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Associations of Microvascular
Complications With the Risk of
Cardiovascular Disease in Type
1 Diabetes
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OBJECTIVE

We examined whether the presence of microvascular complications was associat-
ed with increased subsequent risk of cardiovascular disease (CVD) among partici-
pants with type 1 diabetes in the Diabetes Control and Complications Trial and
Epidemiology of Diabetes Interventions and Complications (DCCT/EDIC) study fol-
lowed for >35 years.

RESEARCH DESIGN AND METHODS

Standardized longitudinal data collection included: 1) stereoscopic seven-field
retinal fundus photography centrally graded for retinopathy stage and clinically
significant macular edema; 2) urinary albumin excretion rate (AER) and estimated
glomerular filtration rate (eGFR); 3) cardiovascular autonomic neuropathy (CAN)
reflex testing; and 4) adjudicated CVD events, including death from CVD, nonfatal
myocardial infarction, stroke, subclinical myocardial infarction on electrocardio-
gram, confirmed angina, or coronary artery revascularization. Cox proportional
hazards models assessed the association of microvascular complications with
subsequent risk of CVD.

RESULTS

A total of 239 participants developed CVD, including 120 participants who
suffered major adverse cardiovascular events (MACE) defined as nonfatal myo-
cardial infarction, nonfatal stroke, or cardiovascular death. The presence of
microvascular disease (diabetic retinopathy, kidney disease, or CAN) was associated
with increased risk of subsequent CVD and MACE (hazard ratios 1.86 to 3.18 and
2.09 to 3.63, respectively), associations that remained significant after adjusting for
age and HbA,. After adjustment for traditional CVD risk factors, however, only sus-
tained AER =30 mg/24 h occurring alone and/or with eGFR <60 mL/min/1.73 m?
and the presence of both retinal and kidney disease remained associated with CVD.

CONCLUSIONS

Advanced microvascular disease, especially moderate to severe albuminuria or
eGFR <60 mL/min/1.73 m?, conveyed an increased risk of subsequent cardiovas-
cular disease in the DCCT/EDIC cohort.

Early detection of cardiovascular disease (CVD), the leading cause of death in
patients with type 1 diabetes (T1D), provides opportunities for early interventions
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(1-5). Identifying additional clinical fea-
tures of individuals with diabetes with
the highest risk for CVD can prospec-
tively guide the need and timing for ad-
ditional testing. Given that the systemic
microcirculation is exposed to hypergly-
cemia and non-diabetes-related CVD
risk factors, the development of diabetic
microvascular disease in the retinal, re-
nal, and neurovascular beds may herald
the onset of CVD in patients with T1D,
as well as provide additional informa-
tion toward early CVD detection and
risk stratification.

Several studies have investigated
whether assessment of the microcircu-
lation in organ systems affected early
in the course of diabetes might identi-
fy individuals at higher risk for im-
pending macrovascular events (6-9).
These studies demonstrated associa-
tions among retinopathy, kidney dis-
ease, and neuropathy with CVD. Yet,
the strength of the associations varied
due to differences in methodologies
used to assess microvascular disease
and to measure other risk factors. As-
sociation results also differed due, in
part, to the extent of microvascular
disease present in the cohort studied,
as well as the cohort sample sizes and
durations of follow-up.

Using the extensive longitudinal data
collection of CVD risk factors, diabetes-
related complications, and CVD events
in the large and well-characterized co-
hort of participants with T1D in the Dia-
betes Control and Complications Trial
and Epidemiology of Diabetes Interven-
tions and Complications (DCCT/EDIC)
study over the past 35 vyears, we
examined the impact of presence of mi-
crovascular disease on the risk of subse-
quent CVD in the DCCT/EDIC cohort.
Specifically, we evaluated retinopathy,
kidney disease, and neuropathy for their
association with CVD above and beyond
common pathogenic CVD risk factors.

RESEARCH DESIGN AND METHODS

Subjects

The methods of the DCCT/EDIC studies
have been previously described (10).
Briefly, the DCCT randomly assigned
1,441 participants, aged 13-39 years, to
receive either intensive treatment (n =
711, with the goal of reducing blood
glucose levels as close to the nondia-
betic range as safely possible) or

conventional treatment (n = 730, aimed
at reducing symptoms of hypo- and hy-
perglycemia but with no target glucose
levels). The study consisted of two co-
horts. The primary prevention cohort in-
cluded participants with diabetes
duration between 1 and 5 years, albu-
min excretion rate (AER) <40 mg/24 h,
and no retinopathy as determined by
fundus photography at baseline. The
secondary intervention cohort included
participants with diabetes duration be-
tween 1 and 15 years, AER =200 mg/24
h, and at least one microaneurysm in ei-
ther eye, but no more than moderate
nonproliferative diabetic retinopathy. Of
note, no participants had a history of
CVD or major adverse cardiovascular
events (MACE) prior to enrollment in
DCCT.

At the end of DCCT (1993), all partici-
pants were instructed in intensive ther-
apy and referred to their primary health
care providers for subsequent diabetes
care. The participants have continued to
be followed in the EDIC study, which
started in 1994 and enrolled 98% of the
surviving DCCT cohort. The current anal-
yses include data from the combined
DCCT/EDIC follow-up period for all
1,441 participants up to EDIC study year
24 (around 2017, >30 years from the
start of the DCCT).

Cardiovascular Outcomes

Time to any CVD and the time to any
MACE were assessed. CVD was defined
as a composite time to the first of any
of the following: death from CVD, non-
fatal myocardial infarction (Ml), stroke,
subclinical MI on electrocardiogram,
confirmed angina, or the need for coro-
nary artery revascularization. MACE was
defined as a composite of time to the
first of any of the following: nonfatal
MI, nonfatal stroke, or death from CVD.
All cardiovascular events were adjudi-
cated by physician review of medical
records blinded to glycemic control pa-
rameters (11).

Microvascular Complications

Retinopathy was assessed using stan-
dardized stereoscopic seven-field fundus
photography every 6 months in DCCT
and roughly every 4 years in EDIC, with
all active participants receiving an
examination during EDIC study years 4
and 10. Retinal photos were centrally
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graded using the Early Treatment Dia-
betic Retinopathy Study scale, which,
along with the presence of pan-retinal
photocoagulation, was used to deter-
mine the presence of proliferative dia-
betic retinopathy (PDR). Additionally,
clinically significant macular edema
(CSME) was determined by fundus pho-
tography or the presence of focal
photocoagulation or self-reported anti—
vascular endothelial growth factor
treatment. During this time, ocular co-
herence tomography to evaluate macu-
lar edema was not available.

Kidney disease was assessed in both
DCCT and EDIC using urine specimen
collection and assay measurement. Se-
rum creatinine, measured annually, was
used to determine estimated glomeru-
lar filtration rate (eGFR) using the
Chronic Kidney Disease Epidemiology
Collaboration equation. Sustained eGFR
<60 mL/min/1.73 m? was used as a mi-
crovascular outcome. Urinary AER was
measured annually in DCCT and every 2
years in EDIC using a 4-h urine collec-
tion. Sustained moderate albuminuria
(AER =30 mg/24 h) and severe albu-
minuria (AER =300 mg/24 h) were ad-
ditional microvascular outcomes used in
these analyses (12).

Cardiovascular autonomic neuropathy
(CAN) was determined using standard-
ized cardiovascular reflex testing that
assessed the R-R response to paced
breathing (R-R variation), the Valsalva
maneuver, and postural changes in
blood pressure. These tests were admin-
istered biennially during DCCT and at
DCCT closeout and EDIC years 13/14
and 15/16. CAN was defined as an R-R
variation <15, an R-R variation 15-19.9
in combination with a Valsalva ratio
=1.5, or a decrease of >10 mmHg in
diastolic blood pressure (13).

Covariates

HbA,. was assayed using high-perfor-
mance liquid chromatography quarterly
during DCCT and annually during EDIC.
Lipids, sitting blood pressures, and heart
rates were measured using standardized
methods during the annual study visit.
Smoking was self-reported annually,
and the use of ACE inhibitors and angio-
tensin-2 receptor blockers were self-re-
ported during EDIC. The family history
of MI was collected at the DCCT base-
line visit (14).
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The covariates were captured either
as the current (most recent) value (e.g.,
current triglyceride levels) or as the up-
dated mean from baseline (such as the
mean updated HbA;. value). The up-
dated mean is the weighted average of
prior values using weights proportional
to the time interval between the meas-
urements (i.e., one-fourth for quarterly
visits during DCCT and one for annual
visits during EDIC).

Statistical Analysis

Baseline clinical characteristics of the
DCCT/EDIC participants are presented
separately by CVD and MACE status
over the follow-up period using means
(SDs) for quantitative variables and per-
centages for discrete variables. The
number of participants with CVD or
MACE are reported both overall and
separately by microvascular complica-
tion status. Only microvascular compli-
cations that occurred prior to the
occurrence of a CVD event or MACE
were considered. Kaplan-Meier curves
described the cumulative incidence of
CVD and MACE.

Cox proportional hazards models
assessed the associations between mi-
crovascular complications and the sub-
sequent risk of CVD and MACE with
follow-up censored at either the last
study visit or the time of CVD or MACE.

Each microvascular complication was in-
cluded as a time-varying covariate de-
fined as O prior to the onset and 1 after
the onset of that complication. Separate
models assessed the association be-
tween CVD and MACE with one micro-
vascular complication at a time. Given
the more frequent data collection of
both the retinal and kidney outcomes
compared with CAN, a combined out-
come for retinal disease, including PDR
and/or CSME, and for kidney disease,
including sustained moderate albumin-
uria (sustained AER =30 mg/24 h) and/
or eGFR<60 mL/min/1.73 m? was
also investigated. In addition, we in-
vestigated the association between
the risk of CVD and MACE and the
combined presence of retinal or kid-
ney disease, a quantitative variable
defined as 0, no prior complications;
1, prior (PDR and/or CSME) or (sus-
tained moderate albuminuria (sus-
tained AER =30 mg/24 h) and/or
eGFR<60 mL/min/1.73 m?) but not
both; and 2, prior (PDR and/or CSME)
and (sustained moderate albuminuria
(sustained AER =30 mg/24 h) and/or
eGFR<60 mL/min/1.73 m?).

Models were unadjusted, minimally
adjusted for baseline age and mean up-
dated HbA,. or fully adjusted for the
covariates determined previously in sep-
arate models for CVD and for MACE
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(11). Baseline age and baseline duration
of T1ID were fixed covariates, while
mean updated HbA,., sitting blood
pressure, heart rate, LDL, triglycerides,
and use of ACEs and angiotensin-2 re-
ceptor blockers were time-varying co-
variates. While we have previously
reported that baseline family history
of MI was a nominally significant cor-
relate for any CVD in a prior analysis
and current smoking status for MACE
(11), neither was significant in these
updated analyses with additional fol-
low-up data and were not used in the
models in this study. Additionally, the
fully adjusted models include adjust-
ment for ACE inhibitors, the only med-
ication that was significant in the
multivariable CVD risk models devel-
oped previously, and, similarly, sex
was not retained (significant) in the
multivariable models for CVD or
MACE, a finding that was previously
discussed (11). To investigate the risk
factors (such as systolic blood pres-
sure) that explained the differences in
the observed associations between
microvascular complications and the
risk of CVD in the minimally adjusted
versus the fully adjusted models, we
added one covariate at a time (e.g.,
systolic blood pressure) to the mini-
mally adjusted models. P values <0.05
were considered nominally significant.

Table 1—Baseline characteristics of the DCCT/EDIC participants by status of CVD or MACE over the combined DCCT/EDIC

follow-up
Any CVD* MACE**
Overall No CVD With CVD No MACE With MACE

Baseline characteristics (n = 1,441) (n =1,202) (n = 239) P value? (n=1,321) (n = 120) P value”
Age (years) 26.8 (7.1) 26.2 (7.1) 29.9 (6.3) <0.0001 26.5 (7.1) 30.3 (6.1) <0.0001
Sex (% female) 47.2 47.8 43.9 0.1875 47.9 39.2 0.0419
T1D duration (months) 69.8 (49.7) 67.9 (49.0) 79.4 (51.9) 0.0048 68.6 (49.1) 82.7 (54.3) 0.0103
Family history of MI (%) 48.9 46.8 59.0 0.0011 48.4 53.3 0.8743
Smoking (%) 18.5 16.6 28.0 0.0028 17.1 333 0.0003
Systolic blood pressure (mmHg) ~ 114.5 (11.4)  114.2 (11.3)  116.2 (11.4) 0.0105 1143 (11.3)  116.7 (11.3) 0.0322
Pulse (bpm) 76.1 (11.1) 75.8 (11.1) 77.6 (11.1) 0.0356 75.9 (11.1) 77.9 (11.2) 0.0904
LDL (mg/dL) 109.7 (29.1) 107.9 (28.6) 118.8 (30.0) <0.0001 109.0 (28.9) 117.5 (30.2) 0.0008
Triglycerides (mg/dL) 81.3 (47.5) 79.9 (46.7) 88.6 (50.7) 0.0069 80.1 (46.9) 94.8 (51.6) 0.0008
HbA1c (%) 8.9 (1.6) 8.9 (1.6) 9.1 (1.6) 0.0116 8.9 (1.6) 9.2 (1.7) 0.0116
HbA,. (mmol/mol) 74 (17.5) 74 (17.5) 76 (17.5) 0.0116 74 (17.5) 77 (18.6) 0.0116
AER (mg/24 h) 15.9 (18.8) 15.7 (18.7) 17.0 (19.0) 0.4179 15.8 (18.5) 17.8 (21.7) 0.3618
eGFR (mL/min/1.73 m?) 126.1 (14.2)  126.6 (14.3)  123.9 (13.5) 0.0040 126.4 (14.2)  122.7 (14.0) 0.0031

bpm, beats per minute. *Any CVD: composite time to first of any of the following: death from CVD, nonfatal MI, stroke, subclinical Ml on
electrocardiogram, confirmed angina, or the need for coronary artery revascularization. **MACE: composite of time to first of any of the fol-
lowing: nonfatal MI, nonfatal stroke, or death from CVD. ~P values from unadjusted Cox proportional hazards models. Boldface type indicates
significance at P < 0.05.
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RESULTS

Participant Characteristics

At study baseline, DCCT/EDIC partici-
pants had a mean age of 27 years (SD 7
years), diabetes duration 70 months (SD
50 months), and HbA;. 8.9% (SD 1.6%),
and 53% were men. Table 1 summarizes
the baseline characteristics of study par-
ticipants by whether or not they devel-
oped CVD or experienced MACE during
DCCT and EDIC follow-up. At DCCT
baseline, participants who subse-
quently experienced CVD events dur-
ing DCCT or EDIC were older, had a
longer duration of T1D, and were
more likely to have a family history of
MI and to be smokers. They also had
higher systolic blood pressure, heart
rate, LDL, triglycerides, and HbA,., as
well as lower eGFR values, than partic-
ipants who did not experience a CVD
event. Similar differences in baseline
characteristics were evident for those
participants experiencing MACE, with
the exceptions that females had lower
risk then males, and that a higher
heart rate and a family history of Ml
did not reach statistical significance.

Cumulative Incidence of CVD/MACE
in the DCCT/EDIC Cohort

Figure 1 presents the cumulative inci-
dence for CVD/MACE. There were 239 in-
dividuals with CVD (6.1 cases/1,000
patient-years), of which 120 individuals
had MACE (3.0 cases/1,000 patient-
years). The rates of any CVD and MACE
were higher in the presence of microvas-
cular complications (Table 2). Notably,
participants with prior PDR and/or CSME
(n = 525) had an average of 12.8 CVD
events/1,000 patient-years, compared
with an average of 4.4 CVD events/1,000
patient-years among those without prior
PDR or CSME. Likewise, participants with
prior PDR and/or CSME had an average
of 7.0 MACE/1,000 patient-years, com-
pared with an average of 1.9 MACE/
1,000 patient-years among participants
without prior CSME or PDR.

Associations of Microvascular
Complications With CVD and MACE
Table 3 reports the associations between
microvascular complications and any CVD
(Table 3A) and MACE (Table 3B). In
simple unadjusted analyses, all of the mi-
crovascular indices except three-step
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progression for retinopathy were highly
significantly associated with subsequent
risk of CVD and MACE with hazard ratios
(HRs) ranging from 1.86 to 3.18 and from
2.09 to 3.63, respectively. The strongest
associations were between eGFR <60
mL/min/1.73 m? with CVD and MACE. Af-
ter adjustment for age and the updated
mean HbA,. all HRs were reduced for
both any CVD and MACE, with the stron-
gest associations between eGFR <60 mL/
min/1.73 m? and any CVD (HR 2.12) and
MACE (HR 2.06), which represented over
a doubling of the risk among those with
eGFR <60 mL/min/1.73 mZ. In the fully
adjusted models, which account for tradi-
tional CVD risk factors, moderate albu-
minuria (HR 1.47 [95% CI 1.09, 1.97]; P =
0.0119), sustained AER =30 mg/24 h
and/or eGFR <60 mL/min/1.73 m’
(HR 1.54 [1.15, 2.07]; P = 0.0038), and
the combined presence of retinal and
kidney disease (HR 1.28 [1.05, 1.56];
P = 0.0127) remained significantly as-
sociated with CVD.

Supplementary Table 1 reports re-
sults for multivariable models that in-
cluded CAN; PDR and/or CSME; and
sustained AER =30 mg/24 h and/or

Outcome == CVD = MACE
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Figure 1—Cumulative incidence functions (with 95% Cls) for CVD and MACE.
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Table 2—Numbers and rates of CVD events and MACE both overall and separately

by preceding microvascular event status

Any CVD, n (rate*) MACE, n (rate*)

Overall
Microvascular outcome

PDR (n = 360)
Yes
No

CSME (n = 413)
Yes
No

Three-step progression (n = 972)
Yes
No

PDR and/or CSME (n = 525)
Yes
No

AER =300 (n = 172)
Yes
No

Sustained AER =30 (n = 457)
Yes
No

eGFR <60 (n = 147)
Yes
No

Sustained AER =30 mg/24 h and/

or eGFR <60 mL/min/1.73 m? (n = 498)

Yes
No
CAN (n = 589)
Yes
No
Presence of retinal and kidney disease+
0
1
2

239 (6.1) 120 (3.0)
69 (14.1) 39 (7.4)
170 (5.0) 81 (2.3)
76 (13.0) 45 (7.2)
163 (4.9) 75 (2.2)
150 (8.2) 82 (4.3)
89 (4.3) 38 (1.8)
99 (12.8) 58 (7.0)
140 (4.4) 62 (1.9)
39 (16.1) 27 (10.3)
200 (5.4) 93 (2.5)
103 (12.4) 57 (6.4)
136 (4.4) 63 (2.0)
31 (28.4) 20 (15.9)
208 (5.5) 100 (2.6)
110 (12.8) 60 (6.5)
129 (4.2) 60 (1.9)
99 (12.1) 57 (6.5)
140 (4.5) 63 (2.0)
94 (3.5) 41 (1.5)
81 (9.1) 40 (4.3)
64 (17.1) 39 (9.6)

*Per 1,000 patient-years. +Presence of retinal and kidney disease is a quantitative variable
defined as 0, no prior complications; 1, prior (PDR and/or CSME) or (severe albuminuria
(AER =300 mg/24 h) and/or sustained eGFR <60 mL/min/1.73 m?) but not both; and 2, pri-
or (PDR and/or CSME) and (severe albuminuria (AER =300 mg/24 h) and/or sustained eGFR

<60 mL/min/1.73 m?).

eGFR <60 mL/min/1.73 m? in the same
model. Without further adjustment,
PDR and/or CSME (CVD: HR 1.47 [1.10,
1.95], P = 0.0087; MACE: HR 1.77 [1.19,
2.65], P = 0.0049), sustained AER =30
mg/24 h and/or eGFR <60 mL/min/
1.73 m? (CVD: HR 1.94 [1.47, 2.56]; P <
0.0001; MACE: HR 1.95 [1.32, 2.88], P =
0.0008), and CAN (CVD: HR 1.54 [1.16,
2.04], P = 0.0030; MACE: HR 1.69 [1.14,
2.53], P = 0.0089) were all significantly
associated with higher risk of CVD and
MACE. After adjusting for baseline age
and mean updated HbA;. only sus-
tained AER =30 mg/24 h and/or eGFR
<60 mL/min/1.73 m? remained signifi-
cantly associated with CVvD (HR 1.84
[1.39, 2.45]; P < 0.0001) and MACE (HR
1.72 [1.15, 2.59]; P = 0.0087). In fully

adjusted multivariate models, only sus-
tained AER =30 mg/24 h and/or eGFR
<60 mL/min/1.73 m? remained signifi-
cantly associated with CVvD (HR 1.52
[1.13, 2.05]; P = 0.0058).

Supplementary Table 2 reports risk
factors from the fully adjusted CVD
models, including mean updated heart
rate, systolic blood pressure, baseline dia-
betes duration, triglycerides, and current
LDL, each added one at a time to the
minimally adjusted models. Adjustment
for mean updated systolic blood pressure
had the strongest effect. More specifi-
cally, after adjustment for mean updated
systolic blood pressure (in addition to
age and mean updated HbA, ), the asso-
ciations with eGFR <60 mL/min/1.73 m?,
sustained AER =30 mg/24 h, and the

combined outcome of sustained AER
=30 mg/24 h and/or eGFR <60 mL/
min/1.73 m?, along with the combined
presence of retinal and kidney dis-
ease, remained significant. Qualita-
tively similar results were observed
for MACE (Supplementary Table 3)
and after further adjustment for other
risk factors in addition to the mean
updated systolic blood pressure
(Supplementary Table 4 for CVD and
Supplementary Table 5 for MACE).

CONCLUSIONS

The results of this study demonstrate
the association of the development of
microvascular complications with an in-
creased risk of subsequent CVD and
MACE. Notably, the rates of CVD and
MACE were higher among those individ-
uals with advanced diabetic retinopathy,
kidney disease, and CAN than those
without microvascular disease. Howev-
er, the strongest associations observed
were between moderate to severe albu-
minuria or eGFR <60 mL/min/1.73 m?
and CVD/MACE, which represented
over a doubling of the risk compared
with those without kidney disease.
While the independent associations of
microvascular disease with CVD or
MACE are similar in magnitude in the
models fully adjusted for other known
CVD risk factors, the associations with
MACE do not reach statistical signifi-
cance, likely due to the smaller number
of MACE (120 MACE vs. 239 CVD
events).

Our findings are similar to other stud-
ies that reported the presence of PDR
and/or kidney disease was associated
with an ~1.5-2.0-fold increase in the risk
of subsequent CVD/MACE (6,9). In our
fully adjusted models, PDR alone was not
associated with an increased risk of CVD,
which is unlike the findings in the
FinnDiane study (9). This may be in part
due to: 1) differences in the cohort char-
acteristics at baseline, with the FinnDiane
participants being older and with longer
duration of T1D compared with the
DCCT/EDIC participants; 2) differences
in the classification of severe diabetic
retinopathy, in which the FinnDiane
study included only individuals with a
history of photocoagulation; and 3)
use of microvascular disease as a fixed
covariate in the FinnDiane study in
contrast to a time-varying covariate in
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Table 3—Associations (HRs, 95% Cls, and P values) of prior microvascular complications with subsequent risk of CVD events
(A) and MACE (B)

Unadjusted models

Minimally adjusted models*

Fully adjusted models”

HR (95% CI) P value HR (95% Cl) P value HR (95% ClI) P value
A. CVD
PDR and/or CSME 1.98 (1.51, 2.58) <0.0001 1.47 (1.11, 1.94) 0.0069 1.13 (0.84, 1.53) 0.4033
PDR 1.91 (1.44, 2.55) <0.0001 1.44 (1.06, 1.95) 0.0187 1.09 (0.79, 1.51) 0.5852
CSME 1.86 (1.40, 2.46) <0.0001 1.33 (0.99, 1.77) 0.0562 1.03 (0.77, 1.40) 0.8244
Three-step progression 1.18 (0.90, 1.55) 0.2391 0.89 (0.66, 1.19) 0.4329 0.76 (0.56, 1.03) 0.0816
Sustained AER =30 mg/24 h and/or 2.36 (1.82, 3.05) <0.0001 1.99 (1.51, 2.61) <0.0001 1.54 (1.15, 2.07) 0.0038
eGFR <60 mL/min/1.73 m?
AER =300 mg/24 h 2.13 (1.51, 3.01) <0.0001 1.67 (1.16, 2.41) 0.0059 1.15 (0.78, 1.70) 0.4884
Sustained AER =30 mg/24 h 2.22 (1.71, 2.87) <0.0001 1.91 (1.45, 2.52) <0.0001 1.47 (1.09, 1.97)  0.0119
eGFR <60 mL/min/1.73 m? 3.18 (2.15, 4.69) <0.0001 2.12 (1.43, 3.15) 0.0002 1.48 (0.97, 2.23) 0.0658
CAN 1.91 (1.45, 2.51) <0.0001 1.36 (1.03, 1.80) 0.0313 1.11 (0.83, 1.49) 0.4767
Presence of retinal and kidney disease+ 1.81 (1.54, 2.12)  <0.0001 1.55 (1.30, 1.85) <0.0001 1.28 (1.05, 1.56) 0.0127
B. MACE
PDR and/or CSME 2.45 (1.69, 3.56) <0.0001 1.61 (1.09, 2.40) 0.0178 1.29 (0.85, 1.95) 0.2342
PDR 2.09 (1.41, 3.11) 0.0002 1.34 (0.88, 2.04) 0.1735 1.00 (0.64, 1.56) 0.9877
CSME 2.22 (1.52, 3.25) <0.0001 1.39 (0.93, 2.07) 0.1087 1.16 (0.77, 1.75) 0.4695
Three-step progression 1.49 (0.99, 2.23) 0.0541 1.00 (0.65, 1.54) 0.9866 0.88 (0.56, 1.36) 0.5561
Sustained AER =30 mg/24 h and/or 2.59 (1.80, 3.72) <0.0001 1.93 (1.31, 2.85) 0.0009 1.43 (0.94, 2.18) 0.0913
eGFR <60 mL/min/1.73 m?

AER =300 mg/24 h 2.99 (1.94, 4.61) <0.0001  2.12 (1.33, 3.38) 0.0015 1.56 (0.94, 2.59)  0.0878
Sustained AER =30 mg/24 h 2.51 (1.74, 3.61)  <0.0001 1.93 (1.30, 2.85) 0.0010 1.41 (0.92, 2.14) 0.1134
eGFR <60 3.63 (2.20, 5.97) <0.0001 2.06 (1.23, 3.44) 0.0058 1.54 (0.90, 2.65) 0.1182
CAN 2.23 (1.52, 3.26)  <0.0001 1.49 (1.01, 2.20) 0.0471 1.14 (0.76, 1.73) 0.5195
Presence of retinal and kidney disease+ 2.03 (1.62, 2.54) <0.0001 1.59 (1.24, 2.04) 0.0003 1.31 (0.99, 1.73) 0.0572

Associations with P values <0.05 are reported in boldface. *Adjusted for baseline age and mean updated HbA;.. ACVD: adjusted for baseline
age, mean updated HbA;., mean updated systolic blood pressure, current triglycerides, mean updated pulse, baseline duration, use of ACE in-
hibitors, family history of MI, and mean updated LDL; MACE: adjusted for baseline age, mean updated HbA,., mean updated pulse, current
triglycerides, mean updated systolic BP, current smoking status, baseline duration, use of ACE inhibitors, and current LDL. See ref. 11.
+Presence of retinal and kidney disease is a quantitative variable defined as 0, no prior complications; 1, prior (PDR and/or CSME) or (severe
albuminuria (AER =300 mg/24 h) and/or sustained eGFR <60 mL/min/1.73 m?) but not both; and 2, prior (PDR and/or CSME) and (severe al-
buminuria (AER =300 mg/24 h) and/or sustained eGFR <60 mL/min/1.73 m?).

our analyses. Although diabetic kidney
disease is known to be associated
with age, mean updated HbA;, systol-
ic blood pressure, and diabetes dura-
tion, kidney disease still has a
significant association with the risk of
CVD even after adjustment for these
factors. Our results also indicate that
even early moderate albuminuria
manifested by sustained AER =30 mg/
24 h can impart an increased risk for
future CVD.

We have previously reported that
CAN at DCCT closeout was associated
with a higher risk of CVD events during
EDIC, although the effect was dimin-
ished after adjusting for glucose control
over time as documented by the up-
dated mean HbA,. throughout DCCT/
EDIC (15). The prior analyses investigat-
ed the association between presence of
CAN at the end of DCCT (as a time-fixed
exposure) and the risk of CVD events
during EDIC. In contrast, the current
analyses used CAN as a time-varying

exposure using both the biennial DCCT
evaluations and the EDIC years 13/14
and 15/16 evaluations. In these up-
dated analyses, CAN was associated
with higher risk of both CVD and MACE
after adjustment for age and HbA;, but
the associations did not remain signifi-
cant in the fully adjusted models. Of
note, when considering CAN in relation
to other microvascular diseases, there
are complex interplays between CAN
and kidney disease in patients with dia-
betes due to shared pathophysiologic
mechanisms underlying both conditions,
such as sympathetic overactivity leading
to constriction of renal preglomerular
vessels, proteinuria, and further deterio-
ration in kidney function that will subse-
quently further impact CAN (16).

As for the retinal microvasculature,
the pathophysiology of diabetic retinop-
athy includes progressive endothelial cell
dysfunction and alterations in perfusion
of the retina (17,18). Our data suggest
that progression of diabetic retinopathy

by three or more steps prior to the de-
velopment of PDR or CSME is not associ-
ated with a significant increased risk for
CVD and MACE. However, in contrast to
our findings for kidney disease, systolic
blood pressure and baseline diabetes
duration largely explained the increased
CVD/MACE risk associated with the pres-
ence of PDR, as individual adjustments
for these covariates reduced the HR to a
nonsignificant level. As others have pro-
posed, this suggests a potential differ-
ence in the underlying mechanisms and
susceptibility between the glomerular
vessels and retinal microvasculature, a
balance of protective and pathogenic
factors (6), that may, ultimately, lead to
new therapies that prevent the develop-
ment of microvascular disease and per-
haps benefit, as well, the microvessels
involved in CVD and MACE.

The strength of our study is the
extensive longitudinal clinical phenotyp-
ing of participants with T1D over an
extended period of time. Diabetes
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complications and proposed risk factors
were continuously monitored with
sensitive and specific standardized
measures during the study and cardio-
vascular events adjudicated carefully
over time. The integrity and complete-
ness of the data collection along with
the presence and severity of microvas-
cular and macrovascular disease that
has developed over prolonged periods
of time provided the power to carefully
detect associations between these com-
plications as well as other intermediary
risk factors.

Our study has certain limitations. Reti-
nopathy and CAN were not assessed as
routinely as kidney outcomes, and this
may have reduced the power to detect
their associations with CVD. Additionally,
the DCCT/EDIC cohort was initially select-
ed to participate in a randomized con-
trolled clinical trial; as such, self-
motivation, social support, educational
level, and socioeconomic status of this
largely Caucasian cohort may differ from
the general population with T1D. Howev-
er, most of the outcomes (220 out of the
239 CVD events and all 120 MACE) have
occurred over the ~23 years of the EDIC
observational phase when the partici-
pants received standard diabetes care.

In conclusion, the development of
moderate to severe albuminuria, eGFR
<60 mL/min/1.73 m?, PDR, CSME, and
CAN are strongly associated with in-
creased risk of subsequent CVD and
MACE, above and beyond the risk ex-
plained by age and historic glycemic
control. Therapies to preserve kidney
function, in addition to the usually rec-
ommended intensive management of
glycemia and hypertension, could re-
duce the risk of CVD over time in pa-
tients with T1D.
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