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Abstract
Objectives: To assess how the results of published national registry-based pharmacoepidemiology studies (where select associations are
of interest) compare with an agnostic medication-wide approach (where all possible drug associations are tested).

Study Design and Setting: We systematically searched for publications that reported drug associations with any, breast, colon/colo-
rectal, or prostate cancer in the Swedish Prescribed Drug Registry. Results were compared against a previously performed agnostic
medication-wide study on the same registry. Protocol: https://osf.io/kqj8n.

Results: Most published studies (25/32) investigated previously reported associations. 421/913 (46%) associations had statistically sig-
nificant results. 134 of the 162 unique drug-cancer associations could be paired with 70 associations in the agnostic study (corresponding
drug categories and cancer types). Published studies reported smaller effect sizes and absolute effect sizes than the agnostic study, and
generally used more adjustments. Agnostic analyses were less likely to report statistically significant protective associations (based on a
multiplicity-corrected threshold) than their paired associations in published studies (McNemar odds ratio 0.13, P 5 0.0022). Among
162 published associations, 36 (22%) showed increased risk signal and 25 (15%) protective signal at P ! 0.05, while for agnostic asso-
ciations, 237 (11%) showed increased risk signal and 108 (5%) protective signal at a multiplicity-corrected threshold. Associations
belonging to drug categories targeted by individual published studies vs. nontargeted had smaller average effect sizes; smaller P values;
and more frequent risk signals.

Conclusion: Published pharmacoepidemiology studies using a national registry addressed mostly previously proposed associations,
were mostly ‘‘negative’’, and showed only modest concordance with their respective agnostic analyses in the same registry. � 2023
The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).
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What is new?

Key findings
� This is the first systematic comparison of drug-

cancer associations in published national registry-
based studies vs. agnostic medication-wide study.

What this adds to what was known?
� National registry-based studies mostly addressed

previously proposed associations and showed only
modest concordance with agnostic study.

What is the implication and what should change
now?
� Wider use of national registries in pharmacoepi-

demiology should be encouraged for discovery,
validation, and agnostic analyses.
1. Background

Population-wide health registries can investigate adverse
outcomes across giant real-world datasets [1,2]. The Swed-
ish Prescribed Drug Register (PDR) is a nationwide registry
of prescribed pharmaceuticals, established in 2005, with
highly representative coverage [3]. In giant datasets, any
investigation involves numerous analytic choices, for
example, how to select the study population, classify study
variables, and select adjustments; thus the same material
can yield very different results (‘‘vibration of effects’’)
[4]. Analytic choices made after examining data [5], unac-
counted multiplicities [6] and selective reporting of favor-
able results ultimately creates many false positive
discovery claims [7]. However, when analyses target previ-
ously discovered and reported associations, selective re-
porting may operate differently; for example, if
investigators are motivated to disprove previously proposed
associations with ‘‘negative’’ results [8].

One way to counteract selective reporting is to run and
report analyses for all possible drug associations. This pro-
cess resembles genome-wide association studies that trans-
formed the field of genetics, boosting its validity [9]. While
candidate-gene genetics (testing few associations based on
biological plausibility, similar to standard practice also in
pharmacoepidemiology for drug-cancer associations) had
dismal replication record, ‘‘agnostic’’ genome-wide ana-
lyses enjoy high replication success [9e11]. Drugs and
gene variants may differ in mechanistic knowledge avail-
able to inform biological plausibility and the extent of po-
tential confounders [12]. It is interesting to explore how
results of the current standard practice of pharmacoepi-
demiology in large-scale registry databases compare with
agnostic massive-testing. Patel et al. [6] used an agnostic,
exposure-wide approach to investigate associations
between all 552 categories of prescribed PDR pharmaceu-
ticals and cancers adjusting for multiple comparisons.

Here, we aimed to evaluate how drug-cancer associa-
tions in the published literature using the PDR compare
with agnostic exposure-wide analyses on the same registry.
A systematic literature review assessed which drug-cancer
associations have been reported in published studies that
use the PDR. Furthermore, we assessed whether PDR-
based published studies report stronger or weaker signals
vs. the agnostic study for the same associations. We also as-
sessed whether associations targeted by published studies
were likely to have more statistically significant signals
than the nontargeted ones, based on the agnostic study
results.
2. Methods

In this metaresearch study (protocol: https://osf.io/
kqj8n; amendments in Appendix 1), the medication-wide
study we apply as comparison [13] used a Swedish nation-
wide cohort of 9 million individuals, resulting from linkage
between the PDR and the Cancer Register [3,14] between
July 2005 and December 2010. As exposures, it investi-
gated agnostically all 552 drug categories (Anatomical
Therapeutic Classification (ATC) level 4, chemical sub-
group, e.g., A01AA) [15]. Associations with 4 outcomes
were modeled: time to first occurrence of any, female
breast, colon, and prostate cancer, adjusted for age, sex,
and prescription of any other drugs (for breast and prostate
cancer, cohort was restricted to one sex instead of adjust-
ing). Lag time of 180 days from surveillance start until pre-
scription, plus one additional year, was used for a person to
be considered exposed. Cox proportional hazards regres-
sions (CPHRs) with Bonferroni correction for multiplicity
were performed in 2 equally large training and testing sets
for validation. To demonstrate how findings may change
because of modeling choices, case-crossover analysis was
also performed, but that model had many methodological
biases, as we discuss [13], yielding only protective drug-
cancer associations, a nonplausible pattern. Therefore, here
we applied the Cox analysis results from the testing set with
statistical significance claimed for P ! 0.05/552
(9 � 10�5). Overall, the study reported on 2,155 associa-
tions between ATC level 4 drug categories and any of the
cancer types (excluding 53 associations lacking meaningful
data).
2.1. Eligibility criteria

For comparison with the medication-wide study, pub-
lished studies were eligible that evaluated associations be-
tween pharmaceuticals (assessed with the PDR) and any
of 4 cancer categories, defined with International Classifi-
cation of Diseases version 10 codes [16]: any cancer
(C00-C80); female breast cancer (C50.0-C50-9); colon

https://osf.io/kqj8n
https://osf.io/kqj8n
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(C18.0-C18.9) or colorectal cancer (C18-C20); or prostate
cancer (C61). Studies were included regardless of target
population (general or patient-specific) and of whether they
used the PDR for sampling (e.g., identifying all Swedish in-
dividuals receiving a certain drug) or recruited their sample
independently of the registry. Studies had to use the PDR as
a source for exposure variables. There were no restrictions
on exposure definitions (drug type and categorization).
Eligible as comparators were, e.g., no exposure to the drug
category in question or a general population control. We
excluded analyses comparing a drug to itself, e.g., higher
vs. lower dose, and studies specifically focused on cancer
recurrence. ‘‘Any’’ cancer referred to a composite measure-
ment of all cancers, not just few specific types. Eligible
study designs were observational (e.g., cohort or case-
control) or quasiexperimental studies, or randomized trials.
We excluded reviews.
2.2. Search strategy

We systematically searched PubMed/MEDLINE, Em-
base, Web of Science, and Google Scholar from July 1,
2005 (inception date of the PDR), to July 17, 2022, for pub-
lications that used PDR to investigate associations between
prescribed drugs and eligible cancer types. Search terms
were based on a previous systematic search for PDR arti-
cles [3] (Appendix 2).
2.3. Data variables and extraction

For each eligible drug-cancer association in the study
sample, descriptive information was extracted: for example,
population, exposure (with explicitly stated or inferred ATC
codes [15]), comparison, outcome, study type, sampling
strategy, and whether or not a statistical analysis plan was
prospectively registered. We also extracted statistical model
type, adjustment variables in the most fully adjusted model,
and point estimates with 95% confidence intervals (CIs) for
effect sizes. We accepted effect measures such as risk ra-
tios, odds ratios (ORs), hazard ratios, incidence rate ratios,
or standardized incidence ratios.

From main texts and main figures/tables, all presented
eligible drug-cancer associations were extracted, including
subgroups and overlapping definitions of population, expo-
sure, comparison, and outcome (PECO). Sensitivity ana-
lyses, crude analyses, and analyses in supplementary
material that overlapped with another association (e.g., as
subgroups) were not extracted, using selection rules out-
lined below. With this selection, we sought to extract the to-
tality of comparisons considered by the authors when
responding to their research question (rather than serving
the purpose of testing robustness).

Missing P values and those not reported as exact values
(e.g., ‘‘!0.001’’) were imputed using the log-transformed
point estimate and bounds of 95% confidence interval: [1]
standard error 5 (log(upper 95% CI bound) - log(lower
95% CI bound))/(2� 1.96); [2] test statistic5 log(point esti-
mate)/standard error; [3] p5 exp(�0.717 * z - 0.416* z2) [17].
2.4. Statistical analysis

Wecalculated summary statistics on the number of unique
eligible associations, and total number of eligible associa-
tions including any overlapping variants, presented in the in-
dividual published studies. We made a graphical
representation of their mapping onto the associations in the
agnostic study (specifically, the agnostic study’s CPHRs per-
formed in the testing set [13]), grouping associations at ATC
level 2 (therapeutic subgroup, e.g., A01) for interpretation
purposes. Summary statistics are presented asmedian, range,
and interquartile range for the effect sizes and P values re-
ported in individual publications and the agnostic study.

We first reclassified the drug categories in the eligible
drug-cancer associations according to those used in the
agnostic study (ATC level 4) using selection criteria for
overlapping associations (Appendix 3). We paired associa-
tions presented in individual publications with their
agnostic counterparts (for ATC level 4 and cancer type)
and compared the distribution of effect sizes and P values,
respectively (paired Wilcoxon rank-sum test). In this com-
parison, agnostic P values were without multiplicity correc-
tion. We added a group-wise comparison of associations in
individual publications vs. all 2,155 associations in the
agnostic study (Mann-Whitney test). Also in this compari-
son, agnostic P values were without multiplicity correction.
All effects were also converted to values O 1 to capture de-
viations from the null (by inverting effect sizes that were !
1). We evaluated the concordance between results in pub-
lished studies and their paired agnostic counterparts for
showing statistical significance or not, using McNemar
OR and chi-squared test. This was done for increased risk
or protective associations, using P! 0.05 for the published
studies and p ! 9 � 10�5 for agnostic results (multiplicity-
adjusted). A group-wise comparison between the propor-
tion of statistically significant results in published studies
(at P ! 0.05) vs. the agnostic study (at p ! 9 � 10�5)
was done with Pearson’s chi-squared test.

We also explored whether the drug categories targeted by
individual studies, among the 552 available, were more likely
to represent those where the agnostic study detected statisti-
cally significant signals. Thus, we compared agnostic study
associations belonging to drug categories targeted vs. not tar-
geted by individual publications, on the relevant cancer type,
for their group-wise distribution of effect sizes and P values
(with nonpaired Wilcoxon rank-sum test). We further
compared targeted vs. nontargeted drug categories for the pro-
portion of statistically significant signals (at p! 9 � 10�5).

In sensitivity analyses, we excluded from group-wise com-
parisons the associations in individual publicationswith drugs
fromO1 ATC level 4 category (for better alignment with the
medication-wide study), and repeated analyses per cancer
category. R version 4.1.2 [18] was used for analyses.



Fig. 1. Statistical significance for drug-cancer associations from published individual studies and an agnostic medication-wide study using the
same national registry, grouping drugs by Anatomical Therapeutic Chemical level 2. The 32 published individual studies reported 913 associa-
tions, 162 of which were unique in terms of population, exposure, comparison, and outcome, the other overlapping. Associations that combined
drugs from different therapeutic subgroups (n 5 87) were not included in the graph. 37 associations with P 5 1 are coded with ‘‘positive’’ sign.
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3. Results

3.1. Review of published studies on eligible drug-cancer
associations

Thirty-two publications from 2009 to 2021 (25 cohort
and 7 case-control studies) were included (Appendix 4,
Fig. 1) [19e50]. They presented 162 unique drug-cancer
associations (median per study 3, range 1e32; Table 1),
in 913 different overlapping variants of for example, sub-
groups or drug definitions (median per study 20, range
1e83). Of the 162 unique associations, 134 could be paired
with 70 corresponding drug-cancer associations in the
agnostic study (excluding those with broader drug cate-
gories). Six studies used a nationwide general population
sample, 23 studies a nationwide patient sample, and 3
studies a narrower patient sample. Median sample size
was 187,000 (range 5,442e8,573,000). Median follow-up
time was 7.5 years. Studies investigated any (n 5 11),
breast (n 5 11), colon or colorectal (n 5 12), and prostate
cancer (n 5 13). Outcome data came from the Swedish
Cancer Registry in 27/32 studies. Twenty-two studies re-
ported using lag time to account for prevalent usage and/
or reverse causation. Only 2 studies were publicly regis-
tered [19,34]; 2 others mentioned a protocol without public
registration [27,37]. Only 2 studies adopted any multiplicity
control (adjusting to P value!0.01 [40], or posthoc Bon-
ferroni adjustments [48]) and several mentioned multiplic-
ity as a limitation [25,32,41]. A large majority of studies
(25/32) reported on previously proposed rather than novel
associations, with referenced prior studies showing
increased risk (n 5 9), protection (n 5 7), mixed findings
(n 5 6), or null findings (n 5 3). Of the 913 reported asso-
ciations, 421 (46%) were statistically significant (346/754
(46%) among those in the 25 studies that reported on



Table 1. Characteristics of included studies (n 5 32) by study design

First author (yr);
unique associations
(n), all associations
(n)

Exposure source;
sampling strategy;
sampling source Outcome source Population Exposure Comparison

Outcome (cancer
type)

Cohort studies

Alping (2020); 6;
6

PDR; Nationwide
patient sample
(with matched
general
population);
Swedish MS
register

Swedish Cancer
Registry

MS patients; MS
patients and
matched general
population

Fingolimod;
Natalizumab;
Rituximab

Rituximab;
Natalizumab;
General population

Any

Beckmann (2019);
3; 33

PDR; Population-
based patient
sample; Stockholm
PSA and Biopsy
Register, with
matched controls
in the same
registry

Stockholm PSA and
Biopsy Registry

Men referred for
prostate biopsy

Metformin;
Sulfonylurea;
Insulin

No exposure to the
specific
medication

Prostate

Brusselaers
(2018); 1; 36

PDR; Nationwide
general population
sample; PDR and
other population-
wide register

Swedish Cancer
Registry

Women � 40 yr old Estrogen No menopausal
hormone therapy

Breast

Haggstrom
(2017); 2; 6

PDR; Nationwide
patient sample;
PCBase

National Prostate
Cancer Registry

Men with diabetes
mellitus type 2 for
more than 1 yr

Metformin; Insulin/
sulfonylurea

No exposure to
antidiabetic drugs

Prostate

Hellgren (2021);
2; 34

PDR and SRQ/
ARTIS; Nationwide
patient sample;
SRQ/ARTIS

Swedish Cancer
Registry

Patients with
psoriatic arthritis;
Combined with
general population

TNFi treatment
(adalimumab,
certolizumab
pegol, etanercept,
golimumab, or
infliximab)

No treatment with
any biologic
DMARD; General
population

Any solid

Huang (2019); 4;
13

PDR; Nationwide
patient sample;
Swedish Hospital
Discharge Register

Swedish Cancer
Registry

Men with a benign
colorectal
neoplasm

Sildenafil; Tadalafil;
Vardenafil; PDE-5
inhibitors

No exposure to the
specific
medication

Colorectal; Colon

Huss (2021); 32;
76

PDR and SRQ;
Nationwide patient
sample (with
matched general
population); SRQ
and NPR

Swedish Cancer
Registry

Patients with RA;
Combined with
matched general
population

TNFi; Rituximab;
Abatacept;
Tocilizumab

No exposure to
biologic and
targeted synthetic
DMARDs; General
population,
matched

Any; Prostate;
Breast;
Colorectal

Jonasson (2009);
3; 30

PDR; Nationwide
patient sample;
PDR

Swedish Cancer
Registry

Persons with an
insulin
prescription

Insulin glargine Types of insulin other
than insulin
glargine

Any; Breast;
Prostate

Liu (2021); 3; 76 PDR; Nationwide
general population
sample; PDR

Swedish Cancer
Registry

Women � 40 years
old

Estrogen only;
Tibolone only;
Estrogen plus
progestina

No exposure to
systemic MHT

Colon

Ljung (2011); 12;
46

PDR; Nationwide
patient sample;
PDR

Swedish Cancer
Registry

Patients with an
insulin
prescription

Insulin glargine
alone

Other types of
insulins and not
insulin glargine

Any; Prostate;
Colorectal;
Breast

Lofling (2019); 1;
18

PDR; Nationwide
patient sample
(with matched
general
population); PDR

Swedish Cancer
Registry

Patients exposed to
antimuscarinic
medication for
OAB and matched
unexposed
individuals

Antimuscarinic
medication for
OAB

No exposure to the
specific
medication

Colon

(Continued )
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Table 1. Continued

First author (yr);
unique associations
(n), all associations
(n)

Exposure source;
sampling strategy;
sampling source Outcome source Population Exposure Comparison

Outcome (cancer
type)

Lundberg (2017);
4; 8

PDR and National
Quality Registry for
Assisted
Reproductive
Technology (Q-
IVF); Nationwide
general population
sample; PDR and
RTB

Swedish Cancer
Registry

Women born
1960-1992

Controlled ovarian
stimulation;
Ovulation
induction

No ovarian
stimulation/
assisted
reproductive
technology
treatmentb

Breast

Ma (2018); 2; 57 PDR; Nationwide
general population
sample; PDR

Swedish Cancer
Registry

Men Aspirin; Nonaspirin
NSAIDs

Source population Prostate

Martinsson
(2016); 4; 8

PDR; Nationwide
patient sample
(with matched
general
population); NPR

Swedish Cancer
Registry

Patients with bipolar
disorder;
Combined with
general population

Lithium No lithium; General
population, age-
matched

Any; Breast

Nordstrom (2015);
4; 14

PDR; Population-
based patient
sample; STHLM0
database

National Prostate
Cancer Registry
and National
Cancer Registry

Men Aspirin; Any statin;
Insulin; Metformin

No exposure to the
specific
medication

Prostate

Phiri (2021); 2; 2 PDR; Nationwide
patient sample;
PDR

Swedish Cancer
Registry

Patients with
mirabegron or
antimuscarinic
treatment against
OABc

Mirabegron Antimuscarinic
medications
(darifenacin,
fesoterodine,
oxybutynin,
solifenacin,
tolterodine, and
trospium) and no
mirabegron

Any

Planck (2021); 2;
14

PDR; Nationwide
patient sample;
PDR

Swedish Cancer
Registry

Patients with thyroid
hormone
replacement
therapy

Liothyronine Levothyroxine, no
liothyronine

Any; Breast

Reutfors (2017);
2; 12

PDR; Nationwide
patient sample;
PDR

Swedish Cancer
Registry

Women with
antipsychotic
medication

Risperidone;
Typical
antipsychotic

Atypical
antipsychotic other
than risperidone

Breast

Simin (2017); 15;
69

PDR; Nationwide
general population
sample; PDR and
RTB

Swedish Cancer
Registry

Women � 40 yr old Estradiol; Estriol;
Tibolone; Estrogen
plus progestin
systemic MHTd

Source population Any; Breast;
Colon

Wadstrom (2017);
7; 19

PDR, SRQ, ARTIS;
Nationwide patient
sample; NPR

Swedish Cancer
Registry

RA patients Tocilizumab;
Abatacept;
Rituximab; TNFi

Conventional
synthetic DMARD;
TNFi

Any

Wallerstedt
(2018); 1; 32

PDR and Stockholm
PSA and Biopsy
Registry;
Population-based
patient sample;
Stockholm PSA
and Biopsy
Registry

Swedish Cancer
Registry

Men � 40 yr old
with a PSA test

5-alpha-reductase
inhibitors

No exposure to 5-
alpha-reductase
inhibitors

Prostate

(Continued )
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Table 1. Continued

First author (yr);
unique associations
(n), all associations
(n)

Exposure source;
sampling strategy;
sampling source Outcome source Population Exposure Comparison

Outcome (cancer
type)

Wandell (2020);
6; 10

PDR; Nationwide
general population
sample; NPR,
RTB, Cause of
Death Register,
Swedish Cancer
Register

Swedish Cancer
Registry

Men; Women Levothyroxine No levothyroxine Any; Colon;
Prostate;
Breast

Xie (2017); 3; 8 PDR; Nationwide
patient sample;
PDR

Swedish Cancer
Registry

All Swedish
residents
2005e2013

Organic nitrates
(and no digitalis);
Digitalis

General population;
Organic nitrates
(and no digitalis)

Colorectal

Zhang (2021); 1;
13

PDR; Nationwide
patient sample
(with matched
general
population); PDR

Swedish Cancer
Registry

People 50 yr and
older

Melatonin No exposure to
melatonin

Colorectal

Zheng (2021); 4;
20

PDR; Nationwide
patient sample;
NPR

Swedish Cancer
Registry

Women with primary
hypertension

Propranolol;
Metoprolol;
Atenolol;
Bisoprolol

No exposure to the
specific
medication

Breast

Case-control studies

Beckmann (2019);
13; 83

PDR; Nationwide
patient sample
(with matched
general population
controls); PCBase

National Prostate
Cancer Registry

Men with prostate
cancer and
matched cases
without prostate
cancer

Anti-inflammatory
medicationse

No exposure to the
specific
medication

Prostate

Beckmann (2020);
2; 62

PDR; Nationwide
patient sample
(with matched
general population
controls); PCBase

PCBase Patients with
prostate cancer
and matched
controls without
prostate cancer

Spironolactone;
Thiazide diuretics

No exposure to the
specific
medication

Prostate

Bjorkhem (2014);
1; 1

PDR; Nationwide
patient sample
(with matched
general population
controls); Swedish
Cancer Register

Swedish Cancer
Registry

Colon cancer
patients and
matched controls

Statins No exposure to
statins

Colon

Loeb (2017); 1; 7 PDR; Nationwide
patient sample
(with matched
general population
controls); PCBase

National Prostate
Cancer Registry

Patients with
prostate cancer
and matched
controls without
prostate cancer

Testosterone
replacement
therapy

No exposure to the
specific
medication

Prostate

Lu (2021); 12; 54PDR; Nationwide
patient sample
(with matched
general population
controls); Swedish
Colorectal Cancer
Register and RTB

Swedish Colorectal
Cancer Registry

Colorectal cancer
cases and
matched controls

Antibioticsf No antibiotics use Colorectal

Robinson (2013);
1; 20

PDR; Nationwide
patient sample
(with matched
general population
controls); PCBase

PCBase Patients with
prostate cancer
and matched
controls without
prostate cancer

Finasteride and
dutasteride

No exposure to
finasteride or
dutasteride

Prostate

(Continued )
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Table 1. Continued

First author (yr);
unique associations
(n), all associations
(n)

Exposure source;
sampling strategy;
sampling source Outcome source Population Exposure Comparison

Outcome (cancer
type)

Zhang (2021); 2;
26

PDR; Nationwide
patient sample
(with matched
general population
controls); Swedish
Cancer Registry
and RTB

Swedish Cancer
Registry

Colorectal cancer
patients and
matched controls

Aspirin; SSRIs No exposure to the
specific
medication

Colorectal

Abbreviations: ARTIS, Antirheumatic Therapy in Sweden; DMARD, disease-modifying antirheumatic drug; MHT, menopausal hormone therapy;
MS, multiple sclerosis; NPR, National Patient Registry; NSAID, nonsteroidal antiinflammatory drug; OAB, overactive bladder; PDE-5, phosphodi-
esterase-5; PCBaSe, Prostate Cancer data Base Sweden; PSA, prostate-specific antigen; RTB, Registry of the Total Population in Sweden; RA,
rheumatoid arthritis; SSRI, selective serotonin reuptake inhibitor; SRQ, Swedish Rheumatology Quality Registry; TNFi, tumor necrosis factor in-
hibitor.

Population, exposure, comparison, and outcome variables are from unique associations (not across all association variants). In Ljung (2011),
‘‘Cohort I’’ is the same sample as in Jonasson (2009) but with 1 year longer follow-up.

a Continuous/sequential combinations, progesterone/testosterone-derived.
b With/without infertility-related diagnosis.
c Men/women.
d Continuous/sequential combinations.
e Acetic acid derivatives; Propionic acid derivatives; Cox inhibitors; Oxicams; Other nonaspirin NSAIDs; Systemic glucocorticoids; Inhaled glu-

cocorticoids; Short term b-agonists; Long term b-agonists; Long acting muscarinic antagonists; Leukotriene receptor antagonists; Antigout medi-
cations; Immunosuppressants.

f Narrow-spectrum penicillins; Broad-spectrum beta-lactams; Tetracyclines; Quinolones; Nitrofurantoins; Sulfonamides/trimethoprims; Macro-
lides/lincosamides; Metronidazoles/tinidazoles; Other antibacterial agents; Antianaerobic antibiotics; Antiaerobic antibiotics; Methenamine
hippurate.
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previously proposed associations, and 75/159 (47%) among
those in the 7 studies that reported on some new
associations).

Studies used CPHR (n 5 16), logistic regression
(n 5 11), Poisson regression (n 5 4), or standardized inci-
dence ratio calculation (n 5 2), with very wide diversity in
adjustments (Table 2). Across all 913 overlapping associa-
tion variants, the number of adjustment variables was corre-
lated with a slight decline in effect size, taking into account
outcome category (Appendix 5).
3.2. Comparison with medication-wide agnostic study
results

Effect sizes for 134 unique drug-cancer associations in
published studies were smaller than the respective associa-
tions in the medication-wide study (median 1.04, IQR 0.25,
vs. median 1.22, IQR 0.61, P 5 5.0e-5 for paired analyses;
Fig. 2). Also absolute effect sizes were smaller in published
studies than their agnostic counterparts (median 1.14, IQR
0.15, vs. median 1.47, IQR 0.80, P ! 4.6e-10 for paired
analyses). P values did not differ (median 0.11, IQR 0.48,
vs. median 0.09, IQR 0.48, P 5 0.51 for paired analyses).

Among the 134 associations, 17 showed statistically sig-
nificant increased risk signal in both study categories, 16 in
only published studies, 22 in only the agnostic study, and
79 in neither (OR 1.37, P 5 0.42). Regarding protective
signals, 1 association showed statistically significant pro-
tective signal in both categories, 16 in only published
studies, 2 in only the agnostic study, and 115 in neither
(OR 0.13, P 5 0.0022).

In the comparison of all 162 associations in individual
publications vs. 2,155 associations in the agnostic study,
the latter’s effect sizes were more likely !1 (indicating
‘‘protective’’ associations) (median 1.01, IQR 0.23, vs. me-
dian 0.95, IQR 1.13, P5 0.016). Absolute effect sizes were
smaller in the 162 published associations than in the
agnostic set (median 1.12, IQR 0.19, vs. median 1.54,
IQR 6.14, P ! 2.2e-16). P values in the 162 published as-
sociations were smaller than in the agnostic study (median
0.12, IQR 0.50, vs. median 0.34, IQR 0.84, P 5 1.88e-05).
Among the 162 published associations, 36 (22%) showed
increased risk signal and 25 (15%) protective signal at
P ! 0.05, while among the 2,155 agnostic results, 237
(11%) showed increased risk signal and 108 (5%) protec-
tive signal at p ! 9 � 10�5 (Pearson’s chi-squared test,
P 5 2.8e-12). Of the 162 published associations, 132 came
from the 25 articles that examined previously reported as-
sociations: 29 (22%) showed increased risk signal and 20
(15%) showed protective signal at P ! 0.05.
3.3. Comparison of targeted vs. nontargeted categories

Effect sizes of 121 drug-cancer associations of the
medication-wide study belonging to ATC level 4 categories
targeted by hypothesis-driven studies were more likely O1
(indicating ‘‘risk’’ associations) than those of 2023 associ-
ations belonging to nontargeted categories (median 1.14 vs.



Table 2. Statistical models and adjustment variables of included studies (n 5 32) by study design

First author (yr) Statistical model(s) Adjustments (most adjusted model)

Cohort studies

Alping (2020) CPHR Age, sex, birth region, education, any invasive cancer before therapy start, arrythmia, major
acute cardiovascular event, parity (females), use of antidepressants, antipsychotics,
antidiabetics, glucocorticoids, immunosuppressive agents, and systemic hormonal
contraceptives (females), hospital days, sick leave, disability pension, MS type, disease
duration, number of previous therapies, previous interferon, previous glatiramer acetate,
Expanded Disability Status Scale, Symbol Digit Modalities Test, Multiple Sclerosis Impact
Scale-29

Beckmann (2019) LR Age, education level, civil status, CCI, family history of prostate cancer, PSA concentration
prior to biopsy (log-transformed), and simultaneous exposure to other diabetes medications

Brusselaers (2018) LR Parity, history of thrombotic events, hysterectomy, year of birth, diabetes, obesity, smoking-
related diseases, alcohol-related diseases, osteoporosis

Haggstrom (2017) CPHR Educational level, CCI, county

Hellgren (2021) CPHR Age, sex, calendar period, selected comorbidities, hip/knee replacement, number of
hospitalizations

Huang (2019) CPHR Age at diagnosis of benign colorectal neoplasm, country of birth, highest educational level,
individual disposable income, prescription of other medicines (including aspirin and
statins), comorbidities (including diabetes and chronic obstructive pulmonary disease)

Huss (2021) CPHR Age, year of start of follow-up, sex, selected comorbidities, NSAID use, steroid use,
educational level, sick leave, and disability as defined at baseline

Jonasson (2009) PR Age, BMI, smoking, age at onset of diabetes, cardiovascular disease, age at birth of first child

Liu (2021) LR Age, MHT preparations

Ljung (2011) PR Age, age at first childbirth, age at onset of diabetes, body mass index, cardiovascular disease,
estrogen, smoking

Lofling (2019) CPHR Age, sex, and county of residence, income, education, and the smoking proxy variable

Lundberg (2017) CPHR Calendar time, parity, time since latest pregnancy, education level, country of birth, family
history of breast cancer, age at first birth

Ma (2018) SIR Age, calendar period

Martinsson (2016) PR Sex, age

Nordstrom (2015) LR Age, natural log-transformed PSA concentration, PSA quotient, CCI, educational level, use of
aspirin, use of statin, use of antidiabetic medication

Phiri (2021) CPHR Control cohort was propensity score-matched on age, sex, family history of cancers, prior use of
individual antimuscarinic medications, geographic area, comorbidity

Planck (2021) CPHR Age, sex, history of thyroid cancer, history of other cancer, usage of antithyroid preparations,
usage of sex hormones at baseline, dose

Reutfors (2017) CPHR Age

Simin (2017) SIR Age, calendar period

Wadstrom (2017) CPHR Age, sex, start-year, comorbidities, educational level, rheumatoid factor, number of
hospitalizations and days spent in inpatient care (1987-present), use of prednisolone at
baseline, use of nonsteroidal anti-inflammatory drugs at baseline, number of prescription
drugs at baseline, and sick leave and disability (yes/no) in year before cohort entry, disease
duration, Disease Activity Score 28 C-reactive protein (DAS28-CRP), C-reactive protein
level, erythrocyte sedimentation rate, health assessment questionnaire, and previous
biological disease-modifying antirheumatic drug therapy (yes/no)

Wallerstedt (2018) CPHR Age, first-degree family history of prostate cancer, previous negative biopsies, civil status,
educational level, PSA, interaction terms

Wandell (2020) CPHR Age, education level, marital status, neighborhood socioeconomic status, comorbidities

Xie (2017) PR; CPHR Age, sex, calendar year; sex, age at first known exposure (!50 yr, 50e59, 60e69, 70e79,
and �80 yr), municipality of residence, and cancer type-specific comorbidities

Zhang (2021) CPHR Age at index, sex, education, family history of colorectal cancer, personal history of
inflammatory bowel disease, use of colonoscopy, obesity, COPD, CCI, use of aspirin, use of
statin, and use of metformin

Zheng (2021) CPHR Family history of breast cancer, education level, income and use of cardiac therapy,
antihypertensive, diuretics, calcium channel blockers, hormone replacement therapy and
aspirin; Use of cardiac therapy, diuretics, lipid-modifying agents and hormone replacement
therapy, and personal history of chronic pulmonary disease

(Continued )
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Table 2. Continued

First author (yr) Statistical model(s) Adjustments (most adjusted model)

Case-control studies

Beckmann (2019) LR Education level, marital status, CCI

Beckmann (2020) LR Marital status, education level, CCI, and prior exposure to metformin, insulin, other diabetic
medication, 5-ARIs, statins, ACE inhibitors, beta blockers, ARBs, calcium antagonists, and
other diuretics

Bjorkhem (2014) LR Age, sex, diabetes, education, treatment with cortisone, acetylsalicylic acid, NSAID and
chemotherapy, Crohn’s disease, ulcerative colitis

Loeb (2017) LR Age, CCI, marital status, and education level

Lu (2021) LR Conditioned on matching factors (age, sex, county) and adjusted for socioeconomic factors
(level of education, country of birth, marital status) and health-care utilizations prior the 2 yr
preceding colorectal cancer diagnosis (number of specialist visits and hospitalizations)

Robinson (2013) LR Alpha blocker exposure, previous prostate biopsy, transurethral resection of the prostate,
family status, highest attained level of education, CCI

Zhang (2021) LR Age, sex, education, family history of colorectal cancer, history of inflammatory bowel disease,
use of colonoscopy, outpatient visits, obesity, COPD, CCI, use of statin, use of metformin

Abbreviations: BMI, body mass index; CCI, Charlson Comorbidity Index; CPHR, Cox proportional hazards regression; LR, logistic regression;
NSAID, nonsteroidal anti-inflammatory drug; PR, Poisson regression; PSA, prostate-specific antigen; SIR, standardized incidence ratio calculation;
MHT, menopausal hormone therapy.
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0.93, P 5 8.8e-5). Absolute effect sizes were smaller in the
121 targeted associations vs. the remaining 2023 (median
1.36 vs. 1.56, P 5 0.00024) and also P values were smaller
vs. nontargeted drug categories (median 0.13 vs. 0.35,
P 5 0.00063).

Among the 121 targeted associations, 23 (19%) showed
increased risk signal and 5 (4%) protective signal, while
among nontargeted, 214 (11%) showed increased risk
signal and 103 (5%) protective signal (P 5 0.015).

Sensitivity analyses appear in Appendix 6.
4. Discussion

We contrasted the findings of 32 individual ‘‘hypothesis-
driven’’ studies on drug-cancer associations with a previous
medication-wide study, all using the same nationwide phar-
maceutical registry. These large registry-based hypothesis-
driven studies mostly addressed previously proposed
associations rather than making new discoveries. Most
found nonstatistically significant (‘‘negative’’) results and,
accordingly, most effect sizes were small or very small.
The median deviation was only 1.14 in the OR scale. The
published studies targeted mostly associations with small
effects which were nevertheless more likely to have statis-
tically significant risk signals in the agnostic medication-
wide analyses than the nontargeted associations.

No previous study has compared findings of hypothesis-
driven pharmacoepidemiology studies with a medication-
wide analysis. In genomics, the typical pattern has been that
hypothesis-driven (‘‘candidate’’) gene study findings were
statistically significant but generally not replicated in
genome-wide association studies, with few exceptions
[11]. In the current pharmacoepidemiology paradigm, we
saw a different pattern, as both hypothesis-driven and
agnostic results were mostly ‘‘negative’’. In contrast to
genomics, where genome-wide association studies are
widely considered a more reliable approach than candidate
gene studies, in pharmacoepidemiology one cannot make a
similar claim. The 2 approaches have both strengths and
weaknesses. For hypothesis-driven published studies, if just
a few choice combinations are reported, uncertainty from
analytical flexibility remains hidden [51]. However, it re-
mains unclear whether there is selective reporting based
on the nature of the results, and, if so, the direction of bias:
in favor of statistically significant or nonstatistically signif-
icant results. In fact, most national registry-based publica-
tions addressed previously discovered signals rather than
novel ones. Therefore, there may have been selection in
favor of disproving previous claims [8,52], a type of inverse
publication bias favoring nonsignificant results. The na-
tional registry studies being mostly validation rather than
discovery exercises found mostly small effects, as previ-
ously documented in general for associations and predictive
signals upon validation [53]. It is also possible that careful,
thoughtful choice of adjustments resulted in shrinking the
magnitude of associations that would otherwise have re-
flected mostly uncontrolled confounding. Conversely, the
agnostic approach by definition does not suffer from poten-
tial selective reporting: all associations are tested and re-
ported consistently. However, it is prone to large
uncontrolled confounding, because the same adjustments
are applied routinely and may not be sufficient for all asso-
ciations. They may be more insufficient for some associa-
tions than others, potentially explaining why absolute
effects were larger in the agnostic study than in published
studies. Medication-wide analysis may be unbiased
regarding selective reporting but more biased regarding
confounding. Criteria for the credibility of observational as-
sociations are heavily contested [54e57]. Therefore, it is
difficult to arrive at an unambiguous gold standard of evi-
dence for each claimed association.
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Fig. 2. Display of drug-cancer associations in published individual studies (n5 134) and their counterparts in the medication-wide study (n5 70):
(A) Effect sizes, (B) Absolute effect sizes, (C) P values: log (1/p). Graphs show group-level descriptive statistics, while statistical comparisons were
done pairwise. The P value plot is truncated at log (1/p) 5 85, not showing 5 outliers.
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Most pharmacoepidemiology does not depend on large,
national population-level registries but more focused
studies with limited sample size. Thus, large registries
can offer a valuable layer of evidence for either discovery
or validation purposes. Using different analytical ap-
proaches may help understand whether results are suscepti-
ble to analytical choices. Exploration of medication-wide
analyses (like other environment-wide association analyses
[58,59]) also have their own analytical choices to make, in
particular whether to use multiplicity corrections and/or se-
lection methods (e.g., lasso), and if so, which specific
options.

Limitations should be noted. First, methodological dif-
ferences between hypothesis-driven and medication-wide
studies, in particular regarding adjustment variables,
unavoidably influence results. Expert consensus regarding
adjustment variables is not likely [2]; indeed, the selection
among hypothesis-driven studies was heterogeneous. Dif-
ferences between the medication-wide study and single
publications could also reflect the modestly longer
follow-up in some single publications and their exploration
of dose-effects and/or duration of use. Time-lag for cancer
development may exceed 5 years. Other methodological
variations were observed, for example, lag-time and cancer
subtypes (such as more closely specified histological sub-
types, although for colorectal and prostate cancer, malig-
nancies are mostly comprised of adenocarcinomas) but
were not consistently different between the 2 approaches.
Second, the risk of false negative findings is likely higher
in the medication-wide study because of the stringent mul-
tiplicity control [10]. Third, the comparative patterns might
have been very different if one were to compare discovery
studies that first claimed a pharmacoepidemiologic associ-
ation vs. an agnostic approach. Very few hypothesis-driven
studies in our sample belonged in this category. Fourth,
almost every publication presented several eligible associa-
tions, often in many variants. Selection criteria, mainly pre-
specified, were used to increase comparability but are
imperfect.

Wider use of national registries in pharmacoepidemiol-
ogy should be encouraged for discovery, validation, and
agnostic analyses. These different approaches may offer
complementary insights about the architecture of the distri-
bution and validity of drug risks and benefits.
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