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Objective: The aims of this study were to develop machine learning algorithms for preoperative prediction of
prolonged opioid prescriptions after TKA and to identify variables that can predict the probability of this adverse

Methods: Five algorithms were developed for prediction of prolonged postoperative opioid prescriptions.

Results: The stochastic gradient boosting (SGB) model had the best performance. Age, history of preoperative
opioid use, marital status, diagnosis of diabetes, and several preoperative medications were predictive of pro-
longed postoperative opioid prescriptions.

Conclusion: The SGB algorithm developed could help improve preoperative identification of TKA patients at risk
for prolonged postoperative opioid prescriptions.

1. Introduction

In the United States, opioid related drug overdoses nearly tripled
during the period from 1999-2014." Almost 4 out of every 100 US
adults misuse prescription opioids.? The opioid epidemic is particularly
pertinent to the field of orthopedics as these surgeons are the leading
prescriber of opioids among surgical subspecialties,”* and prescribing
postoperative opioid medications leads to increased susceptibility to
long term opioid use after surgery.>® The following factors have al-
ready been identified as contributors to prolonged postoperative opioid
use: preoperative opioid use, female gender, patients aged < 50 years,
greater length of stay, and worse health status.”°

However, no preoperative algorithm exists that can serve as a tool to
predict prolonged postoperative opioid prescriptions for total knee ar-
throplasty (TKA) patients. Karhade et al. developed an algorithm for
this purpose in total hip arthroplasty (THA), however there remains a
need for a similar preoperative tool in TKA patients.' The utilization of
machine learning, a subfield of artificial intelligence and statistics, can
be used to develop predictive algorithms for such purposes and have
been previously implemented in the field of orthopaedics.'®'" Thus, the
purposes of this study were to (1) develop machine learning algorithms
for preoperative prediction of prolonged opioid prescriptions after TKA
and (2) to use the algorithm with the best performance to identify
variables that can predict the probability of prolonged postoperative

opioid prescriptions after TKA.
2. Methods
2.1. Data source

A retrospective study was conducted at a single health care system
from January 1* 2000 to March 1°* 2018 with institutional reviewed
board approval. Inclusion criteria for the study were: (1) age 18 years or
older, (2) operative indication of osteoarthritis, and (3) primary elec-
tive TKA. Exclusion criteria for the study were: (1) revision TKA pro-
cedures and (2) TKA performed for inflammatory arthritis, trauma,
tumor, or infection.

2.2. Outcome

The primary outcome was prolonged postoperative opioid pre-
scriptions. This was defined as continuous opioid prescriptions in the 30
days after surgery, opioid prescriptions in days 30-90 days after sur-
gery, and opioid prescriptions between days 90-180 days after surgery.
The list of opioids included is available for review in Supplementary
Table 1.
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Table 1

Baseline characteristics of total knee arthroplasty population, n = 12542.

Variable n (%) | median (IQR)
Demographics
Age 67.0 (60.0-74.0)
Female sex 7559 (60.3)
Race
Non-White 1214 (10.0)
White 10947 (90.0)
Ethnicity
Hispanic 268 (2.2)

Non-Hispanic
Marital-Status

11893 (97.8)

Married 7575 (62.6)
Not-Married 4527 (37.4)
Veteran 1597 (13.6)
Disposition
Inpatient 11683 (93.2)
Outpatient 859 (6.8)
Laboratory Values

Hemoglobin (g/dL)
White blood cell (x103/uL)
Platelet (x 103/uL)
Creatinine (mg/dL)

Medicaid

Medicare

Neighborhood characteristics
Median household income ($)
Median age (years)

13.6 (12.7-14.5)
6.90 (5.80-8.20)
254.0 (213.0-301.0)
0.90 (0.76-1.05)
529 (4.2)

6469 (51.6)

80,375 (62,114-100,674)
41.9 (37.6-44.8)

High school education (%) 24 (15-30)
Unemployment rate (%) 5.7 (4.6-7.3)
Medications
Angiotensin converting enzyme inhibitor 1366 (10.9)
Angiotensin II receptor blocker 655 (5.2)
Anti-depressant 1191 (9.5)
Beta-2-agonist 833 (6.6)
Beta-blocker 1742 (13.9)
Benzodiazepine 992 (7.9)
Gabapentin 512 (4.1)
Immunosuppressant 1431 (11.49)
NSAID 2164 (17.3)
Opioid 2631 (21.0)
Anti-psychotic 205 (1.6)
Comorbidities
Tobacco use 174 (1.4)
Alcohol abuse 85 (0.7)
Drug abuse 76 (0.6)
Diabetes 1182 (9.4)
Renal failure 346 (2.8)
Depression 803 (6.4)
Psychoses 73 (0.6)
Myocardial infarction 298 (2.4)
Congestive heart failure 470 (3.7)
Peripheral vascular disease 474 (3.8)
Cerebrovascular accident 407 (3.2)
Chronic obstructive pulmonary disease 936 (7.5)
Arrhythmias 1506 (12.0)
Valvular disease 612 (4.9)
Liver disease 265 (2.1)
Malignancy 551 (4.4)
Prolonged Postoperative Opioid Prescriptions 1125 (9.0)

2.3. Variables

The following variables were evaluated as candidate predictors for
prolonged postoperative opioid use: patient demographics, disposition,
laboratory values, insurance status, neighborhood (zip code) char-
acteristics, medications, and comorbidities. Preoperative opioid use was
represented by a binary variable of whether the patient had been ex-
posed to opioids preoperatively or not. Medications were reviewed in
the year immediately preceding the index procedure. The full list of
variables is available for review in Table 1.
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2.4. Missing data

The rates of missing data were race 3.0% (381), ethnicity 3.0%
(381), marital status 3.5% (440), veteran status 6.3% (795), he-
moglobin 11.7% (1470), white blood cell 11.7% (1464), platelet 11.7%
(1472), creatinine 14.7% (1847), median household income in neigh-
borhood 1.6% (198), median age of neighborhood 1.3% (166), high
school graduation rate in neighborhood 1.3% (155), and unemploy-
ment rate of neighborhood 1.3% (160).

2.5. Data analysis

An 80:20 split of the available population was created to develop
the training and testing cohorts for model development. Recursive
feature selection with random forest algorithms was undertaken to
identify the subset of predictors used for final model development.
Stochastic gradient boosting (SGB), random forest (RF), support vector
machine (SVM), neural network (NN), and elastic-net penalized logistic
regression (ENPLR) algorithms were developed for prediction of pro-
longed postoperative opioid prescriptions. The models were assessed on
the testing set by discrimination (area under the receiver operating
curve — AUC), calibration (calibration plot, calibration intercept, cali-
bration slope), and overall performance (Brier score). The null model
Brier score was calculated to establish a benchmark for the expected
Brier score of an algorithm that predicted probabilities for every patient
equal to the observed prevalence of the outcome in the study popula-
tion. Decision curve analysis was undertaken for the best performing
algorithm, and the expected net benefit of decisions based on the al-
gorithm's predictions were compared to decisions made on the basis of
preoperative opioid use alone and for the default strategies of making
changes for all patients and for no patients. Relative variable im-
portance plots were developed to examine the contributions of the
predictor variables to the model outputs averaged across all patients.
Local explanations were developed to explain predictions at the level of
individual patients. Data analysis was conducted with the Anaconda
Distribution (Anaconda, Inc., Austin, Texas), R (The R Foundation,
Vienna, Austria), RStudio (RStudio, Boston, MA), and Python (Python
Software Foundation, Wilmington, Delaware).

3. Results
3.1. Patient population

Overall, 12,542 patients underwent TKA for osteoarthritis and 1125
(9.0%) received prolonged postoperative opioid prescriptions. The
median age was 67 years (interquartile range 60-74) and 7559 (60.3%)
patients were female (Table 1). In the year before surgery, 2631
(21.0%) patients received opioid prescriptions.

3.2. Machine learning algorithms

Machine learning algorithms were developed to preoperatively
predict prolonged opioid prescriptions after TKA, and cross-validation
of the training set (n = 10034) was performed. The AUC, calibration
intercept, calibration slope, and Brier score values were calculated
(Supplementary Table 2). In the testing set (n = 2508), the AUC ranged
from 0.54 (SVM) to 0.76 (SGB and ENPLR) (Table 2). The calibration
intercept ranged from —0.80 to 0.18 and the calibration slope ranged
from 0.27 to 1.09. The Brier score ranged from 0.073 to 0.082. On
decision curve analysis, the model exhibited higher net benefit than the
default strategies of changing management for all patients or no pa-
tients as well as decisions based only on preoperative opioid use status
(Fig. 1B). Overall, the SGB model achieved superior performance across
discrimination and calibration with AUC = 0.76, calibration inter-
cept = 0.16, calibration slope = 1.08, and Brier score = 0.073
(Figs. 1A and 2A).
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Table 2
Machine learning model performance assessment in the testing set, n = 2508.
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Metric Stochastic Gradient Boosting Random Forest Support Vector Machine Neural Network Elastic-net Penalized Logistic Regression
AUC 0.76 0.64 0.54 0.75 0.76
Intercept 0.16 —0.80 0.04 0.14 0.18
Slope 1.08 0.27 0.92 1.09 1.09
Brier 0.073 0.082 0.080 0.073 0.073
(AUCQ): area under the receiver operating curve. Null model Brier score = 0.082.
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Fig. 1. These graphs show the (A) calibration plot and (B) decision curve
analysis for the stochastic gradient boosting for prediction of prolonged post-
operative opioid prescriptions in the testing set (n = 2508).

3.3. Variables that predict the probability of prolonged postoperative opioid
consumption

Variables determined for prediction of prolonged opioid prescrip-
tions by SGB algorithms were age, history of preoperative opioid use,
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vestigated variables did not predict prolonged opioid prescription
usage. An example of an individual patient-level explanation for the
model predictions is shown in Fig. 3. For a 64-year-old patient with a
history of opioid, antidepressant, and benzodiazepine use, the predicted
probability of prolonged postoperative opioid prescriptions was 0.22. In
this case, history of opioid, antidepressant, and benzodiazepine use
increased the estimation for the likelihood of prolonged postoperative
opioid prescriptions, whereas the lack of other preoperative medication
use (gabapentin, beta-2-agonist, nonsteroidal anti-inflammatory), being
married, prior history of diabetes, and age between 60 and 68
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Case: 43
Label: Yes
Probability: 0.22

Explanation Fit: 0.51

Opioid = Yes

B2_Agonist = No

Diabetes = No

Gabapentin = No

Anti_Depressant = Yes

Feature

NSAID = No

Benzodiazepines = Yes

Marital_Status = Married

60 < Age <= 68

o
=]
=
o

decreased the predicted probability.

4. Discussion

Opioids are routinely prescribed after elective orthopaedic surgery,
although they are often not necessary to manage postoperative pain
when used as prescribed. However, opioid prescribing habits have come
under scrutiny in the past several years, as the mortality rate of opioid-
associated overdose has increased four-fold from 1999-2011.% The
opioid crisis is of particular concern to patients undergoing TKA, as
postoperative pain management with opioids has been linked to long
term addiction and abuse.'?,'® As orthopaedic surgeons are among the
highest prescribers of opioids in medicine, there is a clinical need for a
tool that can assist these physicians to preoperatively determine which
patients are at increased risk for opioid dependence following TKA.*
The SGB model developed in this study aims to serve this purpose for
TKA patients, as it performed well on discrimination, calibration, and
decision curve analysis for preoperative prediction of prolonged opioid
prescriptions following TKA.

Although this study provided valuable information, this study had
several limitations. The means by which postoperative opioid pre-
scriptions were measured was via examination of electronic health re-
cords and pharmacy records. We assumed that the refilling of a pre-
scription after 90 days constituted prolonged opioid use; however, it is
certainly possible that patients refilled their prescription without any
intent of using the medication. Other studies have found that many
arthroplasty patients do not use the majority of opioid pills prescribed,
illustrating that opioid prescriptions do not necessarily correlate with
opioid use.'”'® However, it was not feasible to distinguish between
opioid prescriptions and opioid use. In addition, due to the study po-
pulation being drawn from 5 hospitals affiliated with a single health-
care corporation, there is the possibility of clustering at the level of
providers. Because the algorithms in this study were developed using a
retrospective study design, there remains a need for these findings to be

=]
=]
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Fig. 3. This graph shows an example of individual patient-level explanation for prolonged postoperative opioid prescriptions.
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validated in external samples using a prospective study design. This
study also only observed opioids attained from pharmacies or providers
and did not account for opioids attained or consumed illicitly. Finally, it
must be acknowledged that the prescribing of opioids in this study was
a decision made by an orthopaedic surgeon based on clinical judge-
ment; our study could not account for the variance in provider
thresholds for prescribing opioids.

Although the development of algorithms to predict postoperative
opioid use has been performed, to our knowledge, this is the first at-
tempt to predict opioid consumption following TKA using machine
learning. Karhade et al. developed an ENPLR model which similarly
identified preoperative opioid use, medication use, and age as variables
that were predictive of prolonged postoperative opioid use following
THA; however their model also identified preoperative hemoglobin as a
predictive variable, one that our SGB model did not identify.'® Within
the field of arthroplasty, machine learning has been used to develop
models that predict outcomes that this study did not investigate such as
cost, length of stay, and complication rates.®'®*”

The factors identified in this study are consistent with other re-
search identifying prolonged opioid use following TKA. Kim et al. stu-
died a cohort of 338 consecutive TKA cases from a large academic
medical center to examine opioid consumption following TKA, and
found that consumption of at least 12 mg/d morphine-equivalents over
the 3 months preceding surgery increased the incidence of post-
operative chronic opioid use by six-fold.'® This correlation between
preoperative opioid use and prolonged opioid consumption following
TKA has been identified by multiple studies.”>*"%2° Sun et al. studied a
population of 641,941 opioid naive patients who had undergone sur-
gical procedures and found that age and preoperative use of certain
medications, including anti-depressants and benzodiazepines, were as-
sociated with chronic opioid use postoperatively, which they defined as
the filling of at least 10 prescriptions or having more than 120 days’
supply of an opioid in the first year postoperatively.>' Their finding is
consistent with the results of this study. Using claims data from a US
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commercial health plan, Kim et al. similarly found that comorbidities
such as diabetes mellitus were significant predictors of persistent opioid
use following TKA.?? Finally, marital status, specifically being un-
married, has been previously identified as a preoperative demographic
associated with increasing the risk of experiencing clinically mean-
ingful acute pain following surgery, which could necessitate increased
postoperative opioid prescriptions.®*

There remains a need for further studies to be conducted to validate
or refute the performance of these machine learning algorithms. The
intent of this study is to provide providers with a resource that may
assist their individual decision-making with regards to prescribing
opioids to patients following TKA. This SGB machine learning algo-
rithm was developed to preoperatively identify patients who potentially
may be at risk for prolonged opioid use following TKA, and provide the
opportunity for clinicians to counsel and educate patients. By identi-
fying such patients preoperatively, clinicians could potentially tailor a
patient's postoperative pain management by limiting postoperative
opioid prescriptions less than 90 days and utilizing alternative pain
management strategies to lower the burden of opioid use.
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