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Abstract

Introduction: To explore the effect of cigarette smoking on the risk for developing diabetic macular edema (DME) among patients
with diabetes. Methods: This retrospective exactly-matched cohort study used claims data for patients from all 50 states in the
United States from 2010 through 2020. Patients with an initial diagnosis of diabetes were stratified into 3 cohorts as follows: active
smokers, never smokers, and former smokers. After exact matching based on demographics and comorbidities, Kaplan-Meier
survival functions for the 3 cohorts were compared using pairwise log-rank tests. Results: After matching, there were 42298
patients in each cohort. Over 6 years of follow-up, the cumulative risk for DME was significantly higher among never smokers
(1.18%) than among active smokers (0.88%) and former smokers (0.90%) (both P<<.00I). Conclusions: Among patients with
diabetes, smoking may decrease the risk for developing DME. Although the harms of smoking far outweigh any potential protective

benefits, further investigation into the mechanisms behind these findings has potential to uncover new therapeutic targets.
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Introduction

Nearly 30 million individuals in the United States have diabetes
mellitus (DM), and it has been estimated that up to 33% of the
US population will have diabetes by 2050.!? Approximately
one third of patients with diabetes will develop diabetes-related
eye damage, which is the leading cause of blindness in work-
ing-age adults globally.>> The most common mechanism of
vision loss in patients with diabetes is macular edema (ME).>”’

Several researchers have studied risk factors for developing
diabetic ME (DME).®!2 There is consensus across these studies
that hypertension, chronic kidney disease, a longer duration of
diabetes, insulin use, and higher hemoglobin A, (HbA, ) are all
risk factors for developing DME.

Studies have shown that smokers are 30% to 40% more likely
than nonsmokers to develop type 2 DM.!'>!* Furthermore, smoking
is known to hasten the onset of other health complications linked to
diabetes, including heart disease, chronic lower respiratory disease,
and cerebrovascular disease.!>!* Several mechanisms contribute to
the harmful effects of smoking. Tobacco smoke is comprised of
more than 4000 different compounds, which are humidified in the
respiratory tract before condensing in the lungs, leaving an esti-
mated 50% to 95% deposited in the bronchi, bronchioles, and alve-
oli.'® This leads to an increase in endogenous free radicals and
oxidative stress, increased inflammation, vasomotor dysfunction,

and smooth muscle proliferation. However, whether smoking is
associated with the development of DME has not been well eluci-
dated. Many of the first studies of this topic found no association
between smoking and DME,*'° while 2 more recent studies sug-
gest a possible decreased risk for DME among smokers.!!+!2

The primary objective of this study was to leverage an exten-
sive administrative claims database with patient records from
all 50 states in the US to investigate the relationship between
tobacco smoking and the development of DME. A secondary
objective was to use the same database to validate previous
findings in the literature that show insulin use, hypertension,
and chronic kidney disease to be risk factors for the develop-
ment of DME.
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Figure |. Patient selection diagram.

Methods

Data Source

This retrospective exactly-matched cohort study used the
MARINER database (PearlDiver Inc), an all-payer claims data-
base that includes claims from all 50 states in the US.!” The
database contains longitudinal analytic files containing all
inpatient, outpatient, drug, and laboratory claims for more than
53 million patients from 2010 through 2020. The database was
queried using Current Procedural Terminology (CPT),
International Classification of Diseases (ICD)-9, and ICD-10
procedure codes. DME was defined as (1) having an ICD code
for DME or (2) having ICD codes for retinal edema or cystoid
macular degeneration in conjunction with ICD codes for diabe-
tes. The use of ICD codes to identify DME in this manner was
validated by Bearelly et al'® with a specificity of 96% and a
sensitivity of 88%, and this method has been used in several
other publications.!*?! ICD and CPT codes were also used to
define comorbidities, cohorts, and outcomes; these codes are
delineated in Supplemental Table 1.

Participants

For inclusion in this study, patients (1) received their initial
diagnosis of DM (type 1 or type 2) within the study period

(2010-2020) and (2) had at least 6 years of continuous enroll-
ment in the database after the initial diagnosis. Exclusion cri-
teria were age less than 18 years, missing information
regarding demographics or comorbidities of interest, the use
of thiazolidinediones at any time during the study period, and
the presence of DME at the time of initial diagnosis of diabe-
tes (Figure 1). Comorbidities of interest included hyperten-
sion, hyperlipidemia, proteinuria, chronic kidney disease, and
insulin use. Thiazolidinediones are insulin-sensitizing medi-
cations that are known to cause fluid retention and increase
the risk for DME.??

Statistical Analysis

To assess the relationship between smoking status and the risk
for developing DME, patients were first categorized into 3
cohorts as follows: current smokers, never smokers, and former
smokers. Descriptive characteristics between cohorts were
compared using y? tests. The 3 cohorts were exactly matched
on a 1:1:1 basis according to age group, sex, and comorbidities
of interest (ie, hypertension, hyperlipidemia, proteinuria,
chronic kidney disease, and insulin use). Patients were followed
for 6 years after the date of their initial diagnosis of diabetes.
Kaplan-Meier survival functions were plotted, and pairwise
log-rank tests were used to compare the 3 cohorts.
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Table 1. Demographics and Comorbidities of the Matched Population.

Number (%)

Never Smokers

Current Smokers

Former Smokers

Parameter (n=46298) (n=46298) (n=46298) P Value
Age range (y) >.999
15-19 21 (0.05) 21 (0.05) 21 (0.05)
2024 121 (0.26) 121 (0.26) 121 (0.26)
25-29 284 (0.61) 284 (0.61) 284 (0.61)
30-34 554 (1.2) 554 (1.2) 554 (1.2)
35-39 812 (1.8) 812 (1.8) 812 (1.8)
40-44 1425 (3.1) 1425 (3.1) 1425 (3.1)
45-49 2387 (5.2) 2387 (5.2) 2387 (5.2)
50-54 4235 (9.2) 4235 (9.2) 4235 (9.2)
55-59 6029 (13.0) 6029 (13.0) 6029 (13.0)
60—64 7732 (16.7) 7732 (16.7) 7732 (16.7)
65-69 9677 (20.9) 9677 (20.9) 9677 (20.9)
70-74 11634 (25.1) 11634 (25.1) 11634 (25.1)
75-79 1387 (3.0) 1387 (3.0) 1387 (3.0)
Sex >.999
Female 21253 (45.9) 21253 (45.9) 21253 (45.9)
Male 25045 (54.1) 25045 (54.1) 25045 (54.1)
Comorbidities
Diabetes, type | 167 (0.36) 167 (0.36) 167 (0.36) >.999
Diabetes, type 2 46135 (99.6) 46135 (99.6) 46135 (99.6) >.999
Insulin 10754 (23.2) 10754 (23.2) 10754 (23.2) >.999
Hypertension 43711 (94.4) 43711 (94.4) 43711 (94.4) >.999
Hyperlipidemia 42320 (91.4) 42320 (91.4) 42320 (91.4) >.999
Proteinuria 8322 (18.0) 8322 (18.0) 8322 (18.0) >.999
Chronic kidney disease 15819 (34.2) 15819 (34.2) 15819 (34.2) >.999

To determine the minimum sample size, a power analysis for
log-rank tests was conducted according to the methodology
outlined by Yung and Liu* and using a relative hazard of 0.7
and an annual incidence of 0.2%. The results indicated a mini-
mum sample size of 11452 in each cohort. Bonferroni correc-
tion was applied to the pairwise log-rank tests to set the
significance level at o <.0167.

Finally, to validate previous findings that insulin use, hyper-
tension, proteinuria, and chronic kidney disease are associated
with DME and to validate the results of the primary analysis
internally, a Cox proportional hazards model was applied to the
unmatched data. All comorbidities and smoking status were
used as covariates for this model.

All statistical analyses were completed using R software (R
Project for Statistical Computing). The significance level was
set at o <.05 unless otherwise specified.?*

Results

After the inclusion and exclusion criteria were applied, 848 124
patients remained in the unmatched population. Patients ranged
from in age from 18 to 79 years, with nearly half (49.1%) fall-
ing between 60 years and 74 years. Among the study popula-
tion, 16.1% were current smokers (Supplemental Table 2).

After exact matching, there were 46298 patients in each of the
3 cohorts, for a total of 138 894 patients. The matched study pop-
ulation was predominantly male (54.1%) and 60 to 74 years old
(62.7%). The most prevalent comorbidities were hypertension
and hyperlipidemia (94.4% and 91.4%, respectively). There was
no difference in age, sex, or any measured comorbidity between
the 3 cohorts (Table 1). Over 6 years of follow-up, 1.0% of the
matched population received a diagnosis of DME. Figure 2
shows the Kaplan-Meier survival curves for each cohort. The
cumulative risk for DME in 6 years of follow-up among never
smokers (1.18%) was significantly higher than the cumulative
risk for current smokers (0.88%) and for former smokers (0.90%)
(both P<<.001). The cumulative risk was not significantly differ-
ent between current smokers and never smokers (P=.84).

In the Cox proportional hazards model applied to the
unmatched population, hypertension (hazard ratio [HR], 2.14;
95% CI, 1.34-3.44), proteinuria (HR, 2.08; 95% CI, 1.84-2.34),
chronic kidney disease (HR, 1.81; 95% CI, 1.59-2.04), and
insulin use (HR, 3.49; 95% CI, 3.12-3.91) were significantly
associated with an increased risk for developing DME. On the
other hand, current smoking status (HR, 0.74; 95% CI, 0.65-
0.85) and former smoking status (HR, 0.76; 95% CI, 0.66-0.86)
were significantly associated with a decreased risk for develop-
ing DME (Supplemental Table 3).
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Cumulative Risk | P value
Current Smokers vs. Never Smokers | 0.88% vs. 1.18% | <.001
Former Smokers vs. Never Smokers | 0.90% vs. 1.18% | <.001

Current Smokers vs. Former Smokers | 0.88% vs.0.90% 84
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Figure 2. Smoking and the development of diabetic macular edema:
Kaplan-Meier estimates.

Conclusions

Using a large all-payer claims database with longitudinal
analytic files from 2010 through 2020, we retrospectively iden-
tified 848 124 patients with an initial diagnosis of diabetes and
6 years of available follow-up data. Of these patients, 89.2%
had comorbid hypertension. The prevalence of hypertension
among adults with type 2 diabetes has been estimated at 73.6%
according to National Health and Nutrition Examination Survey
(NHANES) data from the US Centers for Disease Control and
Prevention (CDC).?* The relatively higher proportion of patients
with hypertension in our study population may be attributable
to their older age, with more than 20% being between the ages
of 70 years and 74 years. In our unmatched population, 16.1%
were identified as current smokers, which corresponds well
with CDC estimates that 15.1% of adults were current smokers
in 2015, the midpoint of our study period.?® After 1:1:1 exact
matching, this survival analysis found that never smokers were
more likely than current smokers and former smokers to be
diagnosed with DME over 6 years. This finding adds to mount-
ing evidence that smoking may have a protective effect against
the development of DME.

The literature before 2010 was ambiguous on the relation-
ship, or lack thereof, between smoking and DME. Among the
first studies to investigate the relationship between smoking
and DME was the Wisconsin Epidemiologic Study of Diabetic
Retinopathy. This 1984 cross-sectional review of 2990 patients
found no association between smoking and DME.® In 2009,
Klein et al® followed up with 955 patients from their original
cohort with type I diabetes. They found that smoking was posi-
tively correlated with DME in univariable analysis but not in a
multivariable analysis. Kramer et al*’ reported similar results in
2008. In 2007, Romero et al'® reported no significant relation-
ship between smoking and DME among 112 patients with Type
1 diabetes.

Since 2010, 2 large-scale studies reported on the relationship
between smoking and DME, and both found a negative rela-
tionship. In 2014, Varma et al'! studied 1038 patients with type
1 or type 2 diabetes from the NHANES data who had complete
retinal imaging. Using multivariable logistic regression, they
found that current smokers were less likely to have DME (odds
ratio [OR], 0.33;95% CI, 0.15-0.74). In 2022, Lin et al. reported
lower rates of DME among current smokers than among never
smokers in a population of 1893 patients with type 2 diabetes,
again using multivariable logistic regression (OR, 0.61; 95%.
CI 0.40-0.94).!% In the present study, the largest to date with
848 124 patients in the unmatched population, we report an HR
of 0.74 for current smokers and 0.76 for former smokers. These
results suggest that smoking may have a protective benefit
against developing DME; however, the physiologic mechanism
for such an effect remains unclear.

Although the pathophysiology of DME is complicated, its
hallmark is alteration of the blood-retinal barrier. Upregulation
of growth factors and cytokines alters the blood—retinal barrier
through the breakdown of endothelial cell junctions, pericyte
loss, and leukostasis. These growth factors and cytokines
include vascular endothelial growth factor (VEGF), tumor
necrosis factor, intercellular adhesion molecule, interleukins,
and angiopoietins.” In fact, the mainstay of treatment for DME
is anti-VEGF therapy, and many pipeline therapeutics for DME
target these other factors.

There are several possible mechanisms by which smoking
may decrease the risk for DME. For example, several studies
suggest that smoking may inhibit the secretion of VEGF and
subsequent endothelial cell migration.®3° However, there is
also some conflicting evidence that suggests nicotine increases
secretion of VEGF.3! Thus, evidence supporting the hypothesis
that smoking may decrease the risk for DME by inhibiting
VEGEF is inconclusive. There are over 4000 active substances in
cigarette smoke, any number of which may have pharmaco-
logic effects that decrease the risk for DME.?>3 As such, fur-
ther investigation has the potential to unveil novel therapeutic
targets.

Although these results suggest that smoking may have a
protective effect with regard to the development of DME, the
harms of smoking far outweigh any protective benefits it may
confer. Smoking is a major cause of all 4 leading causes of
death in the US, which include heart disease, cancer, chronic
lower respiratory diseases, and cerebrovascular disease.
An estimated 480000 deaths every year are attributable to
smoking. '3

Regarding other risk factors associated with DME, studies
assessing these have found HbA, , the duration of diabetes,
insulin use, hypertension, proteinuria, and chronic kidney dis-
ease to be risk factors.>!2 Our Cox regression analysis results
support previous studies, finding hypertension, proteinuria,
chronic kidney disease, and insulin use to be risk factors for
developing DME. In addition, Romero et al'® found a relation-
ship between DME and hyperlipidemia. However, the only pre-
vious study to investigate hyperlipidemia as a risk factor found
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no relationship.'?> We did not find any statistically significant
association between hyperlipidemia and the development of
DME in our large patient cohort (Supplemental Table 3).

Ours was a retrospective cohort study; thus, the possibility of
an unmeasured confounding variable influencing the results
cannot be excluded. For example, HbA,_ is a well-known risk
factor for developing DME. One study found that the odds of
developing DME rose sharply for patients with HbA,  greater
than 7.0%,"" and another study found that HbA  greater than
8.0% was associated with increased macular thickness.>* Yet
another study found significantly increased rates of DME among
those with HbA | greater than 7.0%.'? If patients in the current
smokers and former smokers cohorts in our study had signifi-
cantly lower HbA,  than never smokers, this could account for
the associations measured in our study. However, previous stud-
ies have shown that among patients with diabetes, smoking is
associated with higher, not lower, HbA, .>*>* Another possible
confounding variable is body mass index (BMI). If smoking is
associated with lower BMI and lower BMI is associated with a
decreased risk for developing DME, this could also explain our
results. Notably, however, many confounders that were not
explicitly measured in this analysis, including HbA, , BMI, eth-
nicity, educational level, health insurance status, history of car-
diovascular disease, and ethnicity, were measured in previous
studies. These previous analyses produced similar results, find-
ing lower rates of DME among smokers than among never
smokers.'""12

In addition, although exact matching was used in this study
to reduce the risk for confounders, it cannot be entirely ruled
out that it could introduce unintended selection bias. For
instance, there is a well-established association between
smoking and hyperlipidemia.*®*! Matching the rates of hyper-
lipidemia among current smokers and never smokers may
select a subset of never smokers with greater baseline suscep-
tibility to hyperlipidemia. Similar selection bias could be
introduced as a result of matching for any of the covariates,
including hypertension, proteinuria, chronic kidney disease,
and insulin use. Such selection bias could result in a non-
representative subset of never smokers being included in
the primary analysis. Notably, in the supplemental analysis,
a Cox proportional hazards model was applied to the entire
unmatched population and was thus not subject to the same
risk for selection bias. The results of the Cox model corrobo-
rated the findings of the primary analysis that current smoking
status and former smoking status conferred a decreased risk
for DME. Furthermore, exact matching was not used in either
of the 2 most recent studies of this topic, both of which pro-
duced similar results.!"!? This consistency in results across
studies using slightly different study populations, covariates,
and statistical techniques strengthens the evidence of a true
association between smoking and a decreased risk for DME.

Administrative claims data are primarily collected for bill-
ing purposes. Although studies have validated the use of ICD
codes for identifying DME, smoking status, and many of the
comorbidities measured in this study, these codes are not 100%

accurate.'84% As such, it is possible that incomplete coding,
coding errors, or upcoding may have affected the results.
Another limitation is the level of detail available in the data-
base. Variables such as HbA,  and number of cigarettes smoked
per day could not be measured and analyzed. Further, informa-
tion regarding the patients’ ethnicity was not available for anal-
ysis in the database used in this study. Finally, the follow-up
period of this study was limited to 6 years. Diabetic eye disease
is a chronic condition that may take several years to develop,
and a longer follow-up may provide more robust results.

In conclusion, DME is a leading cause of vision loss among
working-age adults globally. The present study provides evi-
dence that among patients with diabetes, smoking may decrease
the risk for developing DME. Although this result is counterin-
tuitive, thousands of active chemicals in cigarette smoke may
have pharmacologic effects that protect against the develop-
ment of DME. Thus, further investigation into the physiologic
mechanisms behind these findings has the potential to uncover
novel therapeutic targets.
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