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Abstract

Rheumatoid arthritis (RA) affects 24.5 million people worldwide and has been associ-
ated with increased cancer risks. However, the extent to which the observed risks
are related to the pathophysiology of rheumatoid arthritis or its treatments is
unknown. Leveraging nationwide health insurance claims data with 85.97 million
enrollees across 8 years, we identified 92 864 patients without cancers at the time of
rheumatoid arthritis diagnoses. We matched 68 415 of these patients with partici-
pants without rheumatoid arthritis by sex, race, age and inferred health and economic
status and compared their risks of developing all cancer types. By 12 months after
the diagnosis of rheumatoid arthritis, rheumatoid arthritis patients were 1.21 (95%
confidence interval [CI] [1.14, 1.29]) times more likely to develop any cancer com-
pared with matched enrollees without rheumatoid arthritis. In particular, the risk of
developing lymphoma is 2.08 (95% Cl [1.67, 2.58]) times higher in the rheumatoid
arthritis group, and the risk of developing lung cancer is 1.69 (95% Cl [1.32, 2.13])
times higher. We further identified the five most commonly used drugs in treating
rheumatoid arthritis, and the log-rank test showed none of them is implicated with a
significantly increased cancer risk compared with rheumatoid arthritis patients with-
out that specific drug. Our study suggested that the pathophysiology of rheumatoid
arthritis, rather than its treatments, is implicated in the development of subsequent
cancers. Our method is extensible to investigating the connections among drugs, dis-

eases and comorbidities at scale.
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What's new?

Cancer risk is increased by chronic inflammation, a significant feature of rheumatoid arthritis
(RA). While RA patients are at increased risk of cancer, however, the degree to which cancer risk
can be attributed to RA pathophysiology or treatment remains uncertain. Here, the authors
examined relationships between RA, RA treatments and risk of different cancer types. RA

patients were 1.69 to 2.08 times more likely than those without RA to develop lymphoma or

Abbreviations: bDMARDs, biological disease-modifying antirheumatic drugs; CCl, Charlson comorbidity index; Cl, confidence interval; CPT, current procedural terminology; EHR, electronic
health record; HCPCS, Healthcare Common Procedure Coding System; ICD, International Statistical Classification of Diseases and Related Health Problems; NDC, national drug codes; Phe WAS,

phenome-wide association study; RA, rheumatoid arthritis; SDMARDs, synthetic disease-modifying antirheumatic drugs; SIR, standardized incidence ratio; TNF, tumor necrosis factor; TNFi,

tumor necrosis factor inhibitors.
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lung cancer within 1 year of RA diagnosis. No significant difference in risk was detected for

other cancer types. Commonly used RA treatments were also unlikely to increase cancer risk.

1 | INTRODUCTION

Rheumatoid arthritis (RA) is the most common autoimmune inflamma-
tory joint disease affecting 24.5 million people worldwide,* with an
incidence of 25 to 50 new cases per 100 000 people per year.?®
Chronic inflammation is also a risk factor for malignancy. RA patients
have approximately twice the average risk for developing lymphoma.*
Chronic inflammatory stimulation of the immune system,® genetic
predisposition,® and RA treatments that modulate immune responses’
have been linked with increased lymphoma risk, and patients with
poorly controlled RA have the highest risk of developing lymphoma.8?
However, the connections between RA and other types of cancers
are less clear,'® because it is difficult to conduct large-scale longitudi-
nal studies to simultaneously investigate many long-term health out-
comes among a group of RA patients. Due to the fact that RA elicits
abnormal chronic inflammation and may affect immune surveillance of
malignant cells,** immune dysregulation is expected to alter the risks
of cancers outside of the immune system as well.

The observed associations between RA and cancers can arise
from the direct autoimmune processes underpinning RA or from treat-
ments that modulated the immune system. The role of RA drugs in
the development of cancers, particularly lymphoma, has been a topic
of heated debate.®'? By suppressing specific components of the
immune system, some researchers hypothesized that biologics might
increase cancer risk.*>'* A cohort study showed that RA patients with
biologic therapies had a standardized incidence ratio (SIR) of 2.9 for
developing cancers, while the SIR among RA patients without bio-
logics was 1.9.> Another early meta-analysis of nine randomized con-
trolled trials reported that patients treated with TNFi are more likely
to develop malignancy compared with the placebo group (pooled odds
ratio = 3.3; 95% Cl 1.2-9.1).3® However, a recent systematic review
found that patients on bDMARDs (biological disease-modifying anti-
rheumatic drugs) did not have an increased risk of malignancies in
general.” Studies in the UK and Australia found no difference in the
risk of lymphoma for the TNFi vs the biological-naive group (HR 1.00;
95% Cl 0.56 to 1.80)"*® or risk of solid cancers for the TNFi vs syn-
thetic disease-modifying antirheumatic drugs (sDMARDs) (HR = 0.83;
95% Cl 0.64 to 1.07).Y Other studies observed that RA patients trea-
ted with anti-TNF antibody therapy experienced increased and dose-
dependent risks of malignancies.?®?° For non-TNFi bDMARDs, a
multi-database study in the U.S. reported a slight increase in total
malignancy risk associated with abatacept compared with other bio-
logics.?! In addition, a recent review article identified a need for fur-
ther studies on the cancer risks related to RA treatments in order to
guide patients and clinicians regarding the optimal choice of anti-
rheumatic drugs.?? Large-scale and systematic investigations are thus
needed to further evaluate and quantify the potential adverse effects

conferred by other common treatments for RA.

To address these gaps in knowledge, our study leverages
population-level insurance claims data with 86 million participants
from the U.S. to reassess the risk of developing all types of can-
cers in a contemporary prospective cohort. We systematically
examined the relationship between RA and all cancer types defined
by the International Statistical Classification of Diseases and
Related Health Problems (ICD) codes,?® and we conducted detailed
analyses to quantify cancer risks attributable to RA treatments.
Using the matching method in causal inference,?* we examined the
causal relationship between RA, common treatments of RA and
the subsequent development of cancers. Due to the large amount
of data we have, we were able to exactly match almost all avail-
able confounding variables. Compared with propensity score

1 our approach is less sensitive to model assumptions

matching,2
and can effectively characterize the interactions between diseases
and treatments and decipher the mechanisms underlying the

observed clinical outcomes.

2 | MATERIALS AND METHODS

21 | Datasource
We performed this study using de-identified member claims data from
Aetna, containing 85.97 million unique member identifiers from North
America, with insurance claims records from April 1, 2008, to
December 31, 2019. The follow-up period of these members starts on
the date of subscription to Aetna insurance and ends on the date of
subscription cancelation. A patient can have noncontinuous follow-up
periods if he or she subscribes to Aetna for several non-consecutive
time periods. Patients who exit the Aetna insurance system are con-
sidered censored at the time of insurance discontinuation, because
we are unable to track their clinical outcomes after that point. If these
patients re-joined the insurance plan and were not selected into our
study cohort in previous enrollment periods, they will be eligible for
our study if their clinical profiles from the new enrollment time satisfy
our inclusion and exclusion criteria.

The claims data include diagnostic codes encoded by the Inter-
national Statistical Classification of Diseases and Related Health
Problems ninth revision (ICD-9) and tenth revision (ICD-10) as well

)2%-25 and Healthcare

as the Current Procedural Terminology (CPT
Common Procedure Coding System (HCPCS) treatment procedure
codes of the patients for every service and procedure, together
with the date of service. In addition, the claims dataset contains
National Drug Codes (NDC) for the drugs prescribed and the date
of dispensing. We further extracted participants' insurance enroll-
ment status, age, sex, race (15% available) and zip codes from the

dataset.
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2.2 | RAdentification

Phenome-wide association study (PheWAS) code can be used to
identify the mapping between a specific disease and its correspond-
ing list of ICD-9 and ICD-10 codes. Guided by the PheWAS codes
and descriptions,?® we curated a list of ICD-9 and ICD-10 codes to
identify RA patients from the insurance claims dataset (see
Table S1).

2.3 | Cancer identification

To classify cancer diagnostic codes into clinically relevant categories,
we conducted a manual review of all cancer diagnostic codes in both
ICD-9 and ICD-10. Specifically, we reviewed all codes in Chapter Il of
ICD-9 (neoplasms; codes range from 140 to 239) and all codes in
Chapter |l of ICD-10 (neoplasms; codes range from COO to D48). We
classified diagnostic codes in these chapters into 17 categories of can-
cers. Tables S2 and S3 listed the cancer types we identified.

24 | Censoring

To maintain the integrity of the medical records we used in our ana-
lyses, patients were censored at the time of the first discontinuation
of their health insurance plans. Reasons for health insurance plan dis-
continuation include un-subscription and death. Any medical encoun-
ters or pharmacy records timestamped after the censoring date were

excluded from our analysis.

25 |
cohort

Inclusion and exclusion criteria for the study

Figure 1 shows the flowchart of our cohort identification. We first
identified 232 943 patients with at least three diagnosis codes of
RA on different days within 18 consecutive months to reduce the
impact of false positives in the diagnostic labels. Previous studies
showed that using two or more ICD-10 codes of RA has a positive
predictive value (PPV) of 69% to 82% and a sensitivity of 76% to
77% for identifying RA patients, and using three or more ICD-9
codes of RA has a PPV of 66%.2”%° In addition, we excluded
30 804 patients who had cancer or autoimmune disease history
before the first time RA was diagnosed to better identify the cancer
risks associated with RA and the treatments of RA. Furthermore, we
excluded 106 044 patients who have mentions of RA or cancer
within 90 days of enrollment to remove patients who may have RA
or cancer diagnoses before enrolling in Aetna insurance. Finally, we
removed 3231 patients with incomplete baseline characteristics (eg,
zip codes) and those with inconsistent data (eg, patients with RA
diagnosis date after their last enrollment date). Our procedure
ensures that the identified 92 864 patients have a high probability
of developing RA during their health insurance coverage period and
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do not have cancer or other autoimmune diseases when RA is first
diagnosed. We identified the un-exposed group (non-RA partici-
pants) via a similar protocol. We randomly subsampled 10% of the
participants in our non-RA group to reduce the computation time
required. The un-exposed group after the 10% subsampling still has
7 653 770 patients, which is more than 80 times larger compared

with the exposed group.

2.6 | Matching methods

We first compared the cancer risks among RA and non-RA groups. In
this analysis, we employed the matching methods from the causal
inference literature?* to balance the demographic and clinical factors
of the two groups. The matching methods construct pair-wise match-
ing between the two groups such that the matched RA and non-RA
patients share similar features associated with baseline cancer risk.
We then compute the ratio of the cancer incidence rate of RA and
non-RA group to estimate the cancer risk difference attributable to
RA. To increase the efficiency of our study, each patient in the RA
group is matched to multiple patients in the non-RA group.2°*! When
applying the matching method, we matched exactly on sex, year of
birth and race (when available). Patients of unknown races were
matched with patients of unknown races. The non-RA patients' index
date is set as the matched RA patient's first day of RA diagnosis. We
also matched patients' general health status and healthcare utilization
rate using 10-quantile bins of their average diagnosis counts per year
and average hospital visits per year. We further inferred their income
levels using the median income of the patients' zip codes and matched
them with 10-quantile bins. These matching factors ensure that the
matched patients have similar demographics, health conditions and
socioeconomic status.®2%® Thus, the observed differences between
the RA and the non-RA groups could be attributed to RA or its down-
stream effects.

Since each RA patient can be matched with multiple non-RA par-
ticipants, we reweighted each of the matched control samples by
inverse probability weighting. For example, if five participants in the
non-RA group were matched to the same patient in the RA group, we
assign a weight of 1/5 to each of these five participants in the non-RA
group. This one-to-many matching method maximizes the number of
eligible participants in the non-RA group, thereby reducing the ran-
dom variability of our analyses. In the end, 68 415 of 92 864 RA
patients found a match, and 1 340 538 of 7 653 770 non-RA patients
found a match.

2.7 | Identifying the effects of RA treatments on
the overall risk of cancers

We designed a similar matching method to investigate the effects of
RA treatments on the overall risk of cancers among RA patients. A
total of 32 847 RA patients have medication prescription coverage in

the insurance claims database. Given this limited sample size, we
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FIGURE 1 A summary of the

non-RA cohort derivation workflow for RA
RA group : .
group : patients (exposed group) and
: matched non-RA patients (control
People with insurance People with insurance : gr.oup.). Each inclusion, exclu5|?n
record from Jan 2008 to : : record from Jan 2008 to : criteria and the number of patients
Dec 2019 : Dec 2019 after each step is shown.
N =86 192 692 : N =86 192 692 :

!

People with medical

claims
N = 68 804 245
‘ : : Randomly sample
People with at least one : : approximately 10%
diagnosis code related : : people to reduce
with RA : : computation time in the
N = 474 369 : : matching step
7 : : N = 8601 367

People with at least 3
diagnosis code related
with RA within 18 months

N =232 943
] : :
Exclude patients with People with no
prior a_lutoimmune autoimmune disease
diseases : : diagnosis
N =213 836 : : N =8272 703

{

Exclude patients who had
cancer before RA
N =202 139

!

Exclude patients with RA - -
or cancer related records Exclude_ patlents V‘_"th
within 90 days of cancer diagnosis within
enroliment 90 days of enrollment
N = 96 095 N =7756 124
Exclude inconsistent Exclude inconsistent
records or incomplete : : records or incomplete
baseline data (such as : : baseline data (such as
people without zipcodes : : people without zipcodes
and people who have RA : : and people who have RA
diagnosis after their last : : diagnosis after their last
enrollment day) : : enroliment day)
N =92 864 N =7 653770

Matching procedure

1. Maftch exactly on on sex, race,éand
: year of birth :

2. Métch 10-quantile bins of average
diagnosis counts per year, averaige
hospital visits per year, and :
income inferred by zipcode :

Matched RA patients Matched non-RA patients
N =68 415 : : N =1 340 538

focused on the five most commonly used medications for RA in this and sulfasalazine (8.77%). 70.35% of the 32 847 RA patients we stud-
dataset: methotrexate (45.74% of RA patients received this drug), ied used at least one of these five drugs. The baseline characteristics
hydroxychloroquine (31.35%), TNFi (19.12%), leflunomide (10.06%) of these patients are summarized in Figure S4A.
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Matched RA patients Matched non-RA patients

N % N %
All 68 415 100 1340538 100
Gender
F 52 577 76.85 1021922 76.23
M 15 838 23.15 318 616 23.77
Age at RA diagnosis
[0, 40] 11 417 16.69 230 246 17.18
[40, 50] 14 085 20.59 276 483 20.62
[50, 60] 19 060 27.86 374 602 27.94
[60, 70] 13 587 19.86 260 436 19.43
[70, 80] 6883 10.06 130727 9.75
[80, 120] 3383 4.94 68 044 5.08
Zip-code inferred income
[0, 35 000] 5223 7.63 101 904 7.6
[35 000, 50 000] 18 159 26.54 352 839 26.32
[50 000, 70 000] 22778 33.29 446 458 333
[70 000, 100 000] 16 704 24.42 327 405 24.42
[100 000, 500 000] 5551 8.11 111 932 8.35
Frequency of receiving diagnostic codes before RA onset (per day)?
[0.0, 0.03] 14 263 20.85 333985 2491
[0.03,0.1] 18 677 27.3 349 583 26.08
[0.1,0.3] 23 469 343 433111 3231
[0.3,1.0] 10 691 15.63 198 679 14.82
[1.0,inf] 1315 1.92 25180 1.88
Frequency of hospital visits before RA onset (per day)®
[0.0, 0.01] 14 691 21.47 331415 24.72
[0.01, 0.02] 11073 16.19 207 342 15.47
[0.02, 0.05] 22133 32.35 408 329 30.46
[0.05,0.1] 13 102 19.15 247 388 18.45
[0.1, inf] 7416 10.84 146 064 10.9

Note: The index dates of non-RA participants are defined as their matched RA patients' date of RA

diagnosis.

@A proxy of general health status.
PA proxy of healthcare utilization rate.

For each drug D, we identified RA patients treated with D after
the initial diagnosis of RA as the exposed group and RA patients with-
out RA-related drugs but with medication prescription coverage as
the control group. The control group has a total of 15 499 patients. If
a patient in the control group later received drug D, we censored this
patient at the time he or she received drug D. This study design miti-
gates immortal time bias in electronic health record (EHR) analyses.>*
In the exposed group, we require drug D to be the first RA-related
treatment the patient received. To better identify the effects of indi-
vidual drugs, a patient is censored if he or she receives the second
RA-related drug.

We matched the exposed and control groups based on

their age at the first RA diagnosis, demographics (eg, sex, race,

zip-code imputed median income levels) and clinical factors
(general health conditions and healthcare utilization rate) men-
tioned above. Due to the more restricted sample size in this
analysis among the RA patients, we developed a more relaxed
matching scheme that used 5-quantile bins matching for continu-
ous variables. Unmatched patients were not included in our
analyses. To ensure that the baseline clinical characteristics of
the exposed group and control groups are comparable, we
examined the differences between the two groups. We
compared the risk of developing cancers between the
exposed and control groups using the log-rank test, and we cor-
rected for multiple testing using the Benjamini-Hochberg

procedure.®’
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(A)

All_cancers (n = 4303)

Skin (n = 1558)

Breast (n = 636)

Digestive organs (n = 320)

Male genital organs (n = 286)

Respiratory and intrathoracic organs (n = 272)

Lymphoid and hematopoietic tissue (n = 266)

lll-defined, other secondary and unspecified sites (n = 192)
Urinary tract (n = 183)

Female genital organs (n = 164)

Thyroid and other endocrine glands (n = 119)

Lip, oral cavity, and pharynx (n = 55)

Eye, brain and other parts of central nervous system (n = 40)
Neuroendocrine tumors (n = 34)

Soft tissue (n = 32)

(B)

Other and unspecified malignant neoplasm of skin (n = 1457)

Malignant neoplasm of lung and other parts of bronchus (n = 239)

Other malignant neoplasms of lymphoid and histiocytic tissue (n = 205)

Malignant melanoma of skin (n = 101)

Multiple myeloma and immunoproliferative neoplasms (n = 73)

Lymphoid leukemia (n = 47)

Myeloid leukemia (n = 35)

RA, Matched patient count = 68 415
[ 365-days

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Hazard ratio

RA, Matched patient count = 68 415
mw 365-days

0 1 2 3 4
Hazard ratio

FIGURE 2 The hazard ratios of developing cancers at 365 days in RA and matched non-RA patients. (A) RA patients have increased risks of
developing cancers overall, with particular enrichment in hematologic, lymphoid and respiratory cancers. (B) Cancer subtype analyses revealed that
RA patients are more likely to develop skin, lung, lymphoid and histiocytic cancers, and multiple myeloma. The vertical line represents the hazard
ratio of 1. The cancer types are ordered by their case counts. For example, skin cancer is more prevalent than breast cancer, so skin cancer appears
at the top of the list. The horizontal segments represent the 2.5% to 97.5% confidence interval determined by 10 000 bootstrap®° samples. [Color

figure can be viewed at wileyonlinelibrary.com]
3 | RESULTS

3.1 | Overview of the study cohort and the trend
of treatments

We identified 68 415 patients with RA from 85 972 617 participants
in the insurance claims dataset. The average enrollment period for all

participants is 3.8 years, which gives us an annual incidence of RA
estimate of 21 per 100 000 people. Figure 1 shows the workflow for
cohort identification. Detailed inclusion and exclusion criteria could
be found in the Methods section. The average enrollment period after
the patients' first RA diagnosis is approximately 3.5 years. Table 1
shows the characteristics of our study population, including gender,

age, zip-code inferred income, the frequency of receiving ICD

85U8017 SUOLILLOD BA 181D (edldde au) Ag peusenob afe Sejoie YO ‘88N JO Sa|nI Joj Akeiq1T8UlUQ A8]IM UO (SUOTHPUOD-PUB-SWBIW0D A8 | IMAleIq U1 UO//SANY) SUORIPUOD PUe SWS | 84} 88S *[£202/20/6T] Uo AriqiTauliuo A|im ‘AisieAlun preAeH Ag 909vE 0(1/Z00T 0T/10p/oo" A3 1M Afeiq1|euluo//:sdny Wo.j pepeojumoq ‘9 ‘€202 ‘STZ0.60T


http://wileyonlinelibrary.com

WANG ET AL.

INTERNATIONAL uce 1145
JOURNAL of CANCER : J—

Hazard ratio across time with different cancer types

All cancers
o6
®
T4
(0]
N
®©
I2
0 500 1000
RA patients Days
Atrisk 68415 49303 31214
Censored 0 17076 34238
Events 0 2036 2963
non RA patients
Atrisk 68415 41588 25044
Censored 0 25315 41199
Events 0 1512 2172
Skin
Q2 6
S
©
5 4
N
©
T
;
0 500 1000
Days
RA patients
Atrisk 68415 50348 32319
Censored 0 17 346 35018
Events 0 721 1078
non RA patients
Atrisk 68415 42325 25795
Censored 0 25539 41794
Events 0 551 827

Respiratory and intrathoracic organs

Hazard ratio
S [o)}

N

0 500 1000
RA patients Days
68415 50911 33007
0 17 375 35223
0 129 185
non RA patients
68415 42762 26332
0 25580 41984
0 73 99

Lymphoid and hematopoietic tissue

Hazard ratio
H o

N

0 500 1000
Days
RA patients
68415 50874 32964
0 17 383 35239
0 158 212
non RA patients
68415 42754 26314
0 25589 42007
0 72 94

FIGURE 3 Hazard ratios of cancers after the diagnosis of RA. The hazard ratios are significantly >1 in the RA group compared with the
matched control group throughout the time horizon we investigated. The horizontal black line represents a hazard ratio of 1. The solid curve is
the estimated hazard ratio, and the shaded areas are 95% confidence intervals. [Color figure can be viewed at wileyonlinelibrary.com]

diagnostic codes (a proxy for general health status) and the frequency
of hospital visits.

3.2 | RA and therisk of developing cancers

We first quantified the risk of developing cancers in the RA and non-
RA groups. The overall probability of being diagnosed with cancers
within 1 year is 2.57% for RA patients and 2.12% for non-RA patients,
with a hazard ratio of 1.21 (95% confidence interval (Cl) [1.14, 1.29]).
We further computed the hazard ratio for each specific cancer type. A
complete list of cancer types can be found in Tables S2 and S3. The
cancer types with significantly increased risks among RA patients are
cancers of the lymphoid and hematopoietic tissue (2.08; 95% Cl [1.67,
2.58]), respiratory and intrathoracic organ cancer (1.69; 95% Cl [1.32,
2.13]) and skin cancers (1.18; 95% CI [1.07, 1.3]). Many other cancer
types, including cancers of the soft tissue and lip, oral cavity and phar-
ynx cancers are also slightly enriched in the RA group; however, this

enrichment did not achieve statistical significance (Figure 2A).

Beyond broad cancer categories such as skin and breast cancer,
we conducted additional analyses to investigate the risk of developing
specific types of cancer. To reduce the impact of multiple testing, our
analyses focus on cancer categories with a hazard ratio significantly
larger than 1 (ie, cancer categories whose horizontal confidence inter-
vals in Figure 2A do not cross the vertical black line representing Haz-
ard Ratio = 1). Three broad cancer categories met our significance
criteria: skin cancer, lung cancer (respiratory and intrathoracic organs)
and hematological cancer (lymphoid and hematopoietic tissue)
(Figure 2B). Results showed that many cancer types under these phe-
code groups have a similar hazard ratio. For example, malignant neo-
plasm of the lung and other parts of the bronchus has a hazard ratio
of 1.71 (95% CI [1.27, 2.20]) within a year after the RA diagnosis.
Among the hematological cancers, other malignant neoplasms of lym-
phoid and histiocytic tissue possess a hazard ratio of 1.90 (95% CI
[1.41, 2.59]), and multiple myeloma and immunoproliferative neo-
plasms have a hazard ratio of 2.15 (95% Cl [1.29, 3.50]). Other cancer
types in these phecode groups are observed in a smaller subset of RA

patients, while the hazard ratio remains similar.
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(A) RA vs non-RA patient survival plot on lymphoid and hematopoietic tissue cancer
Hazard ratio at day 1500 = 1.914
RA group cancer patient counts = 266
1.000 —— RA patients
non RA patients
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0.994 \\\H“—L-—._
P<1e-4
1 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
RA patients Days
Atrisk 68415 50874 32964 22927 14779 9816 6398 3584 1297
Censored 0 17 383 35239 45247 53373 58 334 61751 64 565 66 852
Events 0 158 212 241 263 265 266 266 266
non RA patients
Atrisk 68415 42754 26 314 17 942 11322 7365 4704 2631 977
Censored 0 25589 42 007 50367 56 982 60 936 63 597 65670 67 324
Events 0 72 94 107 110 114 114 114 114
(B) RA vs non-RA patient survival plot on respiratory and intrathoracic organs cancer
Hazard ratio at day 1500 = 1.693
RA group cancer patient counts = 272
1.000 —— RA patients
0.998 \ non RA patients
0.996 \
0.994 \%____—“___\_‘
0.992 -
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Censored 0 25580 41984 50343 56 947 60 901 63 553 65 625 67 282
Events 0 73 99 119 137 145 152 154 155

FIGURE 4 Time to cancer onset in RA and matched non-RA patients. Day O is the day when the first diagnosis of RA is made or the matched
date in non-RA patients. For each plot, the P value of the log-rank test is shown at the bottom left corner of the plot. The cancer type, the hazard
ratio between RA and non-RA groups at 1500 days, and the total cancer patient count in the RA group are shown in the title of each figure panel.
(A) Cancers of the lymphoid and hematopoietic tissue. (B) Cancers of the respiratory and intrathoracic organs. [Color figure can be viewed at

wileyonlinelibrary.com]

We further investigate the hazard ratios across different time
horizons in different cancer types. Figure 3 summarized the hazard
ratios at 30, 90, 180, 365 and 1000 days from the first RA diagnosis
across cancer types with the hazard ratio significantly larger than 1 on
all days we examined. A similar plot summarizing all cancer types with
at least 200 matched RA patients is shown in Figure S1. Tables S4 and
S5 provide the 95% confidence intervals of the event (developing can-
cers) probability and hazard ratios at 365 days. In general, we
observed a downward trend in the hazard ratios as time elapsed.

We plotted the time-to-event curves for the two cancer catego-
ries with the highest risk among RA patients: lymphoid and hemato-
poietic tissue cancer (Figure 4A) and respiratory and intrathoracic
organ cancer (Figure 4B). Both have log-rank test P values <le-4,
showing that RA patients have a significantly higher risk of developing
these cancers, compared with participants without RA. We also plot-
ted the time-to-event curves for some cancer sub-categories that we
studied in Figure 3 (Figure S2).

33 |
cancers

Effects of RA drugs on the risk of developing

We conducted a series of matched analyses to examine the effects
of common RA drugs on the risks of cancers. The summary of the
cohort derivation workflow is shown in Figure S3. We identified
the five most commonly used drugs for RA treatment and con-
ducted a log-rank test to evaluate the risk of developing cancers
between the exposed and control groups. To ensure that the
exposed and control groups are otherwise comparable, we exam-
ined the baseline characteristics of these two groups, and we
found that the baseline confounders are very similar between the
groups under comparison, except for the age distribution
(Figure S4B). Our results showed that none of these drugs signifi-
cantly increases the cancer risks among RA patients (Figure 5A, B;
multiple testing was corrected using the Benjamini-Hochberg pro-

cedure®®). We further conducted a series of analyses that
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FIGURE 5 No significant associations were found between commonly used RA treatments and the development of any cancers among RA
patients. (A) The P values and Benjamini-Hochberg-adjusted P values among the top five most commonly used drugs for RA treatment are shown. TNF
inhibitors (TNFi's) include adalimumab, etanercept, certolizumab, golimumab and infliximab. The black vertical line represents P value = .05. For each
RA treatment, we showed both the total number of patients with that treatment and the total number of patients in that group who later developed
cancer. For example, “hydroxychloroquine, N = 2214(77)” indicates that there are 2214 patients who used hydroxychloroquine and among them,

77 are diagnosed with cancer. (B) The hazard ratios of developing cancers at 365 days between RA patients with RA drugs and matched RA patients
without RA-related drugs. The horizontal segments represent the 2.5% to 97.5% confidence interval determined by 10 000 bootstrap®® samples. [Color
figure can be viewed at wileyonlinelibrary.com]

compares the effect (on cancer risks) difference among the five five drugs (drug D) with those without drug D (Figure S5A) or
drugs of interest. We showed that there is no significant differ- those without drug D but with other RA-related drugs
ence in cancer risks when comparing RA patients with any of the (Figure S5B). We also showed that the baseline confounders are
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very similar among all five patient groups categorized by their drug
type (Figure S4C).

4 | DISCUSSION

Our study leveraged concepts in causal inference to investigate the
cancer risk attributable to the pathology of RA or RA treatments. One
unique feature of our analyses is the use of large-scale observational
datasets combined with matching methods to distill the contributions
of diseases and subsequent treatments to the development of can-
cers. We employed health insurance records from 85.97 million
unigue members, which allows us to investigate and follow up with
patients' evolving clinical phenotypes. We match many potential con-
founders, such as general health status (inferred by hospital visit and
diagnosis rates) and household income status (inferred by zip codes).
Our method is extensible to investigating the connections among
drugs, diseases and comorbidities at scale.

We applied relatively stringent filters to ensure a low false identi-
fication rate in our patient group. We observed that the incidence of
RA is 30 per 100 000 people in our study, which is slightly lower than
the reported annual incidence of RA in the United States and northern
European countries (approximately 40 per 100 000 people®®). The
minor difference in incidence rate may be partially due to the fact that
participants of commercial health insurance (they are either employed
or are dependents of employed people) are healthier than the general
population. Compared with people without RA, we found that RA
patients are 1.69 to 2.08 times more likely to develop lymphoma and
lung cancers by 1 year after their first RA diagnosis. The risk of devel-
oping other types of cancers is not significantly different between the
RA and the non-RA groups. To further distinguish the effects of RA
drugs on the subsequent development of cancers and cancer predis-
position among RA patients, we identified the five most commonly
used drug groups for treating RA in our dataset: hydroxychloroquine,
methotrexate, leflunomide, TNFi and sulfasalazine. None of these
drugs significantly increased the cancer risk in RA patients compared
with those who did not use these specific drugs. These results indi-
cate that the observed increased risk for cancer may be driven more
by immune dysregulation in RA, rather than RA therapies. Our findings
provide reassuring information for both clinicians and patients when
considering the risks and benefits of RA therapies.

Our studies expand the prior literature that shows the association
between RA and risk for cancer. Prior studies have demonstrated that
patients with RA appear to have a higher risk of lymphoma, lung can-
cer and skin cancer and a potentially decreased risk for colorectal and
breast cancer compared with the general population.?>%”4° Our ana-
lyses leverage a large electronic health record database and systemati-
cally investigate the contributions of RA pathology and subsequent
treatment to the development of cancers. Our findings agree with
previous findings on the increased lymphoma risk.2? Additionally, we
also found a significant risk increment in getting pulmonary and skin
cancer. Interestingly, we found that RA patients are 1.08 times more

likely to develop breast cancers within a year of their first RA

diagnosis, although RA patients have a lower breast cancer risk (haz-
ard ratio 0.87) over the entire time horizon we observed (4000 days),
which is consistent with previous studies.** This observation may
stem from the fact that patients just diagnosed with RA may become
more health aware and more likely to discover existing slow-growing
cancers. This pattern of decreasing hazard ratio over time is consistent
across cancer types (Figures 3 and S1).

Several previous studies attempted to investigate the association
between RA treatments and cancer. As an illustration, an early case
series study using the MedWatch post-market adverse event surveil-
lance system identified 26 patients who were treated with anti-TNF
therapy and later developed lymphoproliferative disorders.*? Follow-up
studies and a meta-analysis reported a dose-dependent risk of malig-
nancies among RA patients treated with anti-TNF therapy.® However,
many recent studies showed no significant difference in lymphoma risk
between RA patients who received anti-TNF and those treated with
other drugs.}>**“¢ In addition, another study suggested that biologic
therapy of RA is associated with increased risk for skin cancers, but not
for solid tumors or lymphoproliferative malignancies.*” One recent
study found no skin cancer risk difference between RA patients initiat-
ing methotrexate vs those receiving hydroxychloroquine.*® Most of
these prior observational studies only adjusted for age and sex.*>*344
Other potential confounders could contribute to the observed differ-
ences. Our analyses systematically compare RA patients treated with
common drugs with the matched patients receiving other forms of
treatments. Using concepts in causal inference and the large sample
size from the nationwide health insurance claims dataset, we showed
that these drugs did not contribute significantly to the observed cancer
risk. Thus, the increased cancer incidence among RA patients likely
stems from the immune system disruptions related to RA. Controlling
the disease activity and severity of RA through clinical follow-up and
treatment may facilitate cancer risk mitigation in RA patients.

Our analyses also revealed a previously unreported downward
trend in the hazard ratios among the cancer types associated with
RA. There are several potential explanations for this trend. First, the
impact of RA may diminish over time if the disease is under treatment,
leading to lower cancer risk. The second possible explanation is that
RA patients with high susceptibility to cancers also have a higher risk
of dying from other causes or switching health insurance plans. In
addition, diminishing statistical power on longer duration of follow-up
could also explain a part of this trend. Future studies can further
investigate the long-term cancer risks using registry data.

4.1 | Limitations

One limitation of our study is the limited granularity of ICD codes. ICD
codes only provide a crude disease description but not the severity or
the anatomical involvement of the diseases. For example, it is difficult to
quantify the cancer risk difference between patients with severe RA and
those with mild RA using health insurance claims data. In addition, our
requirement of three separate RA diagnostic codes within 18 months

decreases the false identification rate of RA but introduces a potential
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caveat in selecting patients with severe RA. Furthermore, we are unable
to match the Charlson Comorbidity Index (CCl), an established mortality
predictor using concurrent medical conditions, due to the constraints of
our data use agreement. Lastly, many known risk factors for cancers,
such as smoking, chronic alcoholism, red meat intake and exposure to
asbestos, are not reliably documented in the insurance claims datasets.
Future studies that use data from electronic medical notes can increase
the granularity of the disease description. Because insurance claims data-
sets and electronic health records only cover a period of time in a
patient's life span, they will have limited ability in long-term risk assess-
ment. Although we only focused on the five most commonly used RA
drugs due to statistical power considerations, future research can investi-
gate the effects of other medications used in RA patients.

5 | CONCLUSIONS

Our study demonstrated that the pathophysiological changes related
to RA, rather than RA therapy, are likely the main contributor to the
increased risk of cancers observed in RA patients. Using the
population-level insurance claims dataset, we found that the risk of
lung cancer and lymphoma is the highest among patients with
RA. Our approaches demonstrated the power of using nationwide
EHRs in identifying the potential factors leading to major health out-
comes. Future studies can employ similar methods to monitor the risk

of developing cancers among other high-risk patient populations.
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