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Abstract: Evidence from some studies suggest that osteoarthritis (OA) patients are often prescribed
non-steroidal anti-inflammatory drugs (NSAIDs) that are not in accordance with their cardiovascular
(CV) or gastrointestinal (GI) risk profiles. However, no such study has been carried out in the United
States. Therefore, we sought to examine the prevalence and predictors of potentially inappropriate
NSAIDs use in older adults (age > 65) with OA using machine learning with real-world data from
Optum De-identified Clinformatics® Data Mart. We identified a retrospective cohort of eligible
individuals using data from 2015 (baseline) and 2016 (follow-up). Potentially inappropriate NSAIDs
use was identified using the type (COX-2 selective vs. non-selective) and length of NSAIDs use and
an individual’s CV and GI risk. Predictors of potentially inappropriate NSAIDs use were identified
using eXtreme Gradient Boosting. Our study cohort comprised of 44,990 individuals (mean age
75.9 years). We found that 12.8% individuals had potentially inappropriate NSAIDs use, but the
rate was disproportionately higher (44.5%) in individuals at low CV/high GI risk. Longer duration
of NSAIDs use during baseline (AOR 1.02; 95% CI:1.02–1.02 for both non-selective and selective
NSAIDs) was associated with a higher risk of potentially inappropriate NSAIDs use. Additionally,
individuals with low CV/high GI (AOR 1.34; 95% CI:1.20–1.50) and high CV/low GI risk (AOR 1.61;
95% CI:1.34–1.93) were also more likely to have potentially inappropriate NSAIDs use. Heightened
surveillance of older adults with OA requiring NSAIDs is warranted.

Keywords: osteoarthritis; anti-inflammatory agents; non-steroidal; machine learning; cohort studies;
aged; adverse drug event

1. Introduction

Each year, nearly 29 million people in the United States use non-steroidal anti-
inflammatory drugs (NSAIDs) for the relief of various types of pain [1]. These drugs
are moderately effective in treating pain and are recommended by numerous clinical guide-
lines for its treatment [2,3]. However, their use is associated with several cardiovascular
(CV) and gastrointestinal (GI) adverse events (AE), some of which can be life-threatening [4].
It is estimated that each year more than 100,000 adults are hospitalized and over 16,000
die from NSAIDs-related AEs in the USA [5,6]. On the basis of NSAIDs’ affinity to inhibit
cyclooxygenase-2 (COX-2) enzyme, they can be classified as non-selective or selective
drugs, which differ in their CV and GI safety profiles [4]. While there is a lower risk of
GI AEs with selective NSAIDs, both non-selective and selective NSAIDs have a similar
risk of CV AEs, except for naproxen and ibuprofen [4,7]. Research suggests that patients
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can experience NSAIDs-related AEs as early as four weeks after initiation [8,9]. Therefore,
several clinical guidelines recommend that NSAIDs should be used at the lowest possible
dose for the shortest duration [3,10]. Furthermore, it is also recommended that their use
should be in accordance with a person’s CV or GI risk profile (i.e., appropriate NSAIDs
use) to reduce the risk of NSAIDs-related AEs [3,10].

The examination of potentially inappropriate NSAIDs use among older individu-
als with osteoarthritis (OA) is particularly important for several reasons. First, OA is a
progressive degenerative disease affecting as many as 30 million adults in the USA with
disproportionately higher prevalence among older adults [11]. Second, pain is the defining
feature of OA with one in four OA patients reporting some level of pain [12], and ap-
proximately 40% reporting moderate to severe pain interference with daily activities [13].
Therefore, it is no surprise that in real-world practice, around half of older adults with OA
receive prescription NSAIDs for pain relief [1]. Third, the risk of NSAIDs-related AEs may
be higher in older adults, due to age-related loss of physiological organ reserve, higher
comorbidity burden, and polypharmacy [14]. Previous studies have estimated that NSAIDs
use results in 41,000 hospitalizations and 3300 deaths per year among older adults [15].
Additionally, nearly one quarter (23.5%) of adverse drug reaction-related hospitalizations
in older adults have also been found to be associated with NSAIDs [16]. Furthermore,
in two previous studies [17,18], nearly half of older adults with OA were found to have
CV and GI risk profiles unfavorable with NSAIDs use. The study by Vanderstraeten et al.
evaluated the GI risk profiles of adult OA patients who were potential NSAID users [17].
On the basis of the data collected from 885 OA patients from Belgium and Luxemburg,
the authors observed a higher prevalence of high GI risk (77.8% vs. 19.4% moderate or
2.8% low GI risk). The prevalence of high GI risk was even higher among older adults
(86.4% vs. 70.7%) compared to their younger counterparts. Similarly, in a study comprising
a majority of older adults with OA from clinics in Spain, 60.3% and 31.5% of OA patients
were found to have high GI risk and high CV risk, respectively [18]. Additionally, 51%
of those patients with unfavorable CV and GI risk profiles were found to be treated with
potentially inappropriate NSAIDs. Given strict controls on opioid prescriptions, due to the
opioid epidemic, older adults with OA may increasingly rely on prescription NSAIDs for
pain relief. This may further lead to higher rates of potentially inappropriate NSAIDs use
in this patient population.

Despite its importance, the research examining the potentially inappropriate NSAIDs
use among older adults with OA is lacking in the USA. Studies conducted in other countries
suggest that approximately half of adults with OA are not treated with NSAIDs appropriate
with their GI and CV risk profiles [18,19]. Such potentially inappropriate use of NSAIDs can
add to the already high burden of OA and may outweigh any potential benefits obtained
from their use. It is important to identify the prevalence of potentially inappropriate
NSAIDs use and its predictors to inform policy making, clinical practice, and to develop
tailored interventions targeting older adults with OA who are already at a higher risk for
CV and GI AEs.

Therefore, the primary objective of the current study is to examine the prevalence and
leading predictors of potentially inappropriate NSAIDs use among older adults with OA
using real-world data from nationally representative commercial health insurance claims
with the help of machine learning approaches. We also examine the association of CV and
GI risk profiles at baseline to potentially inappropriate NSAIDs use during the follow-up
period.

2. Materials and Methods
2.1. Data Source

The study cohort was selected from a 10% random sample of all individuals in the
Optum De-identified Clinformatics® Data Mart (Optum) [20]. The deidentified Optum data
contain commercial and Medicare Advantage claims from eligible enrollees. The data are
geographically representative of the commercially insured USA population. This dataset
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provides comprehensive longitudinal data on demographics, diagnoses, medications,
and other medical services provided to insured individuals. We used insurance claims
from inpatient, outpatient, and pharmacy claims from the years 2015 and 2016 for the
present study. As data are deidentified, informed consent from patients was not required.
International Classification of Diseases, 10th Revision (ICD-10) codes, National Drug Codes
(NDC), revenue codes, and Healthcare Common Procedure Coding System (HCPCS) codes
were used to identify relevant clinical conditions, medications, and services and procedures.

2.2. Study Design

A retrospective cohort study design with the 2015 calendar year as the baseline and
2016 as follow-up was used. The cohort comprised of older adults (age ≥ 65 years) with
any type of OA (hip, knee, and others) at baseline. CV and GI risk profiles, demographic
characteristics, concurrent use of other potential OA treatments including intra-articular
corticosteroid or hyaluronic acid injections, opioids, and physical therapy were identified
during the baseline period. Data from the follow-up year were used to identify the type
(COX-2 selective or non-selective), duration, and appropriateness of NSAIDs use.

2.3. Study Cohort

Older adults with OA were identified using one inpatient or two outpatient claims at
least 30 days apart that consisted of OA diagnosis codes (ICD-10 codes M15–M19) during
the baseline year [21]. We required that these adults be enrolled in Medicare Advantage
plans with medical and pharmacy benefits during 2015 and 2016 (i.e., 24 months).

2.4. Measures
2.4.1. Target (i.e., Dependent) Variable: Potentially Inappropriate NSAIDs Use during
Follow-Up (Yes/No)

Although clinical guidelines recommend NSAIDs use for the “shortest” possible du-
ration, there is no clear guidance on what duration is considered appropriate, especially
among subgroups of patients like older adults who are at high risk for NSAIDs-related
AEs. Therefore, we utilized expert clinical opinion, clinical evidence [4], practical guide-
lines [22,23], and published literature [24,25] to define potentially inappropriate duration of
NSAIDs use. To define such use, we considered two factors: (1) CV and GI risk (see below),
and (2) class of NSAIDs used (COX-2 selective or non-selective). Individuals without
CV or GI risk (low CV/low GI risk) were classified as having potentially inappropriate
NSAIDs use if they received any type (COX-2 selective or non-selective) of NSAIDs for
90 consecutive days, with an allowed gap of 7 days between prescription refills, due to
advanced age. Individuals with GI or CV risk (see “Features” section for definitions) were
considered to have potentially inappropriate NSAIDs use if they met any of the following
criteria: (1) high CV/high GI risk and any type of NSAIDs use for 60 consecutive days
or longer; or (2) high CV/low GI risk with selective or non-selective (except naproxen
below 1000 mg/day or ibuprofen below 1200 mg/day) NSAIDs use for 60 consecutive
days; or (3) low CV/high GI risk with non-selective NSAIDs use for 60 consecutive days
or longer. This classification took into account the fact that there is a high risk of GI AEs
with non-selective NSAIDs and a high risk of CV AEs with both non-selective and COX-2
selective NSAIDs except naproxen and ibuprofen up to certain dose. The lack of data on
CV and GI risk factors from a year prior to the baseline year precluded the possibility to
identify and exclude inappropriate NSAID users at baseline.

2.4.2. Features (i.e., Independent Variables)
CV and GI Risk Categories for Older Adults

Older Adults with OA were classified into the following CV and GI risk categories:
(1) high CV/high GI; (2) high CV/low GI; (3) low CV/high GI; and (4) low CV/low GI
(See Table 1 for definitions). This classification was based on published guidelines or
recommendations from the American College of Gastroenterology [26], American Heart
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Association [27], American College of Rheumatology [23], the National Institute for Health
and Care Excellence [7], and expert opinion from our study clinician. Clinical guidelines
often define patients with high GI risk as those having two or more minor GI risk factors
listed on the left below, which excludes old age. Please note that as older age itself is a minor
risk factor [28,29], and as our study sample included only older adults, the presence of at
least one other minor GI risk factor placed a person in the high GI risk category. Similarly,
a person with at least one of the CV risk factors mentioned in Table 1 was identified as
having high CV risk. We used ICD-10 codes to identify CV and GI conditions (see Table S1
in supplementary materials) and NDC codes to identify concurrent medications from
pharmacy claims during the baseline.

Table 1. Identification of High Risk Older Adults [24,25,30].

Gastrointestinal Risk Factors (at Least One
of the Following)

Cardiovascular Risk Factors (at Least One of
the Following)

Complicated peptic ulcer disease Angina

Uncomplicated peptic ulcer disease Stroke

Dyspepsia Myocardial infarction

Gastroesophageal reflux disorder Congestive heart failure

Concomitant use of one of the following drugs
with NSAIDs a:
Corticosteroids

Antiplatelets
Selective serotonin reuptake inhibitors

Aspirin b

Anticoagulants
See supplementary materials for ICD-10 codes used to identify these conditions. NSAIDs- non-steroidal anti-
inflammatory drugs. a Concomitant use of at least 7 consecutive days was required. b Over-the-counter aspirin
use was not captured.

Other Features

All other features (including 31 features with 36 indicators) included in our analyses
were guided by the Andersen’s Healthcare Utilization Model and previously published
literature [30]. These features included: (1) predisposing factors: age and sex, (2) enabling:
type of health insurance coverage, a fragmentation of care index (FCI) [31], pain-related
treatment (opioid, intra-articular hyaluronic acid and corticosteroids, physical therapy);
(3) need factors: chronic conditions including asthma, cancer, cardiac arrhythmias, chronic
obstructive pulmonary disease (COPD), dementia, anxiety, depression, diabetes, hyper-
lipidemia, hypertension, substance abuse disorders, other pain conditions (e.g., arthritis
and joint pain conditions other than osteoarthritis, headache, migraine, back or neck pain,
and neuropathic pain conditions), pain related to OA (i.e., pain in joints commonly affected
by OA including knee and hip), and duration and type of NSAIDs use (COX-2 selective
vs. non-selective), (4) life-style practices (obesity), and (5) external environment (region).
The FCI was calculated on the basis of a modified version of a previously validated con-
tinuity of care index [31]. The value of the FCI takes into account the following three
factors: the total number of healthcare encounters, the number of different providers,
and the proportion of encounters to each of the providers. The FCI ranges from 0 (all
encounters with the same provider) to 1 (each encounter with a different provider) and
higher values indicate fragmented care or care discontinuation. Higher values of the FCI
may also indicate an unmet need and a higher severity of disease.

2.5. Analytic Approach

We chose two machine learning algorithms, namely cross-validated logistic regression
(CVLR) and eXtreme Gradient Boosting (XGBoost), to identify the leading predictors
of potentially inappropriate NSAIDs use as well as to examine the association of CV
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and GI risk factors to potentially inappropriate NSAIDs use. We selected these machine
learning algorithms for their better predictive accuracy and their ability to handle outliers,
multicollinearity, and high-level interaction terms [32].

Random forest and XGBoost are two of the most popular ensemble learning techniques
that combine several machine learning techniques (e.g., bagging and boosting) to decrease
variance, bias, and improve predictions [33]. Although both algorithms use multiple
decision trees, the XGBoost utilizes gradient boosting, wherein it builds one tree at a time
and takes into account the errors made by all previously built trees [34]. XGBoost has been
shown to achieve excellent prediction accuracies in many classification tasks and is known
for faster processing speeds and regularization to prevent overfitting [35].

In our study, data analyses involved the following steps: data pre-processing, model
building, model validation, model performance evaluation, feature importance derivation,
and interpretation of results (i.e., a positive or negative relationship of each variable with
the target variable).

All data pre-processing tasks were performed using SAS 9.4 (SAS Institute Inc. 2010,
Cary, NC, USA). In preparation for the XGBoost, we used one-hot encoding, a process in
which the values of categorical variables were converted into binary indicators with values
of zero and one.

We followed accepted best practices for machine learning while building the XGBoost
and CVLR models. These included: a random split of our dataset into training (70%)
and testing (30%) subsets; using the test (unseen) subset data to test the performance of
the models; k-fold cross-validation to avoid overfitting; and tuning of hyper-parameters
to achieve the best performance. We tuned XGBoost hyperparameters, which are con-
figurations external to the model and whose values cannot be estimated from the data,
during model training to achieve better performance and avoid overfitting. We used the
grid search method of the caret package in R software suite version 3.6.3 (R Develop-
ment Core Team; Vienna, Austria) for this task. The final set of hyperparameters used in
our model included the number of trees (800), learning rate (eta = 0.01), minimal loss to
expand on a leaf node (gamma = 0), maximum tree depth (max_depth = 4), subsample
proportion (subsample = 0.75), proportion of variables to randomly pick from for each tree
(colsample_bytree = 0.6), and the minimum sum of instance weight needed in a child node
(min_child_weight = 1).

We used 3-fold cross-validation to validate our models. Model fit was then evaluated
using area under the receiver operating curve (AUROC) for test data. We also compared
models on other performance metrics such as accuracy, positive predictive value (i.e.,
precision), sensitivity (i.e., recall), specificity, F1-score (i.e., harmonic mean of precision and
recall), and kappa statistic.

To improve the interpretability of the results from XGBoost and to summarize the
associations of selected features to potentially inappropriate NSAIDs use, we used a
novel interpretable machine learning technique called SHapley Additive exPlanations
(SHAP) [36]. SHAP provides not only feature importance but it also shows how much each
feature contributes to the model prediction (global interpretability). With SHAP, feature
contribution is derived by estimating the average marginal contribution of a specific feature
to the model by using permutation and combinations of all features. We present feature
importance and feature contribution through visual representation using SHAP summary
and feature importance plots. Shapley values for XGBoost model were obtained using
SHAPforXGBoost package in R version 3.6.3 (R Development Core Team; Vienna, Austria).

To facilitate the comparison of our results with the published literature, we also present
adjusted odds ratios (AOR) and 95% confidence intervals (CI) from the CVLR. All data
management and descriptive statistics were completed with SAS 9.4. Machine learning
algorithms were run using R version 3.6.3.



Int. J. Environ. Res. Public Health 2021, 18, 155 6 of 16

3. Results
3.1. Sample Characteristics

Our study cohort comprised of 44,990 older adults with OA with a mean age of
75.9 years, 66.4% were females, and 55.3% had OA-related pain during the baseline period
(Table 2). Overall, a majority (56.1%) of our study cohort did not have CV or GI risk
factors during the baseline period while 43.9% had at least one CV or GI risk factor.
Specifically, 7.5% of older adults had high CV/high GI risk; 9.4% had high CV/low GI risk;
and 27.0% low CV/high GI risk. Nearly 1 in 8 older adults (12.8%, n = 5772) had potentially
inappropriate NSAIDs use during the follow-up period (Table 2).

Table 2. Selected Sample Characteristics; Older Adults (age > 65) with Osteoarthritis (n = 44,990);
Optum Clinformatics Data Mart 2015–2016.

Variable N/Mean Percentage/SD

All 44,990 100.0

Age

65–69 10,315 22.9

70–74 11,330 25.2

75–79 8957 19.9

80+ 14,388 32.0

Sex

Female 29,853 66.4

Male 15,137 33.6

Region

Northeast 6034 13.4

Midwest 10,862 24.1

South 16,410 36.5

West 11,684 26.0

Insurance Type

HMO 16,314 36.3

Other 28,676 63.7

Other Pain Conditions

Yes 15,733 35.0

No 29,257 65.0

OA-related pain

Yes 24,880 55.3

No 20,110 44.7

Anxiety

Yes 6285 14.0

No 38,705 86.0

Substance abuse disorder

Yes 3354 7.5

No 41,636 92.5

Depression

Yes 7620 16.9

No 37,370 83.1
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Table 2. Cont.

Variable N/Mean Percentage/SD

Fragmentation of care index 0.44 0.28

Number of IA hyaluronic acid injections

0.2 0.9

Number of IA corticosteroid injections

0.8 1.5

Number of physical therapy visits

4.4 12.0

Number of opioid prescriptions

2.0 4.2

Any NSAIDs use

Yes 11,891 21.6

No 33,099 78.4

CV/GI Risk

High CV/high GI 3383 7.5

High CV/low GI 4233 9.4

Low CV/high GI 12,145 27.0

Low CV/low GI 25,229 56.1

Number of days of non-selective NSAIDs use

29.3 79.5

Number of days of selective NSAIDs use

5.8 38.7

Potentially inappropriate NSAIDs use at follow-up

Yes 5772 12.8

No 39,218 87.2

Note: Based on 44,990 older adults (age > 65) with OA using data from Optum’s De-identified Clinformatics®

Data Mart who were continuously enrolled in Medicare Advantage plan during 2015–2016. All characteristics
were captured at baseline unless specified. CV—cardiovascular; GI—gastrointestinal; HMO, health maintenance
organization; IA, intra-articular; NSAIDs—non-steroidal anti-inflammatory drugs; OA—osteoarthritis.

3.2. Prevalence of Potentially Inappropriate NSAIDs Use

Figure 1 displays the percentage of our study cohort with potentially inappropriate
NSAIDs use by CV and GI risk categories. The rates of potentially inappropriate NSAIDs
use during the follow-up period were: 8.8% among older adults with high CV/high
GI; 5.6% among those with high CV/low GI; 44.5% among those with low CV/high GI;
and 41.0% among those with low CV/low GI.

3.3. Unadjusted Associations of Baseline Characteristics and Potentially Inappropriate NSAIDs
Use

Figure 2 presents the unadjusted odds ratios (UOR) and 95% CIs for potentially
inappropriate NSAIDs use by selected baseline characteristics. Compared to the older
adults with low CV/low GI risk, those with low CV/high GI (UOR: 2.61; 95% CI:2.45–2.77)
and high CV/high GI (UOR: 1.72; 95% CI:1.55–1.91) were more likely to have potentially
inappropriate NSAIDs use and those with high CV/low GI (UOR: 0.80; 95% CI:0.71–0.90)
were less likely to have potentially inappropriate NSAIDs use. With respect to other
factors, higher age and enrollment in an health maintenance organization (HMO) plan
were associated with lower odds of potentially inappropriate NSAIDs use. On the other
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hand, female gender, other pain conditions, OA-related pain, anxiety disorders, substance
abuse disorder, depression, and a higher number of opioid prescriptions or intra-articular
corticosteroid injections were associated with higher odds of potentially inappropriate
NSAIDs use.
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Figure 2. Unadjusted Odds Ratios and 95% CI for Potentially Inappropriate NSAIDs Use in Older
Adults with Osteoarthritis. Note: Based on 44,990 older adults (age > 65) with OA using data from
Optum De-identified Clinformatics® Data Mart who were continuously enrolled in Medicare Ad-
vantage plan during 2015–2016. Unadjusted associations significant at p < 0.05. CV—cardiovascular;
GI—gastrointestinal; HMO—health maintenance organization; IA—intra-articular; NSAIDs—non-
steroidal anti-inflammatory drugs; OA—osteoarthritis.

3.4. Model Performance Comparison

Both XGBoost and CVLR were trained on a set of 31 features. Performance metrics
for models using test data are presented in Table 3. Both models had an AUROC value of
0.92 (95% CI: 0.91–0.93) and 0.91 (95% CI: 0.90–0.92), respectively. While both models had
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similar accuracy and specificity, CVLR had better precision (0.83 vs. 0.81). On the other
hand, XGBoost performed better on all other metrics being compared, including recall,
F1 score, and kappa statistic.

Table 3. Model Performance Metrics Using Test data *; Potentially Inappropriate NSAIDs Use in
Older Adults with Osteoarthritis; Optum Clinformatics Data Mart 2015–2016.

XGBoost Cross-Validated Logistic Regression

Accuracy 0.93 0.93
Precision 0.81 0.83

Recall 0.63 0.58
F1 Score 0.71 0.68

Specificity 0.98 0.98
Kappa 0.67 0.64

AUROC 0.92 0.91

Note: Based on 44,990 older adults (age > 65) with OA using data from Optum De-identified Clinformatics® Data
Mart who were continuously enrolled in Medicare Advantage plan during 2015–2016. * Test data consisted of a
30% random sample of the original dataset.

3.5. Feature Importance and Model Interpretation

The top 15 predictors of potentially inappropriate NSAIDs use from the final XGBoost
model are presented in Figure 3.
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This figure displays both the feature importance and feature contribution to the
model prediction. Each dot in the figure represents a single observation and low and high
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feature values are presented on a continuum with yellow representing low values and
purple representing high values. As all categorical variables were converted into binary
indicators, zero (i.e., absence) is indicated with yellow dots and one (i.e., presence) is
represented by purple dots. The x-axis represents the marginal contribution of a feature to
the change in the predicted probability of potentially inappropriate NSAIDs use. In terms of
interpretation, for example, baseline non-selective NSAIDs use measured in days supplied
is the most important predictor of potentially inappropriate use, and higher values (i.e.,
longer non-selective NSAID duration at baseline) are associated with a higher probability
for potentially inappropriate NSAID use compared to lower values (i.e., shorter non-
selective NSAID duration). For the categorical feature HMO, which ranked 9th in terms
of feature importance, older adults enrolled in an HMO plan were less likely to have
potentially inappropriate NSAIDs use as suggested by the larger spread of the purple
dots on the left. For the CV and GI risk categories, high CV/low GI and low CV/high
GI ranked 8th and 11th in terms of importance. Higher values for these variables (i.e.,
the presence of high CV/low GI or low CV/high GI) were associated with a higher
probability of potentially inappropriate NSAIDs use, although not as large effect as non-
selective or selective NSAID use duration variables. Other top predictors of potentially
inappropriate NSAIDs use were: the number of selective NSAIDs use days, the FCI, age,
the number of opioid prescriptions, physical therapy visits, or intra-articular corticosteroid
injections, enrollment in an HMO plan, South region, female gender, other pain conditions,
and hypertension (Figure 3).

The associations and average contributions of these features to the absolute predicted
probability of potentially inappropriate NSAIDs use are presented in Figure 4A.

In this figure, red bars/dots indicate positive association and green bars/dots indicate
negative associations of features with potentially inappropriate NSAIDs use, respectively.
For example, the number of non-selective NSAIDs use days at baseline was the most
important predictor and it increased the absolute values of the predicted probability of
potentially inappropriate NSAIDs use at follow-up by an average of 0.14. Please note that
the numbers presented in Figure 4A are average contributions for each feature to the model
prediction. It is possible for individual values of any feature (e.g., 300 days of non-selective
NSAID use) to have a probability higher or lower than that shown in the figure. As can
be seen in Figure 4A, both the low CV/high GI and high CV/low GI risk categories were
associated with a small but positive increase in the predicted probability of potentially
inappropriate NSAIDs use at follow-up. Although age and the FCI were associated with
lower predicted probabilities of potentially inappropriate NSAIDs use, Figure 3 highlights
the presence of heterogeneity in prediction for these two variables. A closer examination of
the distribution of SHAP values at different values of these variables (figure not shown)
suggested that for similar values of FCI or age, the probability of potentially inappropriate
NSAIDs use varied in both positive and negative directions.

Figure 4B presents results from the CVLR on potentially inappropriate NSAIDs use.
Although the model was adjusted for all of the features mentioned above, results are
presented only for the top 15 predictors identified by the XGBoost algorithm. The AORs
indicate that a longer duration of non-selective or selective NSAIDs use were associated
with higher odds of potentially inappropriate NSAIDs use (AOR: 1.02, 95% CI:1.02–1.02 for
both). Similarly, the low CV/high GI (AOR: 1.34, 95% CI:1.20–1.50) and high CV/low GI
risk (AOR: 1.61, 95% CI:1.34–1.93) categories were associated with higher odds of poten-
tially inappropriate NSAIDs use. While most of the feature associations with potentially
inappropriate NSAIDs use were similar to those derived from the XGBoost algorithm,
some were different. For example, OA-related pain, South region, female gender, other pain
conditions, and hypertension were not found to be significantly associated with poten-
tially inappropriate NSAIDs use in CVLR. This could be due to the presence of nonlinear
relationships of these variables to potentially inappropriate NSAIDs use.
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Figure 4. Association of Top Predictors to Potentially inappropriate NSAIDs. (A) Mean SHAP
values by feature based on XGBoost. The bars show the average impact of a feature on XGBoost
model output. (B) AOR and 95% CI for top 15 features based on an adjusted CVLR. The CVLR was
adjusted for all features described in Section 2.4.2. Red bars/dots indicate an increase in the predicted
probability/higher odds of potentially inappropriate NSAIDs use, respectively. Green bars/dots
indicate a decrease in the predicted probability/lower odds of potentially inappropriate NSAIDs use,
respectively. Based on 44,990 older adults (age > 65) with OA using data from Optum De-identified
Clinformatics® Data Mart who were continuously enrolled in Medicare Advantage plan during
2015–2016. AOR—adjusted odds ratio; CI—confidence interval, CV—cardiovascular, CVLR—cross-
validated logistic regression, GI—gastrointestinal, HMO—health maintenance organization, NSAID—
non-steroidal anti-inflammatory drug, OA—osteoarthritis, SHAP—Shapley Additive exPlanations,
XGBoost—eXtreme Gradient Boosting.
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4. Discussion

In our study cohort of older adults with OA, we observed that one in eight older adults
had potentially inappropriate NSAIDs use. Specifically, we found that as many as 27%
of older adults with OA had low CV/high GI risk for NSAIDs-related AEs, and 44.5% of
these individuals were treated with potentially inappropriate NSAIDs for 60 days or longer.
Moreover, despite old age being one of the risk factors for NSAIDs-related CV and GI AEs,
we observed that NSAIDs use of 90 days or longer was present in 41.0% of individuals
at low CV/low GI risk. Such NSAIDs use practices are in stark contrast with the clinical
guidelines on long-term use of NSAIDs in older adults [23,37]. We also observed that
long-term non-selective NSAIDs use was more common than selective NSAIDs use (8.5%
vs. 1.9% with consecutive 90 days use) in our study cohort. This finding is alarming as
previous research has shown that non-selective NSAIDs can increase the risk of both GI
and CV AEs [8,9,38]. On the basis of our results, keeping a close watch on the duration of
NSAIDs use in susceptible individuals may be warranted.

Our study findings of highly prevalent long-term NSAIDs use among those with
existing CV and GI risk factors is concerning. This finding is in line with other published
studies [18,19] which also reported that potentially inappropriate NSAIDs use is common
in patients with OA. Although our study did not explore the reasons for NSAIDs pre-
scriptions, a plausible reason could be the lack of alternative effective pain medications.
A review of the comparative effectiveness of pain medications suggests that there is no
“perfect” pain medication and NSAIDs may be the safer option available to both patients
and physicians [39]. With the opioid epidemic in the USA and resulting stricter controls
on their use, physicians and patients may rely on NSAIDs for pain relief despite adverse
consequences. As NSAIDs will continue to hold an important place in the clinical manage-
ment of pain for OA patients, our findings suggest a need for heightened surveillance of
older adults with OA and co-existing CV and GI conditions. Clinicians may benefit from
using tools like the GI risk score tool to identify patients at high risk for GI AEs and to
individualize their treatment plan [38]. A drug utilization review system and computerized
decision support tools may also help to identify such patients and make changes to their
treatment as necessary.

We also found that the baseline NSAIDs use irrespective of the type (COX-2 selective
or non-selective) was the leading predictor of potentially inappropriate NSAIDs use during
follow-up. This finding is consistent with another published study on high-risk primary
care patients which reported that prior NSAIDs use was strongly associated with current
use [40]. While we did not study the reasons behind this association, there are several
factors that may have played a role. One of these factors could be the lack of knowledge in
NSAID users about their AEs and contraindications. In a study of over-the-counter (OTC)
NSAID users surveyed at a rheumatology clinic, one-third were unaware of their con-
traindications [41]. Similar reports of the lack of patient knowledge about NSAIDs-related
AEs have been published as well [42,43]. Keeping these findings in mind, it is important
that patients taking NSAIDs are better informed about the possible AEs. The other factor
could be the formulary restrictions on the use of selective NSAID use. A study by Louder
et al. reported that formulary restrictions for celecoxib among Medicare beneficiaries
resulted in lower rates of use of celecoxib (the only available selective NSAIDs in the US)
and higher rates of use for non-selective NSAIDs [44]. The study also reported that the
incidence and costs associated with GI AEs were higher for individuals with formulary
restrictions [44]. While formulary restrictions can reduce overutilization of expensive
medicines, they can also increase the burden on patients and prescribers making it difficult
for them to access the restricted medicine when necessary [45].

We also observed that older adults with visits to multiple providers, i.e., higher FCI,
had a lower probability of potentially inappropriate NSAIDs use. This finding could be
explained by at least two possible reasons. First, individuals with more encounters with
the health care system may have a higher likelihood of their potentially inappropriate
NSAIDs use being identified by a health care worker. Second, individuals with higher FCI
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may represent a subset of patients with higher disease severity and/or dissatisfaction with
their current treatment. This may further reduce the chances of a person being treated with
NSAIDs for long. Additionally, we observed that there was a considerable variation in
the predicted probability of potentially inappropriate NSAID use for individuals with the
same FCI values. Further research into what factors related to care fragmentation lead to
an increase in the probability of potentially inappropriate NSAIDs use is needed. On the
basis of the association between the FCI and potentially inappropriate NSAID use, it needs
to be seen whether frequent follow-ups of patients on long-term NSAID therapy can help
reduce the risk of potentially inappropriate NSAID use.

In our study, we observed that patients using other pain medications such as opi-
oids and intra-articular corticosteroids at baseline had a higher probability of potentially
inappropriate NSAIDs use. The combined use of multiple classes of pain medications
is common among adults with OA or those with chronic pain and has been increasing
over time [46,47]. Studies have shown that the combined use of opioids and NSAIDs may
provide effective pain relief in 90% of adults with chronic pain [48], despite increased risk
of AEs associated with such use. It is possible that older adults with OA are prescribed
multiple pain medications with different mechanisms of action to achieve a synergistic
effect. Patients with moderate or severe pain have been shown to regularly use combination
analgesics which may explain the higher likelihood of such patients receiving potentially
inappropriate NSAIDs [49].

The higher number of physical therapy visits during the baseline period were as-
sociated with a lower probability of potentially inappropriate NSAIDs use, suggesting
that non-pharmacological interventions may need to be considered in high CV and GI
risk patients to reduce their risk of NSAIDs-related AEs. Physicians may also consider a
multimodal approach that combines pharmacological and non-pharmacological treatments
for pain relief in OA adults. An alternative explanation could be that older OA patients
using physical therapy may be more physically active and/or may have less severe OA
requiring shorter or no treatment with NSAIDs.

In summary, the results from our study suggest a need for heightened surveillance
for CV and GI risk factors in older adults with OA and CV and GI risk factors requiring
treatment with NSAIDs. Older adults who have multiple risk factors (e.g., females with
baseline long-term NSAIDs use and high CV or GI risk) that increase the probability of
potentially inappropriate NSAIDs use should be watched closely for their NSAIDs use,
including the OTC drugs. The advent of new therapies with the ability to target the
underlying pathophysiology of OA may help reduce the reliance of patients on NSAIDs
against recommendations [50].

The limitations of our study include its retrospective and observational nature; the
possible underestimation of clinical conditions in claims data; not capturing patients who
do not routinely see clinicians or who do not use health services; lack of information on
variables that can affect NSAIDs use (e.g., patients’ dietary and personal health habits,
OTC NSAIDs use including low-dose aspirin, OA severity, pain, and patients’ response
to pain treatment); the possibility of a filled NSAID prescriptions not being used by the
patient; and lack of generalizability to all older adults in the USA. Despite these limitations,
our study has many strengths. It is the first study to document the rates of potentially
inappropriate NSAIDs use in a cohort of older adults with OA. It is also the first study to
examine the prevalence of combinations of CV and GI risk factors and employ machine
learning algorithms with a comprehensive list of 31 features to identify leading predictors
and direction of their associations with potentially inappropriate NSAIDs use.

5. Conclusions

Our findings suggest that one in eight older adults with OA received prescriptions for
NSAIDs that were not in line with their CV and GI risk profile. Our results showed that
patients with high GI or high CV risk were more likely to receive potentially inappropriate
NSAIDs. Our study also demonstrated that machine learning techniques can be used to
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identify the predictors of potentially inappropriate NSAIDs use using real-world data.
Some of the leading predictors of potentially inappropriate NSAID use were modifiable
such as the length of NSAIDs, FCI, use of other pain medications, and the presence of
other pain conditions. Such information can be used to influence policy, clinical practice,
and patient education. Future studies with a prospective cohort design to explore the
reasons for long-term NSAIDs use in individuals with high CV and GI risk profile are
warranted to inform targeted interventions for reducing NSAIDs-related AEs.
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