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OBJECTIVE

To examine whether cardiovascular autonomic neuropathy (CAN) is an indepen-
dent risk factor of cardiovascular disease (CVD) events during DCCT/EDIC.

RESEARCH DESIGN AND METHODS

Standardized cardiovascular autonomic reflex tests (R-R response to paced
breathing, Valsalva maneuver, postural changes in blood pressure) were per-
formed at DCCT baseline, every 2 years throughout DCCT, and at two time points
in EDIC. CVD events were ascertained throughout the study and adjudicated by a
review committee. Cox proportional hazards models were used to estimate the
effect of CAN at DCCT closeout on subsequent CVD risk.

RESULTS

There were 299 adjudicated CVD events in 165 participants following the DCCT
closeout assessment: 132 of 1,262 subjects (10%) without CAN at DCCT closeout
who experienced 244 CVD events versus 33 of 131 subjects (25%) with CAN at
DCCT closeout who experienced 55 events (hazard ratio 2.79, 95% CI 1.91–4.09 for
time to first CVD event). The cumulative incidence of the first occurrence of any
CVD event during EDIC was significantly higher in participants with CAN at DCCT
closeout compared with those without CAN. The association remained marginally
significant after adjustment for multiple risk factors, including the EDIC updated
mean HbA1c. When analyzed as a continuous variable, R-R variation was signifi-
cantly lower at DCCT closeout in participants who experienced a CVD event com-
pared with those who did not (P = 0.0012).

CONCLUSIONS

In the DCCT/EDIC cohort, individuals diagnosed with CAN at DCCT closeout
experienced a higher long-term risk of CVD events during follow-up in EDIC. This
association was not independent of historic glycemic exposure and its metabolic
memory effect, the principal determinant of both long-term CVD risk and CAN in
type 1 diabetes.
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Cardiovascular mortality remains the
main cause of excess mortality among
individuals with type 1 diabetes (T1D)
(1,2). The Diabetes Control and Compli-
cations Trial/Epidemiology of Diabetes
Interventions and Complications (DCCT/
EDIC) study demonstrated that intensive
treatment of hyperglycemia applied early
in the course of the disease substantially
reduces the risk of cardiovascular disease
(CVD) (3). Despite the reduction in CVD
risk resulting from intensive diabetes
management, the cardiovascular event
rate during DCCT/EDIC remains higher
than that observed in the general popu-
lation, suggesting that other factors may
also play a role (1).
Autonomic innervation is the primary

extrinsic control mechanism regulating
heart rate and cardiac performance
(4–6). Cardiovascular autonomic neu-
ropathy (CAN), a common complication
of diabetes resulting from autonomic
neural dysfunction induced by chronic
hyperglycemia and its downstream con-
sequences (4–6), has been shown to be
an independent predictor of CVD mor-
tality in T1D and type 2 diabetes (T2D)
(7–9). In addition, presence of CAN has
been shown to have an adverse effect
on cardiac remodeling in the DCCT/EDIC
cohort (10).
In this study, we examined whether

the presence of CAN at the end of the
DCCT predicts subsequent CVD events
during the EDIC study. Specifically, we
determined whether CAN was an inde-
pendent predictor of CVD during EDIC.

RESEARCH DESIGN AND METHODS

Subjects
The DCCT/EDIC study has been de-
scribed in detail (11,12). Briefly, 1,441
subjects with T1D for 1–15 years with
no (primary prevention cohort) or min-
imal (secondary intervention cohort) di-
abetic retinopathy were enrolled in the
DCCT between 1983 and 1989. Subjects
were randomly assigned to receive in-
tensive or conventional therapy and
were followed for 3–9 years (mean
6.5 years). At the end of the DCCT, inten-
sive therapywas recommended for all par-
ticipants and subjects returned to their
own health care providers for diabetes
care. In 1994, 96% of the surviving DCCT
cohort enrolled in the EDIC observational
study, and after an additional 20 years of
follow-up, 1,251 participants continue to
be followed (94% of survivors).

DCCT/EDIC Evaluations
Follow-up visits occurred quarterly dur-
ing the DCCT and annually throughout
EDIC and included a detailed medical
history and physical examination for
measurements of height, weight, and
blood pressure. Fasting lipids and albu-
min excretion rate (AER) weremeasured
annually during DCCT and in alternate
years during EDIC and evaluated cen-
trally (11,12). Hemoglobin A1c (HbA1c)
levels were measured at baseline and
quarterly during DCCT and annually in
EDIC using high-performance ion-
exchange liquid chromatography. The
DCCT/EDIC time-weighted mean HbA1c
represents the total glycemic exposure
during DCCT/EDIC with weights of 0.25
and 1 assigned to quarterly DCCT and
annual EDIC values, respectively. The
EDIC updated mean HbA1c represents
the running average during EDIC.

CAN Evaluations
Standardized CAN evaluations included
cardiovascular autonomic reflex tests
that assessed the R-R response to paced
breathing (R-R variation), the Valsalva
maneuver, and postural changes in
blood pressure. Evaluations were per-
formed at DCCT baseline, every 2 years
during DCCT, DCCT closeout, and EDIC
years 13/14 and 16/17 as previously am-
ply described (13–16) (Supplementary
Fig. 1). These tests are objective, stan-
dardized, highly reproducible, and en-
dorsed by the Toronto Consensus
Panel on Diabetic Neuropathy as the
gold standard test for CAN (6). All sub-
jects were asked to fast and avoid caf-
feine and tobacco products for 8 h prior
to testing and to hold all prescription
and over-the-counter medicines (except
for basal insulin) until testing was com-
pleted (14,15). Subjects who experi-
enced hypoglycemia after midnight
or in the morning of testing (defined as a
blood glucose#50 mg/dL [2.775 mmol/L])
were excluded. CAN testing was per-
formed with Hokanson ANS2000 devices
(Hokanson, Inc., Bellevue, WA), and all re-
sults were reviewed by a single investigator
masked to DCCT treatment.

The presence of CAN was defined in
DCCT and EDIC as either an R-R variation
,15 or an R-R variation 15–19.9 in com-
bination with a Valsalva ratio #1.5 or a
decrease of .10 mmHg in diastolic
blood pressure upon and while standing
for 10 min (14,15). Secondary CAN

outcome measures included changes in
age-adjusted continuous measures of
R-R variation and Valsalva ratio.

Cardiovascular Outcomes
The primary outcomewas defined as the
time to the first of any of the following
CVD events from the DCCT closeout as-
sessment: nonfatal myocardial infarc-
tion or stroke; death judged to be
secondary to CVD; subclinical (“silent”)
myocardial infarction detected on an
annual electrocardiogram; angina con-
firmed by ischemic changes with exer-
cise tolerance testing or by clinically
significant obstruction on coronary an-
giography; congestive heart failure
with paroxysmal nocturnal dyspnea,
orthopnea, or marked limitation of phys-
ical activity caused by heart disease; or
revascularization with angioplasty and/
or coronary artery bypass. We also eval-
uated CAN in relationship to the tradi-
tional major adverse cardiovascular
events (MACE) defined as nonfatal myo-
cardial infarction or stroke or CVD
death.

Cardiovascular events were docu-
mented during annual study visits. Med-
ical records describing cardiovascular
events, including electrocardiograms
and cardiac enzymes, were obtained and
centrally adjudicated by a Mortality and
Morbidity Review Committee masked to
DCCT treatment assignment, HbA1c, and
glucose levels as previously described (17).

Statistical Analysis
Clinical characteristics were compared
between those with and without CAN
at DCCT closeout and EDIC year 13/14
using the Wilcoxon rank sum test for
quantitative variables and the x2 test
for categorical variables. The Kaplan-
Meier method was used to estimate
the cumulative incidence of the first oc-
currence of any cardiovascular event.
The Cox proportional hazards model
was used to estimate the effect of CAN
at DCCT closeout on subsequent CVD
risk during EDIC (18). Adjustments
were made for fixed covariates (DCCT
treatment group, DCCT primary preven-
tion vs. secondary intervention cohort,
DCCT closeout age and duration of di-
abetes) and time-dependent covariates
(systolic and diastolic blood pressure,
total cholesterol, triglycerides, micro-
albuminuria defined as a sustained AER
$30 mg/24 h at two consecutive visits
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or end-stage renal disease (ESRD) defined
as dialysis or renal transplantation, and
EDIC updatedmean HbA1c). These risk fac-
tors were chosen on the basis of a prior
analysis of CVD risk factors in the DCCT/
EDIC cohort (19). Additional Cox pro-
portional hazards models were used to
estimate the effect of all autonomic neu-
ropathy measures as time-dependent
covariates on the risk of any CVD and
MACE. Since the number of neuropathy
assessments was a function of the year
of entry into the DCCT study, the models
with time-dependent autonomic mea-
surements were stratified by the year
of entry. Two-sided P# 0.05 was consid-
ered statistically significant. All analyses
were performed using SAS software
(version 9.3; SAS Institute, Cary, NC).

RESULTS

The characteristics of the DCCT/EDIC
participants by CAN status at DCCT
closeout and EDIC year 13/14 are

presented in Table 1. The prevalence
of CAN was 9% at DCCT closeout and
increased to 31% by EDIC year 13/14.
The majority of participants with CAN
were from the former conventional
treatment group and secondary inter-
vention cohort. Participants with CAN
were older with a longer duration of
diabetes, higher systolic and diastolic
blood pressure, increased heart rate,
higher total cholesterol and triglycer-
ide levels, and elevated urinary AER.
Current and updatedmean HbA1c levels
were also significantly higher among
those with CAN. At EDIC year 13/14, par-
ticipants with CAN were more likely to be
smokers and had a significantly higher
mean BMI.

Throughout the DCCT/EDIC study
there were a total of 183 (13%) partici-
pants who experienced a CVD event,
and 165 (12%) of these had an event
that occurred after DCCT closeout
(Table 2). Because of the low prevalence

of CAN at DCCT baseline (66 participants
or 5%) and therefore minimal power to
detect an association with CAN early on
in the study, the presence of CAN at
DCCT closeout was evaluated as the pri-
mary exposure. Subsequent CVD events
during EDIC occurred in more partici-
pants with CAN at DCCT closeout com-
pared with those without CAN (25% vs.
10%) (Table 2).

The association between CAN status
at DCCT closeout and each type of
subsequent CVD event during EDIC is
presented in Table 3. Therewere 299 ad-
judicated events in 165 participants,
132 among 1,262 subjects (10%) with-
out CAN at DCCT closeout who experi-
enced 244 CVD events versus 33 among
131 subjects (25%) with CAN at DCCT
closeout who experienced 55 events
(hazard ratio [HR] 2.79, 95% CI 1.91–
4.09) (Table 3). The majority of CVD
events experienced were nonfatal myo-
cardial infarction, silent myocardial

Table 1—Clinical characteristics among participants in the DCCT/EDIC cohort by CAN status at DCCT closeout and
EDIC year 13/14

Characteristics

DCCT closeout (1993) EDIC year 13/14 (2006/2007)

No CAN CAN No CAN CAN

N 1,262 131 770 340

Age (years) 33 6 7 37 6 7 * 47 6 7 50 6 7 *

Female sex 588 (47) 70 (53) 358 (46) 166 (49)

Intensive group 638 (51) 52 (40) † 415 (54) 159 (47) †

Secondary cohort 595 (47) 93 (71) * 349 (45) 191 (56) *

Duration of diabetes (years) 12 6 5 14 6 5 * 25 6 5 26 6 5 *

Current cigarette smoker 291 (23) 28 (22) 85 (11) 65 (19) *

BMI (kg/m2) 26 6 4 26 6 5 28 6 5 29 6 6 †

Blood pressure (mmHg)
Systolic 116 6 11 121 6 14 * 118 6 13 124 6 16 *
Diastolic 74 6 9 77 6 9 * 73 6 8 74 6 10

Heart rate (bpm) 70 6 29 76 6 13 * 67 6 10 72 6 12 *

Lipids (mg/dL)
HDL cholesterol 51 6 13 52 6 13 56 6 16 57 6 17
LDL cholesterol 113 6 29 118 6 35 103 6 29 103 6 35
Total cholesterol 181 6 33 190 6 42 * 175 6 34 177 6 41
Triglycerides 84 6 47 100 6 58 * 79 6 57 89 6 65 *

Renal function
Sustained microalbuminuria‡ 114 (9) 35 (27) * 72 (10) 88 (27) *
Macroalbuminuria§ 18 (1) 11 (9) * 19 (3) 36 (11) *

HbA1c (%) 8.2 6 1.6 8.9 6 1.8 * 7.7 6 1.1 8.0 6 1.3 *

HbA1c (mmol/mol) 66 6 17 74 6 20 * 61 6 12 64 6 14 *

DCCT/EDIC time-weighted mean HbA1c (%) 8.1 6 1.4 8.8 6 1.6 * 7.8 6 0.9 8.3 6 1.0 *

DCCT/EDIC time-weighted mean HbA1c (mmol/mol) 65 6 15 73 6 17 * 62 6 10 67 6 11 *

EDIC updated mean HbA1c (%) 7.8 6 0.9 8.2 6 1.2 *

EDIC updated mean HbA1c (mmol/mol) 62 6 10 67 6 13 *

Data are means 6 SD or n (%), unless otherwise noted. n is based on the number of subjects still at risk for a CVD event at each point in time.
*P, 0.01 by theWilcoxon rank sum test or the x2 test comparing No CAN vs. CAN. †P, 0.05 by theWilcoxon rank sum test or the x2 test comparing
No CAN vs. CAN. ‡Sustained AER $30 mg/24 h at two consecutive visits or ESRD defined as dialysis or renal transplantation. §AER $300 mg/24 h
or ESRD.
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infarction, and revascularization (72% in
those without CAN vs. 64% in those with
CAN) (Table 3).
AMACE event during EDIC occurred in

12% of participants with CAN compared
with 5% of participants without CAN (HR
2.93, 95% CI 1.68–5.09). Death from CVD
was noted in 3% of participants with CAN
and in 1% of those without CAN.
The cumulative incidence of the first

occurrence of any CVD event (Fig. 1A)
and of MACE (Fig. 1B) during EDIC
were significantly higher in participants
with CAN at DCCT closeout compared
with those without CAN (P , 0.0001
for both). In a multivariate model ad-
justed for age, treatment group, primary
prevention versus secondary interven-
tion cohort, diabetes duration, systolic
and diastolic blood pressure, total cho-
lesterol, triglycerides, and microalbumi-
nuria, the HR for the first occurrence of
any CVD event was attenuated but re-
mained significant (HR 1.53, 95% CI
1.01–2.32, P = 0.0468). After further ad-
justment for the EDIC updated mean
HbA1c, the magnitude of the HR and sig-
nificance was similar (HR 1.53, P =
0.0474) (Table 3). For the MACE out-
come, adjustment for covariates and
also HbA1c reduced the HR to 1.78
(95% CI 0.98–3.24, P = 0.0603) and
1.56 (95% CI 0.84–2.88, P = 0.1566), re-
spectively, which were not statistically
significant.
When analyzed as time-dependent

covariates, only R-R variation remained
marginally associated with a higher risk
of any CVD or MACE after minimal ad-
justment for DCCT baseline age (Supple-
mentary Table 1). However, the R-R
variation was significantly lower at
DCCT closeout in participants who
experienced a CVD event compared
with those who did not (34.4 6 20.4
vs. 40.6 6 20.3; P , 0.0001).

CONCLUSIONS

This study examined the associations be-
tween CAN and CVD events in patients
with T1D and found that the presence
of CAN at DCCT closeout was associated
with a higher risk of CVD events during
EDIC. These associations remainedmar-
ginally significant even after adjusting
for known CVD risk factors and for glu-
cose control over time as documented
by the updatedmean HbA1c throughout
EDIC.

Age is one of the strongest risk factors
for CAN (5,6,20) and for CVD events (19)
as demonstrated by the DCCT/EDIC Re-
search Group and others. Our group has
recently reported that, in addition to
age, several CVD risk factors tradition-
ally associated with risk in patients
with T2D including higher mean systolic
blood pressure, triglycerides, choles-
terol, and diabetes duration were signif-
icantly associated with the risk of any
CVD or MACE in the DCCT/EDIC cohort
as previously discussed (19). After ad-
justing for age and all of these factors,
the independent association of the pres-
ence of CAN with the occurrence of any
CVD events, the primary CVD outcome
remained marginally significant and no
longer significant with MACE likely be-
cause of the even smaller number of
MACE events.

The DCCT/EDIC group also reported
several years ago a beneficial effect of
glucose control in preventing CVD
events in the DCCT/EDIC cohort, in a
“metabolic memory” effect (3), al-
though the limited number of CVD
events at that time precluded a thor-
ough investigation of risk factors. How-
ever, the strong relationship between
glycemia and CVD events in this cohort
was further confirmed recently when
the appropriate number of events was
reached demonstrating that besides

age, mean HbA1c over time was the
strongest risk factor for clinical CVD in
this cohort (19). In addition, we have
previously reported that glucose control
was the strongest predictor of CAN de-
velopment in the DCCT participants with
T1D (15,21). During EDIC, although the
prevalence of CAN increased in both
former treatment groups, there was a
significant reduction in the risk for inci-
dent CAN in the former intensive group
(14). Virtually all of the treatment group
difference in the incidence of CAN was
explained by the treatment group differ-
ences in mean HbA1c confirming the
presence of a metabolic memory effect
for CAN in this cohort (14). Similar find-
ings regarding the role of glucose con-
trol as a principal determinant of CAN
was reported in other cohorts of pa-
tients with T1D (6,22). In addition, our
group has recently reported a longitudi-
nal coprogression of glycemic CVD risk
factors in this cohort (23). Thus, it is not
surprising that after adjusting for glucose
control as a time-dependent covariate
and given the complex interactions be-
tween these factors, the relationship be-
tween CAN and CVD was attenuated.

Resting heart rate is also a well-known
CVD risk factor (24,25), and an indirect
measureof CAN (6) and theeffects of heart
rate on CVD risk has been shown in a prior
analysis of the DCCT/EDIC cohort (19).

One of the most serious consequences
of CAN is its relationship with mortality
risk, which has been reported by several
independent groups. A meta-analysis of
15 studies that included 2,900 subjects
with both T1D and T2D reported a pooled
relative risk of mortality of 3.45 (95% CI
2.66–4.47) in patients with CAN (26),
which is progressively higher with an in-
creasing number of abnormal CAN func-
tion tests (26). In a large cohort of more
than 8,000 participants with T2D enrolled

Table 2—Association between CAN measures at DCCT baseline, DCCT closeout, and EDIC year 13/14 and any subsequent
CVD events

R-R variation ,15 Valsalva ratio #1.5 CAN

N No Yes No Yes No Yes

DCCT baseline 1,435 1,362 55 1,316 83 1,369 66
Patients with event 183 (13) 167 (12) 15 (27) 167 (13) 13 (16) 165 (12) 18 (27)

DCCT closeout 1,393 1,220 121 1,153 113 1,262 131
Patients with event 165 (12) 130 (11) 30 (25) 125 (11) 21 (19) 132 (10) 33 (25)

EDIC year 13/14 1,121 836 283 712 255 770 340
Patients with event 66 (6) 43 (5) 23 (8) 29 (4) 21 (8) 35 (5) 29 (9)

Data are N or n (%).
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in the Action to Control Cardiovascular
Risk in Diabetes (ACCORD) trial, the pres-
ence of CAN based on measures of heart
rate variability derived from electrocardio-
gram recordings independently predicted
all-cause and CVDmortality after adjusting
for multiple traditional CVD risk factors
and medication (9). Specifically for T1D,
the EURODIAB Prospective Complications
Study of T1DMpatients reported that CAN
was the strongest predictor for mortality
during a 7-year follow-up, exceeding the
effect of traditional cardiovascular risk fac-
tors (27). While the number of reported
deaths in our cohort are too few for de-
tailed risk factor analysis, the data pre-
sented herein are consistent with a trend
toward increased mortality in the partici-
pants with CAN.
In this cohort, myocardial infarction,

silent myocardial infarction, and revas-
cularization, often performed for silent
ischemia, were themost prevalent types
of CVD events. Classically, silentmyocar-
dial infarction is considered a character-
istic finding of CAN. In ameta-analysis of
12 published studies, Vinik et al. (28).
reported an association between CAN
and the presence of silent myocardial
ischemia, measured by exercise stress
testing, with point estimates for the
prevalence rate ratios from 0.85–
15.53. In the Detection of Ischemia in
Asymptomatic Diabetics (DIAD) study
(29) of 1,123 patients with T2D, CAN
was a strong predictor of silent ischemia
and subsequent cardiovascular events.
The association between CAN and silent

ischemia has important implications, as
reduced appreciation for ischemic pain
impairs timely recognition ofmyocardial
ischemia or infarction, thereby delaying
appropriate therapy. However, in the
DCCT/EDIC study, the overall number
of events including silent myocardial in-
farction was low.

In addition, our findings demonstrate
that the R-R variation was significantly
lower at DCCT closeout in those who
experienced a CVD event during EDIC
compared with those who did not, fur-
ther justifying the use of a simple, read-
ily available measure as a prognostic
tool in clinical practice.

Limitations of this analysis include the
overall relatively low rates of CAN dur-
ing the DCCT, the low rates of CVD
events in EDIC, and thus reduced power
to detect a meaningful independent
predictive value of CAN for future CVD
events. The relatively young age of this
cohort, without preexisting hyperten-
sion, hyperlipidemia, or CVD at baseline,
further limits the applicability of these
results to the entire population of pa-
tients with T1D (17). The strengths of
this analysis include the highly reproduc-
ible and sensitive CAN protocol repeated
over time in DCCT/EDIC, the robust CAN
definitions used, and a cohort of patients
with T1D that have been followed for
30 years with careful characterization
of multiple cardiovascular complications
and risk factors.

In summary, the earlier diagnosis of
CAN at DCCT closeout is associated with

an increased incidence of subsequent
CVD events, although it is not an inde-
pendent predictor with respect to HbA1c
on CVD risk. Since HbA1c is one of the
major determinants of CAN in T1D, the
diagnosis of CAN identifies individuals
with T1D at high risk for major CVD
events over time.
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n (%)* Events, n

Patients,

n (%)* Events, n

HR (95% CI),†

P value

Any CVD event 132 (10) 244 33 (25) 55

2.79 (1.91–4.09),

,0.0001

2.08 (1.41–3.07),

0.0002

1.53 (1.01–2.32),

0.0468

1.53 (1.01–2.32),

0.0474
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Nonfatal cerebrovascular event 16 (1) 18 4 (3) 4

Death from CVD 13 (1) 13 4 (3) 4
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0.0001
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*Number of patients with each type of event regardless of whether or not it is the initial event for that subject. †Cox proportional hazards regressionmodels for the time to the first
CVD event following DCCT closeout, unadjusted; minimally adjusted for DCCT closeout age; fully adjusted to also include DCCT treatment group, primary prevention vs. secondary
intervention cohort, DCCT closeout duration of diabetes, systolic and diastolic blood pressure, total cholesterol, triglycerides, and microalbuminuria; fully adjusted to also include EDIC
updated mean HbA1c. The following covariates were entered into each model as time-dependent covariates: systolic and diastolic blood pressure, total cholesterol, triglycerides,
microalbuminuria, and EDIC updated mean HbA1c.
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