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Abstract

Adult spinal deformity (ASD) poses significant challenges in spinal surgery, requiring precise planning and
execution for successful correction. Additionally, optimization of outcomes and reducing the high complication
rates of ASD surgeries are additional challenges facing spinal deformity surgeons. The advent of machine learning
(ML) has revolutionized various aspects of healthcare, including spinal surgery. This review provides a
comprehensive overview of the current state of ML applications in spinal deformity corrective surgery, highlighting
its potential benefits and challenges.
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INTRODUCTION

With the aging population, the incidence and prevalence of adult spinal deformity (ASD) are on the rise'’,
affecting millions worldwide and significantly impacting their quality of life. This often leads to the
necessity of complex surgical interventions. Planning ASD surgery involves evaluating not only the entire
spinal column but also the entirety of the skeleton to ensure appropriate radiographic alignment. ASD
patients present with a variety of heterogeneous clinical manifestations, and there is a vast array of surgical
methods available for their treatment, making the treatment algorithm quite complex. Additionally, ASD
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surgery is associated with high complication rates in both the short and long term. These observations make
ASD an ideal candidate for leveraging the significant potential offered by artificial intelligence and machine
learning (ML).

Computational techniques have been used in the past several years to process large datasets and create
complex mathematical models to determine the relationship between different variables affecting the
outcomes of surgery. The idea behind ML, a subset of artificial intelligence, is to develop a system similar to
the human brain to learn from clinical and radiographic data and apply the knowledge to new situations. In
other words, ML employs computer algorithms to learn from data and past experiences, enabling the
creation of intelligent models. These algorithms enable computers to identify patterns in datasets without
relying on predefined rules, allowing them to learn relationships from the data and make predictions or
decisions based on that knowledge. It has been shown that validated ML risk calculators can provide more
accurate and objective prognoses to adjust patient expectations during patient care than expert surgeons’
perception of risks in ASD surgery”. The development of predictive models via ML algorithms for
prognosticating patient outcomes following ASD surgery represents a significant advancement over
traditional statistical models, which are more adept at identifying statistical associations between variables
rather than providing predictive value®.

ML has shown promise in enhancing the accuracy and efficiency of various medical procedures, including
spinal surgery. By taking advantage of large datasets and advanced algorithms, ML can assist surgeons in
preoperative planning, intraoperative decision-making, and postoperative care, leading to improved patient
outcomes.

The aim of this narrative review is to provide an overview of the current status of ML in
enhancing spinal deformity correction surgery and its applicability in preplanning, intraoperative
guidance, predictive modeling, and postoperative risk assessment.

METHODOLOGY

The authors conducted a non-systematic review of recent literature to support their perspectives on the
applicability of ML in corrective spine surgery for adult ASD. This narrative review addresses three key
stages in surgical practice [Figure 1] where ML can be impactful, and concludes by discussing the major
challenges and future directions in the field.

Preoperative planning

Appropriate preoperative patient selection significantly impacts patient satisfaction, individualized decision-
making by surgeons, and hospital resource utilization. Identifying patients with favorable outcomes
preoperatively is a challenging task. Traditional statistical methods, such as multiple regression analyses, are
better suited for hypothesis testing rather than predicting individual patient outcomes. In contrast, ML
algorithms can readily identify patterns within large datasets without the need to test a specific
hypothesis'. However, this advantage of ML algorithms comes at the cost of interpretability. Predictive
models generated by ML are more difficult to interpret than risk factors identified by traditional statistical
tests®.

ASD patients exhibit significant heterogeneity in demographics, comorbidities, spinal pathologies, and
genetic factors. Traditional outcome predictive models often overlook these individual variabilities, leading
to suboptimal predictions. However, ML models excel in accounting for these differences. By analyzing
comprehensive datasets that include detailed individual patient profiles, these models can generate
personalized predictions, enhancing clinical decision-making and patient outcomes.
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Figure 1. An overview of the most common applications of ML in ASD. ML: Machine learning; ASD: adult spinal deformity.

ML algorithms can analyze preoperative imaging studies, such as X-rays, CT scans, and MRI scans, to
provide detailed insights into the patients” spinal alignments””. This includes assessing the degree of
deformity, identifying critical structures, and predicting the optimal surgical approach®™. ML models can
also assist in selecting the appropriate implants (like pre-bent patient-specific rods) and predicting the
postoperative spinal alignment, helping surgeons customize their surgical plan for each patient'. Using
ML algorithms, a group of investigators could accurately predict spinopelvic parameters and thoracic
kyphosis after deformity correction surgery in 20 adult patients with spinal deformity"!. ML models can
preoperatively be used to estimate the likelihood of extended length of stay following ASD surgery">".
Thus, the surgeon can optimize modifiable risk factors, enhance preoperative planning, and manage
patients’ expectations. Other investigators have developed predictive models to estimate the risk of
rehabilitation discharge for adult patients undergoing elective surgeries, including ASD patients'.

Lafage et al. used artificial neural network based on preoperative data and alignment goals to accurately
(81%) predict the upper instrumented vertebra (UIV) in a series of 143 ASD patients. This study showed
how “to employ a neural network to mimic surgeon decision-making for UIV selection”. A neural
network is a type of ML model inspired by the human brain’s structure and functioning. It consists of
interconnected nodes or neurons organized into layers: an input layer, one or more hidden layers, and an
output layer. Each connection between neurons has a weight that adjusts during training to minimize error.

Additionally, prognosis can be predicted by using ML algorithms to identify different patient phenotypes
preoperatively. In a recent prospective multi-center study on 570 ASD patients conducted by European and
US-based Spine Study Group, investigators could identify three different qualitative preoperative
phenotypes in ASD patients based on demographics, surgical history, frailty, radiographic measures, and
patient-reported outcome measures. These phenotypes had been identified through unsupervised machine-
based clustering. Based on these phenotypes, one can augment preoperative decision-making, predict the
clinical outcome of deformity surgery (prognostic values), and tailor treatment approaches'*.

An international team of researchers used a predictive ML model preoperatively to predict the individual
answers to the Scoliosis Research Society-22R (SRS-22R) questionnaire at 1 and 2 years after ASD surgery in
561 patients. This prediction provides the patients with reasonable preoperative counseling based on their
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expectations and perceptions of the corrective surgery clinical outcomes"”. Mekhael et al. used a random
forest ML model to accurately predict health-related quality of life outcomes after ASD surgery in 173
patients. They found that three-dimensional movement assessment of ASD patients can better predict
clinical outcomes than stand-alone radiographic parameters, not only for physical but also for mental
scores""”. Random forest is an ensemble learning method that constructs multiple decision trees during
training and merges their results to improve accuracy and control overfitting.

In another study, the researchers used a “ML model based on random forest regression and a systematic
decision tree-like approach” to predict health-related quality of life scores, gait kinematics, and spatial-
temporal parameters based on radiographic global alignment parameters™”. They found that Global Sagittal
Angle™ and To tilt"" were the best predictors of joint kinematics and health-related quality of life scores
based on the results from 127 primary ASD patients and 47 controls.

Conditional inference tree run ML analysis was used to identify the baseline threshold for different
radiographic parameters to achieve a good outcome following ASD surgery in 431 patients. These
parameters were: sagittal vertical axis, pelvic incidence-lumbar lordosis mismatch, pelvic tilt, T1 pelvic
angle, L1 pelvic angle, L4-S1 lordosis, C2-C7 sagittal vertical axis, C2-T3, C2 slope. Conditional inference

tree is a type of decision tree used in ML that addresses some of the biases found in traditional decision
trees. It helps to make decisions by asking questions about data and splitting it accordingly, aiming
to improve predictions and analyses.

Aiming to preoperatively predict proximal junctional kyphosis (PJK) after ASD corrective surgery in 191
patients, a team of researchers included preoperative thoracic T1 MRIs in a deep learning ML model
(convolutional neural network) to increase the accuracy of the prediction™. Using a large prospective
multi-center database, a group of investigators constructed a supervised ensemble of decision trees to
preoperatively predict the risk of pseudarthrosis at 2 years after ASD surgery in 336 patients with 91%
accuracy™.

Intraoperative guidance

During surgery, ML algorithms can provide surgeons with real-time guidance, enhancing the accuracy of
instrument placement and overall surgical technique. By integrating with navigation systems, ML can track
the position of surgical instruments relative to the patient’s anatomy, ensuring precise correction of spinal
deformity. Using ML methodology, Burstrom et al. were able to accurately place pedicle screws during CT-
based navigation. Preplanning the pedicle screw trajectory using the ML system has yielded highly
accurate results®. ML can also be used to analyze intraoperative data, such as neuromonitoring signals, to
alert surgeons of potential complications, such as nerve injury, enabling prompt intervention. Real-time
automated decision-making systems regularly integrate inputs from intraoperative neuromonitoring and
the operating room environment, utilizing predictive models to generate instructions or warnings for the
surgical team. These systems continuously update their predictive models and decision-making processes
based on new data and feedback from the surgeon and neurophysiologist, ensuring adaptive and accurate
responses during surgery"”.

Using perioperative data, ML-based risk calculators can predict the 30-day complication and mortality risk
following ASD corrective surgery in 9,143 patients from The American College of Surgeons National
Surgical Quality Improvement Program (ACS-NSQIP) database". Kim et al. could use ML algorithms to
predict mortality and medical complications following ASD surgery. Using the data of 4,073 patients
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queried from the ACS-NSQIP database, they found that ML algorithms outperformed American Society of
Anesthesiologists score in predicting individual risk prognosis'*”.

Using conditional inference tree analysis, a team of investigators could predict blood loss and perioperative
blood transfusion in 909 ASD patients undergoing surgery"”. The artificial neural network was used to
predict perioperative blood transfusion after ASD corrective surgery in 1,173 cases identified from the
NSQIP database between 2017 and 2019, with 81% accuracy™. Furthermore, another group of researchers
found no difference between random forest and tree-based ML models to predict blood transfusion
following ASD corrective surgery in 1,029 patients™.

A team of researchers used ML-based predictive models to estimate the likelihood of overall improvement
and surpassing the minimal clinically important difference (MCID) following adult spinal deformity (ASD)
surgery, testing their models with eight patient-reported outcome measure instruments. The models could
predict accurately and consistently whether a procedure would achieve MCID for a given patient using a
given outcome instrument across a given time interval®>**.,

Postoperative care

After ASD surgery, ML can aid in monitoring patients’ recovery and predicting potential complications. By
analyzing postoperative imaging”™' and clinical data, ML models can identify early signs of implant failure,
infection, or other complications, allowing for timely intervention". Since ASD surgery is fraught with
complications postoperatively, many different characterizations have been developed to predict the
complications after the surgery or determine risk profiles for the development of complications following
deformity correction. The success of computer vision, large language models, and genome-wide association
(incorporating advanced ML technologies) in predicting various complications in a cohort of ASD patients
has been shown recently by a group of investigators"”. Major medical complications, discharge to a facility,
and 90-day readmission were predicted using ML methods with decent accuracy”**.

ML can also assist in predicting long-term complications, such as the risk of adjacent segment degeneration
and PJK, and help surgeons and patients make informed decisions about follow-up care. Korean
investigators recently developed and verified an online calculator for predicting PJK risk following ASD
surgery using a ML model. They based their study on the radiographic outcomes obtained from 16 surgical
centers”. Moreover, to predict mechanical complications following ASD surgery, some investigators tried
different ML models and found that random forest had the best prediction accuracy of 73.2%"".
Additionally, in a postoperatively well-aligned group of 244 patients following ASD surgery, some
researchers could predict the mechanical complications with moderate accuracy (74%) using extreme
gradient boosting ML algorithms. The mechanical complications investigated were: proximal junctional
kyphosis and failure, distal junctional kyphosis and failure, rod breakage, and implant-related
complications'®”. Extreme gradient boosting is a technique that builds a strong predictive model by
combining several weaker models, learning from mistakes, and doing so in a very efficient way.

Lovecchio et al. used decision tree analysis to predict the risk of proximal junctional failure and PJK by
studying pre-discharge standing radiographs of 117 ASD patients*. A group of Korean investigators could
identify risk factors for unplanned readmission after ASD in 210 patients and predict it using a ML
model™.

Some researchers used a conditionally unbiased regression tree and random forest algorithm to predict cost
outliers in ASD correction up to 2 years after the index surgery in 210 patients*”. Conditionally unbiased
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regression tree is a type of decision tree used for making predictions, particularly when numbers or
continuous data are studied. It avoids bias by splitting data into different groups based on certain
conditions.

Challenges and future directions

Despite its potential benefits, the integration of ML into spinal deformity correction surgery faces several
challenges. These include the need for large, high-quality datasets, the interpretability of ML models, and
the ethical and regulatory implications of ML algorithmic decision-making"***”. Some investigators have
suggested using biological samples (muscle and bone sampling, assessment of circulating biomarkers,...) to
improve the accuracy of ML predictions in the future***. Furthermore, most current studies employ a
random split approach, in which the majority (70%-90%) of the available data are used for training the
model, while the remaining 10%-30% for testing its performance. This approach is not generally deemed
sufficient for the aim of “external” validation". Moreover, the extent to which ML-based predictions
meaningfully affect clinical decisions and practices in real life has yet to be investigated. Future research
should focus on addressing these challenges, as well as exploring new applications of ML, such as
personalized surgical planning and robotic-assisted surgery, to further improve patient outcomes.

For spine surgeons embarking on ML collaborations, key considerations include:

1. Data quality and privacy: ensure high-quality, well-annotated data while adhering to patient privacy
regulations like HIPAA.

2. Interdisciplinary communication: foster clear communication between clinicians and data scientists to
bridge the gap between medical expertise and technical execution.

3. Clinical relevance: focus on models that address specific clinical challenges, ensuring they provide
actionable insights in surgical planning, outcome prediction, or patient monitoring.

4. Validation and bias: rigorously validate ML models in diverse clinical settings to avoid biases and ensure
generalizability.

5. Regulatory compliance: stay informed about the evolving regulatory landscape for AI in healthcare to
ensure compliance with FDA or other relevant bodies.

These considerations are crucial for developing impactful and ethical ML solutions in spine surgery.

CONCLUSION

ML has the potential to revolutionize spinal deformity correction surgery by enhancing preoperative
planning, intraoperative guidance, and postoperative care. By leveraging the power of large datasets and
advanced algorithms, ML can assist surgeons in achieving more precise and personalized surgical outcomes,
ultimately benefiting patients with spinal deformities.
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