. General characteristics of patients and parameters (n = 112).

Parameters Value

Males, n (%) 50 (44.6)
Mean age ± SD (years) 60.4 ± 12.8
Active smoker, n (%) 21 (19)

Regular alcohol intake, n (%) 56 (0.5)
The American Society of Anaesthesiologists

(ASA) score, n (%)
I 15 (13.3)
II 83 (73.5)
III 14 (13.2)

Mean height ± SD, cm 160.97 ± 8.94
Mean weight ± SD, kg 65.01 ± 12.31
Mean BMI ± SD, kg/m2 26.91 ± 9.74

Index level, n (%)
L1–2 1 (0.9)
L2–3 6 (5.3)
L3–4 32 (28.5)
L4–5 72 (64.3)

L5–S1 34 (30.3)
Multi-level decompression, n (%) 32 (28.5)
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Table 1. Cont.

Parameters Value

Mean baseline patient-reported outcome measures (PROMs) ± SD
Numeric Rating Scale for leg pain (NRS-LP) 7.18 ± 1.31

Medical cost affordability
High 28 (0.25)

Moderate 72 (0.65)
Low 12 (0.10)

3.1. Patient-Reported Outcome Measure

The rate of reduction in postoperative NRS indicated a clinically significant improvement in
80.4% of the patients. The percentage of patients who received a reoperation was 5.3%, whereas the
percentage of patients with a surgery time of >200 min was 17.9% (Table 2). In addition, the individual
accuracy of the developed predictive models was 83%, with an AUC of 0.860.

Table 2. Summary of parameter results.

Endpoint Number of Incident-Free
Cases and Percentage

Number of Incidents
and Percentage

NRS–Discharge 90 (80.4) 22 (19.6)
Reoperation

Incidence 106 6 (5.3)
Period Parameter

Prolonged op, >200 min 92 20 (17.9)

These parameters imply that each model differs from the viewpoint of the predicted values and
accuracy depending on the parameters, and an over-fitting does not occur based on the comparison
of the training and evaluation results [15]. The Brier score is the mean of the square of the difference
between the observed and predicted results obtained through an equation comparing the overall
accuracy (Table 3).

Table 3. Estimated results of the training and evaluation datasets.

Metric NRS Score Reoperation Surgery Time

Training (Bootstrapping)

Sensitivity 84.675 94.643 89.691
Specificity 75.000 0 66.667
Accuracy 83.929 94.643 86.607

AUC 0.803 0.887 0.896
Prevalence 92.857 1 86.607

Positive predictive value 97.778 1 94.565
Negative predictive value 27.273 0 50.000

Relative risk 1.344 1 1.891
F1 score 0.9072 0.9724 0.9206

Testing

Sensitivity 88.462 93.548 96.154
Specificity 60.000 0 90.000
Accuracy 83.871 93.548 95.161

AUC 0.860 0.952 0.975
Prevalence 83.871 1 83.871

Positive predictive value 92.000 1 98.039
Negative predictive value 50.000 0 81.818

Relative risk 1.840 1 5.392
F1 score 0.893 0.903 0.971

Brier score 0.13 0.11 0.13
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3.2. Reoperation

The incidence of reoperation occurred in six patients (5.3%), predicted with 93% accuracy with an
AUC of 0.952. No over-fitting was observed for the reoperation predictive model.

3.3. Surgery Time

Surgery time of ≥200 min was recorded for 20 patients (17.9%). The prediction of prolonged
surgery time showed an accuracy of 95%, but the predicted AUC was 0.975. For this model based on
the random forest algorithm, the sensitivity (96%) and positive predicted value (98%) were both high,
and the sensitivity was 90%.

A graph representing the AUC of each model can be found below (Figure 1).
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Rating Scale (NRS)-LP, reoperation, and time.

4. Discussion

In this study, ML-based prognosis predictive models were developed using the data obtained
from 112 patients who received spinal stenosis surgery, and the prediction accuracy was determined.
The evaluation of the prognosis predictive models showed that the surgery prognosis could be predicted
with a high level of accuracy. The developed models can accurately predict the cases before and after
surgery using a non-linear combination with complex actions, with the potential to estimate such poor
prognosis as a reoperation. The models are anticipated to prove valuable to both the patients and
medical staff.

Nevertheless, applying ML algorithms to a predictive analysis has certain drawbacks. Although
the ML models learn the human process of judgment and make similar decisions, the basis of these
results remains unknown, which is referred to as a black box. For example, when recognizing an object
as a car, we are unable to explain the process by which we arrive at this conclusion.

In other words, a good prognosis may be predicted for a patient, but the doctor may not be able
to find the evidence in the diagnosis to support the prediction, and it would be difficult to explain
the reasoning behind the prediction to the patient. Unlike conventional statistical models, the models
developed using ML algorithms are often non-linear, and thus the number of rules or parameters
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that define the model can reach up to several billion. Therefore, A plus B does not always produce
C [16]. The precise data processing pathway of ML is a black box, whose decoding is challenging even
for data scientists. The results of such a black box with the challenge of pathway decoding cannot
unconditionally be trusted without validation, which is essential. These results should be validated by
considering whether the given algorithm has accurately predicted a future event or result as desired
and whether the outcome is useful in practice [17].

However, concepts such as local interpretable model-agnostic explanations have emerged, and they
aim to overcome the previously mentioned problems [18]. The local surrogate model is used to explain
the individual predicted values of the black box ML model with an additional advantage in that
previous studies on interpretable models were used as local surrogate models and accumulative
experience has been made available [19]. Based on such findings, a more appropriate method to
utilize the ML would be to identify and apply the direction of improvement regarding the underlying
mechanism with human intuition, rather than just accepting the black box model while optimizing
only the accuracy of the validation dataset.

Although there are both advantages and disadvantages associated with ML technology,
the proposed study is in line with those reported by Siccoli [20], Azimi [21], and Guha [22] that claim
the technological possibility of various, clinically relevant prognosis predictions for the decompression
surgery of spinal stenosis and the possibility of shared decision-making between the patient and the
surgeon based on the predicted information. The approach to a prognosis predictive analysis prior to
surgery based on the individual patient characteristics is anticipated to push forward the advancement
of surgical treatment for patients with spinal stenosis.

The limitations of the proposed study are as follows: First, a subjective pain index was used such
that an objective analysis could not be conducted with respect to pain, and the various parameters in
the patient-reported outcome measures could not be used. In addition, an adequate amount of data
could not be obtained, with the possibility of a slight reduction in the accuracy of the data. For further
studies on maximizing the benefits of deep learning, a larger and more precise dataset is required,
although it is considerably difficult to obtain the data from a single institution. To overcome such
limitations, a multi-institutional study or a national-level consortium study should be conducted.

Author Contributions: Conceptualization, K.-R.K. and I.-T.J.; methodology, K.-R.K.; software, K.-R.K.; validation,
S.-Y.K.; formal analysis, K.-R.K.; Writing—Original draft preparation, K.-R.K.; Writing—Review and editing,
H.S.K., S.-Y.K., J.-E.P. and S.-Y.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Adamson, A.S.; Smith, A. Machine learning and health care disparities in dermatology. JAMA Dermatol.
2018, 154, 1247–1248. [CrossRef] [PubMed]

2. Moon, H.J.; Min, K.B. Introduction to Deep Learning in 4th Industrial Revolution. J. Korean Assoc. Spat.
Struct. 2017, 17, 4–9.

3. Morrison, A.; Rao, A. Machine Learning Evolution (Infographic). 2018-11-14. 2016. Available online: http:
//usblogs.pwc.com/emerging-technology/machine-learning-evolutioninfographic (accessed on 21 August
2020).

4. Delen, D.; Oztekin, A.; Kong, Z.J. A machine learning-based approach to prognostic analysis of thoracic
transplantations. Artif. Intell. Med. 2010, 49, 33–42. [CrossRef] [PubMed]

5. National Health Insurance Service. Annual Health Insurance Statistics. In National Health Insurance; Health
Insurance Review and Assessment Service: Seoul, Korea, 2018.

6. Chan, A.; Bisson, E.; Bydon, M.; Glassman, S.; Foley, K.; Potts, E. Laminectomy alone versus fusion for grade
1 lumbar spondylolisthesis in 426 patients from the prospective Quality Outcomes Database. J Neurosurg.
Spine 2018, 30, 234–241. [CrossRef] [PubMed]

http://dx.doi.org/10.1001/jamadermatol.2018.2348
http://www.ncbi.nlm.nih.gov/pubmed/30073260
http://usblogs.pwc.com/emerging-technology/machine-learning-evolutioninfographic
http://usblogs.pwc.com/emerging-technology/machine-learning-evolutioninfographic
http://dx.doi.org/10.1016/j.artmed.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20153956
http://dx.doi.org/10.3171/2018.8.SPINE17913
http://www.ncbi.nlm.nih.gov/pubmed/30544348


Brain Sci. 2020, 10, 764 7 of 7

7. Jacobs, W.C.; van Tulder, M.; Arts, M.; Rubinstein, S.M.; van Middelkoop, M.; Ostelo, R.; Verhagen, A.;
Koes, B.; Peul, W.C. Surgery versus conservative management of sciatica due to a lumbar herniated disc:
A systematic review. Eur Spine J. 2011, 20, 513–522. [CrossRef] [PubMed]

8. Debono, B.; Sabatier, P.; Koudsie, A.; Buffenoir, K.; Hamel, O. Managing spine surgery referrals:
The consultation of neurosurgery and its nuances. Neurochirurgie 2017, 63, 267–272. [CrossRef] [PubMed]

9. Cassinelli, E.H.; Eubanks, J.; Vogt, M.; Furey, C.; Yoo, J.; Bohlman, H.H. Risk factors for the development
of perioperative complications in elderly patients undergoing lumbar decompression and arthrodesis for
spinal stenosis: An analysis of 166 patients. Spine (Phila Pa 1986) 2007, 32, 230–235. [CrossRef] [PubMed]

10. Lim, S.; Edelstein, A.I.; Patel, A.A.; Kim, B.D.; Kim, J. Risk factors for postoperative infections after single-level
lumbar fusion surgery. Spine (Phila Pa 1986) 2018, 43, 215–222. [CrossRef] [PubMed]

11. Ostelo, R.W.; Deyo, R.A.; Stratford, P.; Waddell, G.; Croft, P.; Von Korff, M.; Bouter, L.M.; Henrica, C.
Interpreting change scores for pain and functional status in low back pain: Towards international consensus
regarding minimal important change. Spine (Phila Pa 1986) 2008, 33, 90–94. [CrossRef] [PubMed]

12. Park, J.H.; Kang, S.H. A study on the development of predictive model for severity-adjusted length of stay in
nervous system patients using machine learning. Korea Inst. Health Soc. Aff. 2019, 39, 390–427.

13. Blagus, R.; Lusa, L. SMOTE for high-dimensional class-imbalanced data. BMC Bioinform. 2013, 14, 1–16.
[CrossRef] [PubMed]

14. Hernández-Orallo, J.; Flach, P.A.; Ramirez, C.F. Brier curves: A new cost-based visualisation of classifier
performance. In Proceedings of the 28th International Conference on Machine Learning, Bellevue, WA, USA,
28 August 2011; pp. 585–592.

15. Wu, J.; Roy, J.; Stewart, W.F. Prediction modeling using EHR data: Challenges, strategies, and a comparison
of machine learning approaches. Med Care 2010, 48, S106–S113. [CrossRef] [PubMed]

16. The White House, Preparing for the Future of Artificial Intelligence. Available online:
https://obamawhitehouse.archives.gov/sites/default/files/whitehouse_files/microsites/ostp/NSTC/pr
eparing_for_the_future_of_ai.pdf (accessed on 21 August 2020).

17. Bruce, P.; Bruce, A.; Gedeck, P. Practical Statistics for Data Scientists: 50+ Essential Concepts Using R and Python,
2nd ed.; O’Reilly Media, Inc.: Newton, MS, USA, 2020.

18. Ribeiro, M.T.; Singh, S.; Guestrin, C. Model-agnostic interpretability of machine learning. arXiv 2016,
arXiv:1606.05386.

19. Hu, L.; Chen, J.; Nair, V.N.; Sudjianto, A. Locally interpretable models and effects based on supervised
partitioning (LIME-SUP). arXiv 2018, arXiv:1806.00663.

20. Siccoli, A.; Marlies, P.; Schröder, M.L.; Staartjes, V.E. Machine learning–based preoperative predictive
analytics for lumbar spinal stenosis. Neurosurg. Focus 2019, 46, 1–9. [CrossRef]

21. Azimi, P.; Benzel, E.C.; Shahzadi, S.; Azhari, S.; Mohammadi, H.R. Use of artificial neural networks to predict
surgical satisfaction in patients with lumbar spinal canal stenosis. J. Neurosurg. Spine 2014, 20, 300–305.
[CrossRef] [PubMed]

22. Guha, D.; Heary, R.F.; Shamji, M.F. Iatrogenic spondylolisthesis following laminectomy for degenerative
lumbar stenosis: Systematic review and current concepts. Neurosurg. Focus 2015, 39, 1–8. [CrossRef]
[PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00586-010-1603-7
http://www.ncbi.nlm.nih.gov/pubmed/20949289
http://dx.doi.org/10.1016/j.neuchi.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28882606
http://dx.doi.org/10.1097/01.brs.0000251918.19508.b3
http://www.ncbi.nlm.nih.gov/pubmed/17224819
http://dx.doi.org/10.1097/BRS.0000000000000608
http://www.ncbi.nlm.nih.gov/pubmed/25271498
http://dx.doi.org/10.1097/BRS.0b013e31815e3a10
http://www.ncbi.nlm.nih.gov/pubmed/18165753
http://dx.doi.org/10.1186/1471-2105-14-106
http://www.ncbi.nlm.nih.gov/pubmed/23522326
http://dx.doi.org/10.1097/MLR.0b013e3181de9e17
http://www.ncbi.nlm.nih.gov/pubmed/20473190
https://obamawhitehouse.archives.gov/sites/default/files/whitehouse_files/microsites/ostp/NSTC/preparing_for_the_future_of_ai.pdf
https://obamawhitehouse.archives.gov/sites/default/files/whitehouse_files/microsites/ostp/NSTC/preparing_for_the_future_of_ai.pdf
http://dx.doi.org/10.3171/2019.2.FOCUS18723
http://dx.doi.org/10.3171/2013.12.SPINE13674
http://www.ncbi.nlm.nih.gov/pubmed/24438428
http://dx.doi.org/10.3171/2015.7.FOCUS15259
http://www.ncbi.nlm.nih.gov/pubmed/26424349
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Data Summary 
	Data Collection 
	Patient-Reported Outcome Measure (Numeric Rating Scale) 
	Incidence of Reoperation 
	Surgery Time 

	Empirical Analysis 

	Results 
	Patient-Reported Outcome Measure 
	Reoperation 
	Surgery Time 

	Discussion 
	References

