Shah et al. Art Int Surg. 2025:5:210-20 epn
DOI: 10.20517/ais.2024.43 ] Artificial
Intelligence Surgery

Original Article Open Access

'.’ Check for updates

A machine learning-driven model predicts patient-
reported dysphagia after instrumented cervical
fusion

Akash A. Shah', Changhee Lee?, Amador Bugarin®, Sai K. Devana', Alexander Upfill-Brown', Nelson F.
SooHoo', Don Y. Park*

'Department of Orthopaedic Surgery, David Geffen School of Medicine at UCLA, Los Angeles, CA 90095, USA.
’Department of Artificial Intelligence, Korea University, Seoul 02841, Republic of Korea.

*Department of Orthopaedic Surgery, Oregon Health & Science University School of Medicine, Portland, OR 97239, USA.
“Department of Orthopaedic Surgery, University of California Irvine School of Medicine, Orange, CA 92868, USA.

Correspondence to: Dr. Akash A. Shah, Department of Orthopaedic Surgery, David Geffen School of Medicine at UCLA, Los
Angeles, CA 90095, USA. E-mail: ashah19@mgh.harvard.edu

How to cite this article: Shah AA, Lee C, Bugarin A, Devana SK, Upfill-Brown A, SooHoo NF, Park DY. A machine learning-driven
model predicts patient-reported dysphagia after instrumented cervical fusion. Art Int Surg. 2025,;5:210-20. https://dx.doi.org/10.
20517/ais.2024.43

Received: 15 Jun 2024 First Decision: 30 Dec 2024 Revised: 3 Apr 2025 Accepted: 21 Apr 2025 Published: 8 May 2025

Academic Editors: Peter Passias, Andrew Gumbs Copy Editor: Pei-Yun Wang Production Editor: Pei-Yun Wang

Abstract

Aim: We aim to develop a machine learning (ML)-driven predictive algorithm for patient-reported dysphagia after
instrumented cervical fusion. Additionally, we aim to identify features for the prediction of dysphagia and to
develop a web-based risk calculator for outcome prediction.

Methods: We identified consecutive adults who underwent instrumented cervical fusion at a single institution
between 2013-2020. We developed regression-based and ML-based prognostic models and assessed model
performance using discrimination and calibration. Additionally, we identified patient features driving the
performance of the most effective model.

Results: Nine hundred and forty-seven patients were included in this study. There were 62 cases of dysphagia. The
gradient boosting model was well-calibrated and demonstrated the highest discrimination of all tested models. The
most important features for model performance included: anterior approach, deformity, revision procedure, bipolar
disorder, diabetes mellitus, depression/anxiety, male sex, and myelopathy.
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Conclusion: We report a ML-driven model that accurately predicts patient-reported dysphagia after instrumented
cervical fusion. Prediction of dysphagia risk may inform preoperative counseling and appropriate risk stratification.
Furthermore, this model may identify modifiable risk factors that may be addressed preoperatively to reduce the
risk of dysphagia after cervical fusion.
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INTRODUCTION

The number of cervical fusion procedures has been increasing in recent decades due to an aging population
as well as an increasing prevalence of degenerative cervical spine pathology. One of the most common
perioperative complications associated with cervical fusion is dysphagia, defined as difficulty or discomfort
with swallowing. Dysphagia is common after anterior cervical spine surgery; it is also observed after
posterior approaches, albeit less often". Reported rates of dysphagia display wide variation, ranging from
2% to 83% """ Dysphagia tends to be a transient complication, typically resolving within 3 months”*’. In
addition to being a source of discomfort to patients, the development of postoperative dysphagia is
associated with poor outcomes. Patients who develop dysphagia have significantly decreased physical health
status up to 24 months after surgery, even after symptoms resolve'”. Furthermore, patients who develop
dysphagia are more likely to suffer from related complications such as dehydration, malnutrition, and
pneumonia"”. Accurately predicting whether a patient is at high risk for dysphagia is thus of great utility
and can allow for preoperative counseling and potential preventative measures'.

There is a paucity of models predicting the risk of dysphagia after instrumented cervical fusion. The
utilization of machine learning (ML) methods has grown for the prediction of clinical outcomes in spinal
surgery'
an institutional cohort undergoing instrumented cervical fusion. Although they are increasingly utilized,
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|, We aim to develop an ML-driven algorithm for the prediction of patient-reported dysphagia in

ML models carry limitations; the complex algorithms underlying ML models often sacrifice interpretability
for predictive power. Therefore, we also aim to identify the features important for risk prediction. Finally,
our goal is to develop a web-based risk calculator that provides individualized dysphagia risk estimates.

METHODS

Study design and subjects

Our institutional review board approved a waiver of consent for this retrospective study. All patients > 18
years who underwent instrumented cervical spinal fusion at our academic health system, which includes
two tertiary care hospitals, between 2013-2020 were included. Revision procedures were excluded if new
instrumentation was not placed. Patients with < 2 weeks of follow-up were excluded to ensure that cases of
delayed-onset dysphagia were not missed. The cohort was identified by querying case schedules and
reviewing operative notes from the electronic medical record.

Outcome and other variables

The primary outcome measure was postoperative dysphagia, defined as patient-reported pain or difficulty
with swallowing within the index admission or in follow-up encounters within one month postoperatively.
We extracted the following explanatory features: procedure performed, number of fused levels, surgical
approach, surgical indication, preoperative motor deficit, preoperative neurologic symptoms, medical and
psychiatric comorbidities, body mass index, and smoking history. We also extracted preoperative laboratory
values if obtained within 30 days prior to index cervical fusion. Preoperative use of antidepressants,
benzodiazepines, and opioids was additionally documented.
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Continuous variables were included if < 30% of values were missing. Multiple imputation was performed
with MissForest. The rates of missing data for white blood cell (WBC) count and hemoglobin were 4.3%
(n=41) and 5.1% (n = 48), respectively. The rate of missing data for body mass index was 27.3% (1 = 259).

Model development and evaluation

We built logistic regression and four ML models: XGBoost, AdaBoost, gradient boosting, and random
forest. These models were chosen as they represent established ML modeling approaches; they span
regression, boosting, tree-based, and ensemble modeling. Five-fold stratified cross-validation was used to
avoid model overfitting. Logistic regression, random forest, and AdaBoost models were built using the
scikit-learn Python library. XGBoost was built using the xgboost Python library. For random forest,
AdaBoost, and gradient boosting models, the number and trees were chosen from the set {50, 100, 200, 300}.
For XGBoost, the number of trees and maximum depth of each tree were selected from sets {50, 100, 200,
300} and {2, 3, 4, 5}, respectively.

Discrimination measures how accurately a model distinguishes between patients who did and did not
develop dysphagia. We assess discrimination by the area under the receiver operating characteristic curve
(AUROC). AUROC represents the probability that a randomly selected patient who developed dysphagia
was assigned a higher risk probability by the model than a patient who did not experience this complication.
Calibration signifies the agreement between the model’s predictions and observed outcomes in the study
population. The calibration slope measures the spread of model prediction; a slope of 1 indicates perfect
spread. Calibration intercept is a measure of whether a model overestimates or underestimates the
probability of an outcome. A perfect model has a calibration intercept of o',

Anaconda Distribution (Anaconda, Inc. Austin, TX), R version 3.5.1 (The R Foundation, Vienna, Austria),
and Python version 3.6 (Python Software Foundation, Wilmington, DE) were used for analysis.

Feature importance
To aid the interpretation of the predictions issued by the models, we utilize a partial dependence function
that measures the importance of a feature to model performance!”.

Risk calculator
The best-performing survival and classification models on the testing cohort were deployed as a web-based
application with Streamlit (Bozeman, MT), an open-access platform.

RESULTS

Cohort characteristics and demographics

Nine hundred and forty-seven patients were included in this study, with a median age of 60 years; over half
of the patients (56.8%) were male. Four hundred and fifty-four patients (47.9%) underwent an anterior
approach and 458 (48.4%) underwent a posterior approach. Thirty-five patients (3.7%) underwent a
combined anterior/posterior approach. A total of 489 patients (51.6%) thus underwent an anterior approach
- either isolated or combined anterior/posterior. A median number of two levels were fused. Junctional
fusion crossing the cervicothoracic junction was performed in 97 patients (9.5%).

The most common surgical indication was myelopathy (39.2%), followed by trauma (10.5%) and
degenerative disc disease (3.6%). Deformity and infection were indications for 2.4% and 1.2% of patients,
respectively. The most common medical comorbidities were diabetes mellitus (19.5%), hypothyroidism
(14.1%), and malignancy (6.7%). One hundred and three patients (10.9%) were in an immunosuppressed
state (e.g., immunodeficiency, immunosuppressive drugs, steroids). The median Charlson comorbidity
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index was 2. Depression and/or anxiety were present in 249 patients (26.3%) and 12 patients (1.3%) suffered
from bipolar disorder.

With respect to preoperative symptoms, 550 patients (58.1%) had paresthesias and 535 (56.5%) had
radicular pain. Four hundred and sixty-two patients (48.8%) had preoperative motor weakness. Sixty-two
patients (6.1%) reported postoperative dysphagia. The median hospitalization length was 3 days. Cohort
characteristics and outcomes are detailed in Table 1.

Model performances

Algorithms for predicting dysphagia after instrumented cervical fusion were built with logistic regression,
XGBoost, AdaBoost, gradient boosting, and random forest. The gradient boosting model demonstrates the
highest discrimination (AUROC 0.766 + 0.048) and is well-calibrated with a calibration slope of 1.082 and a
calibration intercept of -0.012. The logistic regression model is poorly calibrated, with a calibration slope of
196.278 and a calibration intercept of -11.926. We additionally calculated negative and positive predictive
values with a sensitivity-based threshold where the gradient boosting model’s cut-oft is adjusted to achieve a
sensitivity of 0.8; the negative predictive value was 0.983 + 0.003 and the positive predictive value was 0.136
+ 0.025. Discrimination and calibration statistics are detailed in Table 2. The receiver-operating
characteristic curves for the gradient boosting and logistic regression models are depicted in Figure 1.

Feature importance

To determine relative feature importance, we applied a partial dependence function on the cross-validation
fold in which the greatest performance gain of the gradient boosting model was noted. The importance of
each feature to gradient boosting model performance is shown in Table 3. The most important features to
gradient boosting model performance include degenerative disc disease, revision procedure, surgical
approach, spinal trauma, comorbid psychiatric conditions, diabetes mellitus, and the presence of
preoperative paresthesias.

Risk calculator

The gradient boosting model was incorporated into a risk calculator: https://chlsggse6-risk-calculator-
dysphagia.streamlit.app/. Users may input feature values and receive a probability of dysphagia after
instrumented cervical fusion.

DISCUSSION

Dysphagia is a common and disabling complication after cervical spine surgery. Although often a transient
complication, dysphagia is associated with poor clinical outcomes'*"”.. Most studies that have identified
predictors for dysphagia after cervical spine surgery have employed multivariable logistic
regression®>******?_ ML methods recognize underlying nonlinear and factor-factor interactions in datasets
through iterative learning processes, often detecting relationships between variables that regression
techniques may not be able to”**. ML has been sparingly applied for the prediction of specific
complications after cervical fusion; to our knowledge, ML modeling techniques have not been used for the
prediction of dysphagia"**.

There have been multiple studies performed identifying risk factors for postoperative dysphagia. These
include preoperative and intraoperative risk factors®. Preoperative factors include sex, age, smoking status,
recurrent laryngeal nerve injury, and pre-existing dysphagia® . Intraoperative factors include surgical
approach, operative time, and number of levels operated on'*”. This study expands on the literature in two
primary ways. The aforementioned studies utilize multivariable logistic regression to identify risk factors.


https://chl88856-risk-calculator-dysphagia.streamlit.app/
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Table 1. Cohort characteristics

Feature All patients (n = 947)
Median (IQR)
Age (years) 60 (50, 69)
Body mass index (kg/mz) 26.9 (24.6,29.1)
Number of fused levels 2(,3)
Preoperative WBC count (1,000/mL) 6.9 (5.6,8.4)
Preoperative hemoglobin (g/dL) 13.7 (12.7,14.8)
Charlson comorbidity index 2(,3)
Number (%)
Male 538 (56.8)
Approach
Isolated posterior 458 (48.4)
Isolated anterior approach 454 (47.9)
Combined anterior/posterior 35(3.7)
Any anterior approach 489 (51.6)
Surgical indications
Myelopathy 371(39.2)
Trauma 99 (10.5)
Degenerative disc disease 34 (3.6)
Deformity 23(2.4)
Infection 10.2)
Revision 44 (4.6)
Medical/psychiatric comorbidities
Diabetes mellitus 185 (19.5)
Hypothyroidism 134 (14.1)
Immunosuppressed state 103 (10.9)
Malignancy 63(6.7)
Dialysis dependence 17 (1.8)
Depression and/or anxiety 249 (26.3)
Bipolar disorder 12 (1.3)
Preoperative symptoms
Paresthesias 550 (58.1)
Radicular pain 535 (56.5)
Motor weakness 462 (48.8)
Dysphagia 62 (6.5)
Median (IQR)
Hospitalization length (days) 3(1,5)

Body mass index, WBC count, and hemoglobin had missing values imputed. IQR: Interquartile range; kg: kilograms; m: meter; WBC: white blood
cell; g: gram; mL: milliliter; dL: deciliter.

We perform the first ML-driven analysis for the prediction of dysphagia after cervical fusion. Furthermore,
while the existing literature provides important data regarding factors that may influence the risk of
postoperative dysphagia, they do not provide the probability of dysphagia. While other studies have
identified risk factors for dysphagia, we provide a risk calculator that clinicians can consult to predict the
preoperative risk of dysphagia. To our knowledge, this is the first such risk calculator in the literature that
quantifies the risk of dysphagia.
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Table 2. Discrimination statistics of tested models

Model AUROC Calibration slope Calibration intercept
Logistic regression 0.691+0.035 196.278 -11.926

XGBoost 0.717 £ 0.039 0.3285 0.0447

Gradient boosting 0.766 + 0.048 1.082 -0.012

AdaBoost 0.596 +0.105 01717 0.0277

Random forest 0.735+0.039 0.5214 0.0210

AUROC: Area under the receiver operating characteristic curve.

Table 3. Relative feature importance for gradient boosting

Feature Rank Change to risk prediction

Binary features

Anterior approach 1 0.080
Deformity 2 0.057
Revision procedure 3 0.043
Bipolar disorder 4 0.041
Diabetes mellitus 5 0.012
Depression and/or anxiety 6 0.006
Male sex 7 0.005
Cervical myelopathy 8 0.003
Continuous features
Preoperative hemoglobin 1 0.058
Age 2 0.052
Preoperative WBC count 3 0.026
WBC: White blood cell.
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Figure 1. Receiver operating characteristic curves for gradient boosting and logistic regression models.

With a cohort of 947 consecutive patients, we report an ML-driven model that accurately predicts patient-
reported dysphagia after instrumented cervical fusion. This gradient boosting model is well-calibrated and
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displays high discrimination with an AUROC of 0.766. To facilitate preoperative risk stratification, we
include only preoperative patient characteristics in the model. Additionally, we identify the patient features
that are most important to model performance.

Anterior approach to the cervical spine is the most important feature for model performance. The anterior
approach is widely recognized as a risk factor for dysphagia**"*". Anterior cervical fusion requires
retraction of the esophagus, a known risk factor for developing dysphagia”*?. Additionally, a combined
approach to the cervical spine has been shown to have overall higher complication rates, including

10,11]

dysphagia, compared to isolated anterior or posterior approaches"*'".

We find that surgical indication is important for model performance. Surgery for deformity was the 2nd
most important feature for the model. Cervical deformity procedures may result in more trauma to anterior
and posterior soft tissues due to increased retractor time and changes in tension after deformity correction.
These are also longer surgeries with larger exposures and higher intraoperative blood loss - all factors
associated with the development of dysphagia****". Revision procedure was the 3rd most important feature.
Patients undergoing revision surgery are more likely to undergo complex surgery with scar tissue
complicating the approach, leading to increased operative time, soft tissue injury, and multilevel fusion.
These factors are associated with an increased risk of swallowing difficulty after cervical fusion'®*****"*,
Patients with cervical spondylotic myelopathy have been hypothesized to have an increased risk of
dysphagia, likely due to the chronicity of degenerative disease with osteophytic changes required to develop
progressive myelopathy from spondylosis"?. Additionally, local inflammation from the degenerative
uncovertebral disease may increase preoperative prevertebral swelling, a known risk factor for postoperative
dysphagia”'’.

Finally, medical and psychiatric comorbidities were identified as important features for dysphagia risk
prediction. Diabetes mellitus was the 5th most important feature and is a known risk factor for adverse
outcomes after spinal surgery”*". Bipolar disorder and depression/anxiety were the 4th and 6th most
important features, respectively. Patients with mood disorders and other psychiatric comorbidities have
been shown to have lower rates of satisfaction and higher rates of perioperative complications across spinal
surgery"”. Kang et al. showed that the presence of psychiatric factors is associated with persistent dysphagia
after single-level anterior cervical fusion; however, bipolar disorder has not been specifically shown to be
associated with dysphagia®. Patients with psychiatric disorders are more likely to report higher rates of
acute pain with longer duration of symptoms™. Increased duration of pain is a risk factor for the
development of dysphagia"!. Providers should thus screen patients for psychiatric conditions such as bipolar
disorder and depression/anxiety and attempt to optimize management prior to elective surgery by ensuring
appropriate psychiatric follow-up; these features may influence the risk of postoperative dysphagia. We
identify male sex as the 7th most feature for model performance. The role of patient sex in postoperative
dysphagia is debated and reported inconsistently. While studies by Lee et al. and Cho et al. have identified
female sex as a risk factor for dysphagia, sex does not have an association with dysphagia in a study by Riley
et al.*7,

The current study has limitations, the first of which is its retrospective single-center design. Selection bias
exists in this cohort as it is comprised of patients for whom it was perceived that the benefit of surgery
would outweigh the risks. An additional source of selection bias is that surgeons may have avoided anterior
cervical fusion - or cervical fusion altogether - in patients for whom a high risk of dysphagia was suspected.
While our observed dysphagia rate of 6.5% is consistent with the existing retrospective literature, it has been
shown that when dysphagia is assessed prospectively, the reported rates are notably higher®”*".
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Additionally, validated measures of dysphagia such as videofluoroscopic swallow evaluation or standardized
questionnaires were not employed in this study. Radiographic alignment parameters, operative time, or
specific levels (i.e., upper versus lower cervical spine) were not included as explanatory features. While
recurrent laryngeal nerve injury is a known risk factor for dysphagia, the injury was not typically noted
intraoperatively, nor was it specifically investigated for postoperatively. Relying on subjective patient-
reported symptoms may represent a source of bias. Finally, overfitting is a concern when building any
prognostic model; this is especially the case with ML modeling. We attempt to protect against overfitting
with our model development and validation strategy; however, external validation studies are necessary to
establish generalizability.

We report an ML algorithm with high discrimination and calibration that accurately predicts patient-
reported dysphagia after instrumented cervical fusion at a single institution. This represents the first ML
model predicting dysphagia after cervical fusion. By providing an accurate estimate of the risk for
developing dysphagia, the reported model can improve preoperative shared decision making and facilitate
more informed patient counseling. We identify potentially modifiable patient features such as diabetes and
psychiatric comorbidities that may be preoperatively optimized for elective procedures to potentially reduce
the risk of developing dysphagia. We additionally provide a user-friendly risk calculator that providers can
consult to determine patient-specific risk of dysphagia. This tool can be employed during the preoperative
evaluation to provide a probability of this complication and better counsel patients regarding the risks and
benefits of the planned surgery.

For patients with a high predicted risk of dysphagia, preventative or mitigating measures can be
implemented. If appropriate decompression and fusion can be performed through either an anterior or
posterior approach, the surgeon may consider proceeding with a posterior approach in patients with a high
risk of dysphagia. Preoperative tracheal/esophageal traction exercises may improve tracheal and esophageal
compliance, reducing the risk of dysphagia®. Multiple intraoperative measures can be taken as well.
Reduction in endotracheal tube cuff pressure after placement of retractors during anterior cervical exposure
may decrease the risk of postoperative dysphagia™’. Minimizing esophageal retraction time and using
dynamic retractors instead of self-retaining retractors may decrease the risk of postoperative dysphagia by
reducing ischemic changes to the tracheal mucosa'®*. The use of a low-profile smooth anterior cervical
plate or a zero-profile implant may reduce the risk of postoperative prevertebral swelling with associated
dysphagia>*”. Additionally, avoiding routine use of recombinant bone morphogenetic proteins (BMPs)
may reduce dysphagia risk; intraoperative use of BMPs may lead to dysphagia by increasing the incidence of
postoperative swelling’*. Systemic administration or local injection of corticosteroids to the
retropharyngeal region after closure may reduce the risk of dysphagia by decreasing esophageal
inflammation and soft-tissue swelling!*. In addition to preoperative and intraoperative measures, specific
postoperative measures may also be taken in those with a high risk of developing dysphagia. For example,
these patients may benefit from a soft diet immediately postoperatively with a slower advancement of diet
and low threshold to obtain swallow studies.

Potential future avenues of research include re-training this reported algorithm on multi-center data
collected with standardized measures of dysphagia. Additionally, external validation studies are necessary to
determine the generalizability of this algorithm.
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