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Abstract

Background: Diabetic retinopathy, a common microvascular complication of diabetes
mellitus, is one of the leading causes of vision loss worldwide. Although some oral drugs

have been suggested to affect the risk of diabetic retinopathy, systematic evaluation about the
associations between medications and diabetic retinopathy is still absent.

Objective: To comprehensively investigate associations of systemic medications with incident
clinically significant diabetic retinopathy (CSDR).

Design: Population-based cohort study.

Methods: From 2006 to 2009, more than 26 000 participants residing in New South Wales were
enrolled in the 45 and Up study. Diabetic participants with self-reported physician diagnosis or
records of anti-diabetic medication prescriptions were finally included in the current analysis.
CSDR was defined as diabetic retinopathy cases requiring retinal photocoagulation recorded

in the Medicare Benefits Schedule database from 2006 to 2016. Prescriptions of systemic
medication from 5 years to 30 days prior to CSDR were retrieved from the Pharmaceutical
Benefits Scheme. The study participants were equally split into training and testing datasets.
Logistic regression analyses were performed for the association between each of systemic
medication and CSDR in the training dataset. After controlling the false discovery rate (FDR),
significant associations were further validated in the testing dataset.

Results: The 10-year incidence of CSDR was 3.9% (n = 404). A total of 26 systemic medications
were found to be positively associated with CSDR, among which 15 were validated by the
testing dataset. Additional adjustments for pertinent comorbidities suggested that isosorbide
mononitrate (ISMN] (OR: 1.87, 95%Cl: 1.00-3.48), calcitriol (OR: 4.08, 95% Cl: 2.02-8.24), three
insulins and analogues (e.g., intermediate-acting human insulin, OR: 4.28, 95% Cl: 1.69-10.8),
five anti-hypertensive medications (e.g., furosemide, OR: 2.53, 95% CI: 1.77-3.61], fenofibrate
(OR: 1.96, 95% Cl: 1.36-2.82) and clopidogrel (OR: 1.72, 95% CI: 1.15-2.58] were independently
associated with CSDR.

Conclusion: This study investigated the association of a full spectrum of systemic medications
with incident CSDR. ISMN, calcitriol, clopidogrel, a few subtypes of insulin, anti-hypertensive
and cholesterol-lowering medications were found to be associated with incident CSDR.
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Introduction

Diabetic retinopathy (DR) is one of the most
common microvascular complications of diabetes
mellitus (DM) and the leading cause of acquired

vision loss worldwide among the working-age
population.! With the increasing global burden of
DM and population aging, an estimated 245 mil-
lion people will have DR globally by 2045.2 Visual
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nificant impact on the quality of life and impose a
tremendous socioeconomic burden for both indi-
viduals and society.3

With the rapid development of the pharmaceutical
industry, an increasing number of medications are
available for use and polypharmacy has become
more common. This leads to growing interest in
the associations between systemic medications
and DR. Recently, the effects of anti-hyperten-
sive,®> cholesterol control,®? anti-diabetic,1? and
anti-depressant!! drugs on DR have been inten-
sively investigated. However, previous studies
mostly focused on only one or a few systemic
medications and estimated medication exposures
based on questionnaires, which might be subject
to selective reporting bias and recall bias.

Genome-wide associated study (GWAS) is an
unbiased and statistically powerful method and
has been widely used for identifying genotype—
phenotype associations through testing millions
of genetic variations. We have proposed a medi-
cation-wide association study (MWAS) which is
analogous to GWAS in basic principles. This
approach allows us to comprehensively search for
and validate the associations between all available
medications and a specific disease, thus avoiding
selective reporting bias.!2 A comprehensive
understanding of the association between sys-
temic medications and DR may provide insights
into the underlying mechanisms of DR and facili-
tate the development of new treatments.

Therefore, we aimed to comprehensively investi-
gate associations of systemic medications with
clinically significant diabetic retinopathy (CSDR)
in working-age Australian populations.

Methods

Data sources

This study was conducted based on the data
obtained from the Sax Institution’s 45 and Up
Study, which is the largest population-based
cohort study in the Southern Hemisphere. The
methodology of this study has been described in
detail elsewhere.!? In brief, participants aged 45
years and above residing in New South Wales
were randomly sampled from the Services
Australia (formerly the Australian Government
Department of Human Services) Medicare enroll-
ment database and invited to join the study by

February 2006 and was completed by the end of
2009. Participants joined the study by completing
questionnaires and written consent forms for link-
age of their medical information to health data-
bases and long-term follow-up. A total of 267,153
participants, about 10% of the New South Wales
general population aged 45 years and above, were
enrolled in the study at the baseline, and the over-
all response rate was estimated to be 18%.

The demographic and social characteristics and gen-
eral health-related data were collected from the self-
report questionnaire at baseline, which is available at
https://www.saxinstitute.org.au/solutions/45-
and-up-study/use-the-45-and-up-study/data-
and-technical-information/. Medical information
was extracted from two Australian healthcare
databases, the Medicare Benefits Schedule
(MBS) and Pharmaceutical Benefits Scheme
(PBS) databases, which were linked to the 45 and
Up Study participants by the use of an identifica-
tion number assigned by the Services Australia.
The MBS database records all the information on
claims for medical and diagnostic services pro-
vided through Medicare, while the PBS database
records the claims for prescribed medications.
Both the MBS and PBS data were available from
January 2004 to December 2016.

Study population

Diabetic participants aged 45-64 years were
included in the present study. The methods used
to identify diabetes status were consistent with
previous studies, which had been proven to be of
high sensitivity and specificity.1415 Specifically,
participants who reported physician-diagnosed
diabetes or had records of anti-diabetic medica-
tion prescriptions before the baseline recruitment
were identified as diabetic participants. Exclusion
criteria of this study included (1) gestational dia-
betes, defined as no anti-diabetic medication
records after the last childbirth but report a his-
tory of diabetes in the questionnaire;!* (2) a his-
tory of vitrectomy prior to 1 January 2006 (MBS
code: 42725); and (3) a history of retinal photo-
coagulation (RPC) treatment prior to 1 January
2006 (MBS code: 42809). The process of partici-
pant selection is summarized in Figure 1.

Definition of CSDR
CSDR, representing proliferative diabetic retinopa-
thy (PDR) or diabetic macular edema (DME)
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Figure 1. Methodology to identify eligible participants and scan for systemic medications associated with

clinically significant diabetic retinopathy.

requiring laser therapy, was defined as incident RPC
treatment from 1 January 2006 to 31 December
2016 (MBS code, 42809). The index date was
defined as the date of the first RPC treatment.

Definition of medication exposure

We obtained medication information from the
PBS database for each participant during their
identification period, that is, from 5 years to 30
days prior to the index date for participants with
CSDR, and from study entry to 31 December
2016 for those without CSDR. Medications pre-
scribed for ophthalmic indications or used by less
than 1% of the included participants were
excluded from the analysis. Systemic medications
were analyzed by the fifth level code of the
Anatomical Therapeutic Chemical (ATC) classi-
fication system. Participants with at least three

fillings of a particular systemic medication during
the identification period were classified as exposed
to that medication; participants without such
records were classified as non-exposed. Those
with one or two fillings were classified as having
uncertain exposure and were excluded from the
analysis for that particular medication analysis.

Potential confounders

Potential confounders included sociodemo-
graphic characteristics (age, gender, education
level, household income per year, health insur-
ance status, and remoteness index) and comor-
bidities (history of hypertension, dyslipidemia,
cardiovascular diseases [CVD], and osteoporo-
sis). Age was classified into four groups: 45-49,
50-54, 55-59, and 60-64 years. Household
income per year was categorized into four
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groups: <AU$20,000, AU$20,000-AU$40,000,
AU$40,000-AU$70,000, and >AU$70,000.
Education level was divided into three classes: no
qualifications, completion of a certificate or
diploma or trade but lower than a university
degree, and a university degree or above. Health
insurance types included private with extras, pri-
vate with no extras, veteran’s card, health care
concession card, and others. The remoteness
index was classified into major cities, inner
regions, outer regions, and remote and very
remote areas. A history of CVD was defined as a
self-reported physician diagnosis of any type of
heart disease or stroke, or any treatment received
in the last month for heart attack, angina, or other
heart diseases. Histories of hypertension, dyslipi-
demia, and osteoporosis were based on informa-
tion from questionnaires.

Statistical analysis

The software used for statistical analysis in the
study included SAS version 9.4 and R version
3.3.0 (R Foundation for Statistical Computing,
www.R-project.org). To validate our results, a
random 50:50 split was performed to divide par-
ticipants into the training dataset and the testing
dataset (Figure 1). Baseline characteristics of the
participants were reported using means and
standard deviations (SDs) for continuous varia-
bles and numbers and proportions for categorical
variables. Student’s 7 test for continuous data was
used for comparison between participants in the
training and testing dataset, while Pearson’s chi-
square test was used for the comparison of cate-
gorical data. A two-sided p value < 0.05 was
considered statistically significant.

Logistic regression models (model 1) adjusting
for age, gender, education level, household
income, health insurance status, and remoteness
index were used separately to assess the associa-
tion of each systemic medication with incident
CSDR. To reduce the risk of overadjustment,
pertinent comorbidities including the history of
hypertension, dyslipidemia, CVD, and osteopo-
rosis were adjusted for in further analyses (model
2) of those medications which were significantly
associated with CSDR in the first analyses (model
1). The odds ratios (ORs) and 95% confidence
intervals (CIs) were calculated. In the training
dataset, the Benjamin—Hochberg procedure was
used to control the false discovery rate (FDR) at
the level of 5%. If a systemic medication achieved

FDR <5% significant in the training dataset and
nominal statistical significance in the testing
dataset (p<<0.05), it was deemed tentatively
validated.

To improve the generalizability of our findings, a
sensitivity analysis was performed to investigate
the association between tentatively validated sys-
temic medications and incident CSDR among
participants stratified by the remoteness index.
Participants who lived in major cities were
selected as the training dataset, while the remain-
ing participants were classified as the testing data-
set. Subgroup analyses were conducted to explore
whether pertinent comorbidities could modify the
associations between systemic medications and
incident CSDR. The interaction between medi-
cation and pertinent comorbidity was considered
statistically significant when p value for their
interaction was less than 0.05 and then a further
subgroup analysis would be conducted.

Results

Study population

Among 267,153 participants at baseline, a total of
10,339 participants met the inclusion and exclu-
sion criteria. Figure 1 provides more details on
the participant selection process. The mean age
of included participants was 57.2 years with a
standard deviation of 5.2 years, and 45.2% of
participants were female. Comparisons of base-
line participants’ characteristics between the
training and testing datasets are shown in Table
1. Participants in the training and testing datasets
had similar baseline characteristics.

Associations between medications

and incident CSDR

During the study period, the number of participants
who developed CSDR was 404 (3.9%). There was
no significant difference in the incidence of CSDR
between training and testing datasets (3.8% versus
4.0%, p=0.610). Participants in the present study
were exposed to 209 prescribed systemic medica-
tions in total. The three most commonly prescribed
systemic medications in the training dataset were
metformin, atorvastatin, and gliclazide, which were
used by 73%, 49%, and 38% of participants,
respectively. All systemic medications used by the
participants in the training dataset are presented in
Supplementary Table 1.
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Table 1. Baseline characteristics of participants in the training and testing datasets.

Total Training dataset Testing dataset p value
No. 10339 5170 5169 -
Age (years), %
45-49 1206 (11.7) 610 (11.8) 596 (11.5]) 0.858
50-54 2138(20.7) 1058 (20.5) 1080 (20.9)
55-59 3115 (30.1) 1569 (30.3) 1546 (29.9)
60-64 3880 (37.5) 1933 (37.4) 1947 (37.7)
Female, % 4675 (45.2) 2340 (45.3) 2335 (45.2) 0.928
Household income (AU$/year), %
<20,000 2383 (23.0) 1185 (22.9) 1198 (23.2) 0.768
20,000-40,000 1693 (16.4) 832 (16.1) 861 (16.7)
40,000-70,000 1955 (18.9) 994 (19.2) 961 (18.4)
>70,000 2301 (22.3) 1164 (22.5) 1137 (22.0)
Education, %
No qualifications 1581 (15.3) 798 (15.4) 783 (15.1) 0.925
Certificate/diploma/trade 6635 (64.2) 3307 (64.0) 3328 (64.4)
University degree 1988 (19.2) 994 (19.2) 994 (19.2)
Health insurance type, %
Private with extras 4175 (40.4) 2118 (41.0) 2057 (39.8) 0.243
Private no extras 843(8.2) 408 (7.9) 435 (8.4)
Veterans card 133(1.3) 70 (1.4) 63 (1.2)
Concession card 3226 (31.2) 1613 (31.2) 1613 (31.2)
None of above 1769 (17.1) 864 (16.7) 905 (17.5)
Remoteness index, %
Major cities 5479 (53.0) 2767 (53.5) 2712 (52.5) 0.235
Inner regional 3436 (33.2) 1711 (33.1) 1725 (33.4)
Outer regional 1109 (10.7) 530 (10.3) 579 (11.2)
Remote or very remote 123 (1.2) 56 (1.1) 67(1.3)
Incidence of CSDR, n 3.9 (404) 3.8(197) 4.0 (270) 0.610

CSDR, clinically significant diabetic retinopathy.

A total of 26 systemic medications were signifi- were tentatively validated (p <0.05) in the testing
cantly associated with incident CSDR (FDR dataset. Figure 2 and Supplementary Table 1
<5%) in the training dataset, and 15 of them show the associations between each of the
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Figure 2. Manhattan plot shows results for the association between systemic medications and incident
clinically significant diabetic retinopathy in the training dataset.

analyzed systemic medications and incident
CSDR in the training dataset. The results for
associations between systemic medications and
incident CSDR in the testing dataset are pre-
sented in Supplementary Table 2.

Table 2 presents the 15 validated systemic medi-
cations positively associated with incident CSDR.
After further adjustments for demographic char-
acteristics and pertinent comorbidities mentioned
above (model 2), insulins and its analogs were
associated with the largest risk of developing
CSDR. The risk of CSDR in this medication sub-
category ranged from the insulin glargine (OR:
2.22, 95% CI: 1.08-4.54) to intermediate-acting
human insulin (OR: 4.28, 95% CI: 1.69-10.8).
Five anti-hypertensive medications, including two
diuretics (e.g., furosemide, OR: 2.53, 95% CI:
1.77-3.61), one calcium channel blocker (CCB)
(amlodipine, OR: 1.47, 95% CI: 1.02-2.11), and
two a-antiadrenergic agents (e.g. moxonidine,
OR: 2.41, 95% CI: 1.51-3.85), were significantly
associated with an increased risk of CSDR. One
cholesterol-lowering agent (fenofibrate, OR: 1.96,
95% CI: 1.36-2.82), one vasodilator (isosorbide

mononitrate [ISMN], OR: 1.87, 95% CI: 1.00—
3.48), one vitamin D analog (calcitriol, OR: 4.08,
95% CI: 2.02-8.24), and one platelet aggregation
inhibitor (clopidogrel, OR: 1.72, 95% CI: 1.15—
2.58) also had significant positive associations
with incident CSDR.

Sensitivity and subgroup analysis

In the sensitivity analysis (Supplementary Table
3), the results remained consistent with those of
the main analyses apart from fast-acting human
insulin (urban dataset: OR: 2.02, 95% CI: 0.96—
4.23, p=0.063) and prazosin (rural dataset: OR:
1.34, 95% CI: 0.77-2.34, p=0.299). In the sub-
group analyses, no interaction effects between
medications and their pertinent comorbidities
were statistically significant, except for fenofibrate
and dyslipidemia (p-value for interaction = 0.007).
Fenofibrate was consistently associated with an
increased risk of CSDR for participants without
dyslipidemia (OR: 2.79, 95% CI: 2.04-3.81), but
no significant association was found for those with
dyslipidemia (OR: 1.29, 95% CI: 0.84-1.98)
(Supplementary Table 4).
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Discussion

The present study was the first to comprehen-
sively explore associations of systemic medica-
tions with incident CSDR wusing an approach
analogous to GWAS. Exposures to subtypes of
anti-diabetic (human insulin, insulin aspart, and
insulin glargine), anti-hypertensive (diuretics,
CCBs, and a-antiadrenergic agents), and choles-
terol-lowering drugs (fenofibrate) were found to
be associated with increased risks of developing
CSDR. Novel associations of incident CSDR
with ISMN and calcitriol were also identified,
which had not been reported before.

One of the challenges in interpreting the associa-
tion between medication use and disease outcome
is to differentiate whether this association is
caused by the medication or the disease for which
the medication was indicated. Our study found
that the use of diuretics (furosemide and spirono-
lactone), CCBs (amlodipine), or a-antiadrenergic
agents (moxonidine) was associated with an
increased risk of developing CSDR. However, no
significant association was found between the risk
of developing CSDR and the most prescribed
anti-hypertensive drug (perindopril: number of
participants with perindopril exposure: 2416;
training dataset: OR: 1.63, 95% CI: 1.20-2.21,
FDR =0.017; testing dataset: OR: 1.23, 95% CI:
0.89-1.69, p=0.214). In addition, after adjusting
for comorbidities including hypertension, the
association between these anti-hypertensive drugs
and incident CSDR remained significant. No sig-
nificant interaction effects between hypertension
and anti-hypertensive drugs were found. These
findings support the hypothesis that these sub-
types of anti-hypertensive drugs, rather than
hypertension, were associated with increased risks
of CSDR.!¢ Similar findings were also observed
for cholesterol-lowering drugs. After adjusting for
relevant comorbidities such as CVD and hyper-
tension, the associations remained significant.

We found that exposure to ISMN was associated
with an increased risk of CSDR, which had not
been reported before. Previous studies reported
that the long-term use of oral nitrate might result
in adverse cardiovascular events,!7:18 possibly
through nitrate tolerance, endothelial dysfunc-
tion, and oxidative stress.!7-19:20 These pathophys-
iological processes may partly explain the positive
association between ISMN and CSDR, as sys-
temic and retinal vessels have many similarities in
structure and physiology,?! although further stud-
ies are needed to explore the exact mechanisms.

Calcitriol, the active form of vitamin D, was shown
to be positively associated with CSDR in our
study. Some indirect evidence has suggested that
calcitriol may have an inhibitory role in the patho-
genesis of DR. For example, a few epidemiologi-
cal studies have found an increased risk of DR
among participants with vitamin D deficiency.22-24
Vitamin D receptor and the enzymes involved in
vitamin D metabolisms, such as la-hydroxylase
and vitamin D3-inactivating enzyme 24-hydroxy-
lase, were detected in the retina, suggesting it may
function as a paracrine/autocrine regulator.?>-27 In
addition, its effects in reducing retinal neovascu-
larization28:2% and inflammation,3%3! and improv-
ing glucose homeostasis and insulin sensitivity3?
provide further support for this association.
However, the role of calcitriol supplementation in
the formation or progression of DR still lacks
direct evidence. We might speculate that calcitriol
or additional vitamin D may not be beneficial to
DR as patients taking calcitriol may have had a
deficiency of vitamin D levels. Nevertheless, we
could not obtain information on the serum vita-
min D level and could not adjust for conditions
requiring calcitriol treatment other than osteopo-
rosis (i.e. renal disease).

Consistent with previous studies, insulins and its
analogs were significantly associated with CSDR.33
One possible explanation is the ‘early worsening’
phenomenon, which is the deterioration in DR
precipitated by rapid reductions in serum glucose
level and upregulation of vascular endothelial
growth factor (VEGF) levels.33:3¢ Other potential
explanations for this association include the insu-
lin-associated vascular leakage mediated by beta-
cellulin and signaling via the epidermal growth
factor receptor3> or the fact that insulin users may
be more likely to have suboptimal glycemic con-
trol than those who were not on insulin. Regarding
anti-hypertensive drugs, their associations with
CSDR remain inconclusive.*3%37 Positive associa-
tions of diuretics and CCBs with CSDR observed
in our study were partially consistent with findings
from Lin and Lai,* who were able to show angio-
tensin-converting enzyme inhibitors and/or angio-
tensin receptor blockers, CCBs, and diuretics
were associated with higher risks of developing
sight-threatening diabetic retinopathy in compari-
son with B-blockers. The discrepancy in associa-
tions between various anti-hypertensive drugs and
CSDR may be partly explained by their differen-
tial effects on glycemic and metabolic control.3?
Spironolactone has been reported to have a glyce-
mic worsening potential of 0.2% on patients’
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hemoglobin Alc (HbA1c),38 and this poor glyce-
mic control may have negative effects on CSDR.
As for clopidogrel, there is no direct evidence from
human research on associations between clopi-
dogrel and CSDR, although aspirin, another kind
of antiplatelet agent, had no impact on DR pro-
gression or the rates of vitreous hemorrhage.3®
Findings on the association between fibrates and
DR remain controversial.%8:%40:41 Two large clini-
cal trials showed that fenofibrate slowed the pro-
gression of DR and reduced the need for laser
treatment in type 2 diabetic patients with pre-
existing retinopathy,®*® whereas two real-world
observational studies did not find such associa-
tions.%8 The discrepancy between our findings
and those of previous studies may be explained by
different patient populations, different confound-
ing factors controlled for, and the lack of data on
lipid profiles in our study.

To the best of our knowledge, we were the first to
investigate the association of a full spectrum of
medications with incident CSDR using the MWAS
approach. The MWAS approach used in the pre-
sent study has several advantages. First, compared
with previous studies that explored only one or a
few medications at a time, MWAS enables investi-
gations of associations between a wide range of
medications and the target disease, thus reducing
the risk of selective reporting bias. Second, the
internal cross-validation by splitting randomly or
based on the remoteness index in the included par-
ticipants and FDR controlling add to the robust-
ness of the results. Third, MWAS is a systematic
and thorough method that may be applied to a
wide range of other diseases in future studies. Last
but not the least, novel associations identified by
MWAS can provide insights into the biochemical
and pathogenesis pathways behind diseases, as
well as help to identify new therapeutic targets and
potential side effects of a specific drug. A compre-
hensive understanding of all available medications’
association with a specific disease can guide clini-
cians and pharmacists in making management
decisions. In addition to the advantages of the
MWAS methodology, other strengths of the pre-
sent analysis include the large sample size, the wide
range of covariates adjusted for in the final models,
and the use of the national claim data to estimate
the exposure to systemic medications.

Several limitations of our study should also be
noted. First, due to the data-driven and

hypothesis-independent nature of MWAS, it is
hard to determine whether these identified asso-
ciations are casual or due to relevant comorbidi-
ties, which is also a limitation of other observational
studies. The list of CSDR-associated systemic
medications needs to be replicated using an inde-
pendent sample and validated by further prospec-
tive interventional trials. Second, fundus imaging
data were not available in this study; hence, the
records of RPC were used to define CSDR, lead-
ing to potential biases. Some patients with CSDR
may be treated with anti-VEGF or vitrectomy.
However, according to the PBS schedule and
Australian guidelines for the management of dia-
betic retinopathy in 2008, aflibercept or ranibi-
zumab must be used in combination with RPC
when treating DME, and RPC is also recom-
mended before vitrectomy. Thus, almost all the
patients receiving intravitreal injections or vitrec-
tomy should be covered within the cases we
tracked by RPC, although the actual number
might be relatively underestimated. Third is the
fact that information on other baseline systematic
diseases (i.e. renal disease), types of diabetes,
blood tests (i.e. HbAlc), and reasons for the pre-
scription was not available in the 45 and Up study
and was hence not taken into account in this anal-
ysis. The possibility of residual confounding could
not be completely ruled out in this research,
despite the fact that as many confounders as pos-
sible were adjusted for in this analysis. Further
well-designed, hypothesis-dependent studies are
required to validate the current findings. Finally,
records from the PBS database could only provide
information on the prescription of medications
rather than the use of medications by participants.
In future studies, electronic medication monitor-
ing devices may be able to more accurately esti-
mate the exact medication exposure.

In summary, the present analysis is the first to
systematically explore associations between a full
spectrum of systemic medications and CSDR to
date. The novel positive associations observed
between ISMN or calcitriol and incident CSDR
may inspire future research into the relevant bio-
chemical and pathogenic pathways underlying
DR. The associations of insulin, anti-hyperten-
sive, and cholesterol-lowering medications with
incident CSDR may guide future clinical prac-
tice. Additional observational and experimental
studies are needed to further validate these
associations.
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