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Risk Factors for Longitudinal
Resting Heart Rate and Its

Associations With Cardiovascular
Outcomes in the DCCT/EDIC

Study
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OBJECTIVE

Individuals with diabetes have higher resting heart rate compared with those
without, which may be predictive of long-term cardiovascular disease (CVD) risk.
Using data from the Diabetes Control and Complications Trial/Epidemiology of
Diabetes Interventions and Complications (DCCT/EDIC) study, we evaluated
whether the beneficial effect ofintensive versus conventional diabetestherapy
on heart rate persisted, the factors mediating the differences in heart rate
between treatment groups, and the effects of heart rate on future CVD risk.

RESEARCH DESIGN AND METHODS

Longitudinal changes in heart rate, from annual electrocardiograms over 22 years of
EDIC follow-up, were evaluated in 1,402 participants with type 1 diabetes. Linear
mixed models were used to assess the effect of DCCT treatment group on mean
heart rate over time, and Cox proportional hazards models were used to estimate
the effect of heart rate on CVD risk during DCCT/EDIC.

RESULTS

At DCCT closeout, 52% of participants were male and mean = SD age was 33 *
7 years, diabetes duration 12 *+ 5 years, and HbA;. 7.4 = 1.2% (intensive) and 9.1 =
1.6% (conventional). Through EDIC, participants in the intensive group had
significantly lower heart rate in comparison with the conventional group. While
significant group differences in heart rate were fully attenuated by DCCT/EDIC mean
HbA;., higher heart rate predicted CVD and major adverse cardiovascular events
independent of other risk factors.

CONCLUSIONS

After 22 years of follow-up, former intensive versus conventional therapy remained
significantly associated with lower heart rate, consistent with the long-term
beneficial effects of intensive therapy on CVD. DCCT treatment group effects
on heart rate were explained by differences in DCCT/EDIC mean HbA,.

Individuals with diabetes have higher resting heart rate compared with those without
diabetes; however, the mechanisms are not clear (1-3). Additionally, higher heart rate
isassociated with an increased risk of cardiovascular disease (CVD) and cardiovascular
mortality (4—10). Previous reports from the Diabetes Control and Complications Trial
(DCCT) demonstrated that intensive compared with conventional diabetes therapy
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was associated with a significantly lower
resting heart rate, with differences in
means of 1.4 bpm for adults and 3 bpm
for adolescents (P = 0.0014 and 0.013,
respectively) (11). During the follow-up
Epidemiology of Diabetes Interventions
and Complications (EDIC) study, resting
heart rate remained significantly lowerin
theformerintensively treated group (P <
0.01) through EDIC year 10, with a 1-
2 bpm difference in comparison with the
former conventional group. Adjustment
for various covariates, including use of
antihypertensive medication, such as
[3-blockers, and physical activity, did not
attenuate these effects. More recent work
by the DCCT/EDIC study examining risk
factors for CVD in type 1 diabetes dem-
onstrated that higher mean pulse rate,
measured during annual physical exami-
nations, was an independent, significant
predictor of both any CVD and major
adverse cardiovascular events (MACE) (12).

Herein, we evaluate how long the ben-
eficial effect of former intensive therapy
persists on resting heart rate over an
additional 12 years of EDIC follow-up
and what factors account for or mediate
the differences observed between the two
former DCCT treatment groups during EDIC
(n = 1,402). Furthermore, we evaluate the
effect of resting heart rate, as derived from
annual electrocardiograms (ECGs), as a
predictor of CVD risk during the combined
DCCT and EDIC study (n = 1,441).

RESEARCH DESIGN AND METHODS

The DCCT/EDIC study has previously
been described (13-15). Briefly, 1,441
participants with type 1 diabetes aged
13-39 years were enrolled between
1983 and 1989 in the DCCT, arandomized
clinical trial designed to evaluate the
relationship between glycemic control
and the development and progression
of microvascular complications. Approx-
imately one-half of the cohort (n = 711)
was randomized to receive intensive di-
abetes therapy with a goal of maintaining
blood glucose and HbA,. levels within a
near-normal nondiabetes range while
minimizing the frequency of significant
hypoglycemia as much as possible. The
remaining participants (n = 730) were
assigned to conventional therapy with a
goal of clinical well-being and freedom
from symptoms related to hyper- and
hypoglycemia without preconceived tar-
gets of blood glucose and HbA;.. Two
parallel cohorts were recruited. The

primary prevention cohort (n = 726)
had 1-5 years’ diabetes duration, no di-
abetic retinopathy (absence of microan-
eurysms or worse), and a urine albumin
excretion rate (AER) <40mg/24 hat DCCT
baseline. The secondary intervention co-
hort (n = 715) had 1-15 years of diabetes
duration, mild-to-moderate nonproli-
ferative diabetic retinopathy, and an
AER =200 mg/24 h at DCCT baseline.
After an average of 6.5 years (range 3—
9) of follow-up, the DCCT demonstrated
the beneficial effects of intensive ther-
apy, and all participants were encour-
aged to adopt intensive therapy and
returned to their own health care pro-
viders for ongoing diabetes care. In 1994,
96% of the surviving DCCT cohort en-
rolled in the EDIC observational study,
designed to evaluate the longer-term
effects of glycemic control on the risk
of both micro- and macrovascular com-
plications. Of survivors, 94% percent (n =
1,251) continue to be followed after an
additional 22 years of EDIC follow-up
(total mean follow-up of ~29 years).

DCCT/EDIC Evaluations

Quarterly DCCT and annual EDIC visits
included a detailed medical history that
included collection of demographic and
behavioral risk factors and medical out-
comes with standardized data forms and
a physical examination that included mea-
surements of height, weight, and sitting
blood pressure and pulse rate (15). Blood
samples were collected at each study visit
and assayed centrally for HbA;. with high-
performance ion-exchange liquid chroma-
tography (16). Fasting lipids (triglycerides
and total and HDL cholesterol) were mea-
sured annually during DCCT and on alter-
nate years during EDIC and evaluated
centrally. LDL was calculated with the
Friedewald equation (17).

Renal assessments (AER or albumin-
creatinine ratio) were measured an-
nually during the DCCT and on alter-
nate years during EDIC. AER was mea-
sured from 4-hour urine samples from
DCCT baseline to EDIC year 18 and sub-
sequently from spot urine samples, with
AER estimated using the ratio of urine
albumin and creatinine concentrations
(18). The estimated glomerular filtration
rate was calculated using the Chronic
Kidney Disease Epidemiology Collaboration
equation from annually measured serum
creatinine. Persistent microalbuminuria
was defined as a sustained AER =30 mg/
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24 h at two consecutive visits. Kidney
disease was defined as an impaired es-
timated glomerular filtration rate <60
mL/min/1.73 m?. Standardized seven-
field fundus photographs were obtained
every 6 months during DCCT and in one-
quarter of the cohort annually during
EDIC and graded centrally. Based on the
Early Treatment Diabetic Retinopathy
Study (ETDRS) scale, proliferative dia-
betic retinopathy was defined by neovas-
cularization observed on fundus photograph
grading or self-reported and/or confirmed
scatter photocoagulation. Cardiovascular
autonomic neuropathy (CAN) was assessed
with standardized cardiovascular reflex
tests (R-R response to paced breathing
[R-R variation], the Valsalva maneuver,
and postural changes in blood pressure)
administered up to five times during DCCT
(baseline and years 2, 4, 6, and 8) and
twice during EDIC (years 13/14and 16/17)
as previously described (19). Testing was
performed with Hokanson ANS2000 devices
(Hokanson, Bellevue, WA), and results
were analyzed centrally. CAN was defined
as either R-R variation <15, or R-R var-
iation between 15 and 19.9 plus either a
Valsalvaratio =1.5 orasupine-to-standing
drop of 10 mmHg in diastolic blood
pressure (19,20).

Electrocardiography

Twelve-lead ECGs were obtained at DCCT
baseline, every 2 years during the DCCT,
at closeout of the DCCT, and annually
during EDIC with a standardized proce-
dure with the participant at rest in the
supine position. ECG abnormalities were
classified with the standards of the Min-
nesota ECG classification (21). ECGs were
processed centrally at the University of
Minnesota ECG Reading Center, Minne-
apolis, MN, during DCCT and EDIC years
1-11 and at the Epidemiological Cardi-
ology Research Center (EPICARE) at
Wake Forest School of Medicine during
EDIC years 12—22. For the purpose of this
analysis, resting heart rate was measured
only from ECGs showing normal sinus rhythm
with exclusion of those with atrial fibrillation/
flutter, supraventricular/ventricular rhythm,
advanced atrioventricular block, electronic
pacemaker, wandering atrial pacemaker,
Wolff-Parkinson-White pattern, or any non-
sinus rhythm ECG. A comparison between
sitting pulse rate measured during the
physical examination, which was used
for prior DCCT/EDICreports, and resting
heart rate by ECG from the same visit
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demonstrated high agreement between
the two methods (Supplementary Fig. 1).

Cardiovascular Outcomes
Cardiovascular outcomes were ascer-
tained by self-report during all visits
(22). If reported, nonstudy medical re-
cords and annual graded ECGs were
centrally adjudicated by a Mortality
and Morbidity Review Committee masked
to DCCT treatment group, HbA,, and
glucose levels. The primary CVD outcome
(any CVD) was defined as the time to
cardiovascular death or time to the first
occurrence of nonfatal myocardial in-
farction (Ml), nonfatal stroke, subclinical
Ml detected on an annual ECG, angina
confirmed by ischemic changes with ex-
ercise tolerance testing or by clinically
significant obstruction on coronary an-
giography, revascularization (with angio-
plasty or coronary artery bypass), or
congestive heart failure (paroxysmal
nocturnal dyspnea, orthopnea, or marked
limitation of physical activity caused by
heart disease). The secondary CVD out-
come was MACE, defined as the time to
cardiovascular death, nonfatal Ml, or
nonfatal stroke (12). Based onan a priori
power assessment, the DCCT/EDIC study
embargoed CVD risk factor analysis until
100 former DCCT conventional treatment
group participants had experienced a CVD
event. The embargo criteria were met
midway through EDIC year 20, and the
CVD data presented herein are based on
thedatalockthat occurred on 31 December
2013.

Statistical Analyses
For this analysis, in addition to the cur-
rent value, the updated DCCT mean,
updated EDIC mean, and time-weighted
DCCT/EDIC mean HbA;. values are re-
ported. The updated DCCT mean HbA;.
reflects the cumulative glycemic expo-
sure from DCCT baseline up to and in-
cluding the HbA, . at DCCT closeout, while
the EDIC mean HbA, . reflects the average
from EDIC year 1 to 22. The time-
weighted DCCT/EDIC HbA;. mean was
calculated by weighting each value by the
timeinterval since the last measurement.
Linear mixed models were used for
assessment of the effect of treatment
group on mean resting heart rate by ECG
over repeated time points between EDIC
years 1and 22, unadjusted and minimally
adjusted for primary prevention versus
secondary intervention cohort, sex, race,

and DCCT closeout age and duration of
diabetes. The EDIC study year was in-
cluded inthe models as a class effect, and
each model assumed a compound sym-
metry structure. The signed t statistic was
used as a measure of the magnitude and
direction of the association between
each risk factor and heart rate. The in-
teraction between treatment group and
time was evaluated. Additional factors,
specifically current smoking, BMI, blood
pressure, lipids, renal function, retinop-
athy status, medication use, and glycemic
control, were included separately as
time-dependent covariates in the linear
mixed models to evaluate the potential
mediating effect of each factor on the
relationship between treatment group
and resting heart rate. Data on 1,402
participants with follow-up data be-
tween EDIC years 1 and 22 were used
(n = 698 intensive group, n = 704 con-
ventional group).

Separate linear models were used to test
the prolonged benefit of intensive therapy
despite similar HbA, levels between treat-
ment groups in EDIC, referred to as the
metabolic memory hypothesis (23), by
evaluation of treatment group differences
in mean heart rate separately at each EDIC
year with adjustment for the DCCT closeout
heart rate. This assumes that the two
treatment groups have the same heart
rate at DCCT closeout, with examination
of changes during EDIC. Each model was
also adjusted for primary prevention versus
secondary intervention cohort, sex, race,
DCCT closeout age, and duration of
diabetes.

Cox proportional hazards regression
models were used to estimate the effect
of resting heart rate on the risk of CVD or
MACE during both the DCCT and EDIC
study periods (n = 1,441). The same set
of risk factors identified in a previous
DCCT/EDIC analysis (12) was included in
each model, with the exception of sub-
stitution of heart rate (derived from
ECGs) for pulse rate. Based on the pre-
vious findings, smoking, physical activity,
and BMI were not retained as significant
predictors in the final multivariable
model for any CVD and were therefore
not included in these analyses. Risk fac-
tors were included in the models as fixed
(e.g., baseline age and duration of di-
abetes) or time-dependent covariates
representing the current (most recent)
measurement or the updated mean of all
follow-up values. Covariates are listed in
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the order of significance as indicated by
the unsigned z value, used to differen-
tiate covariate effects with P < 0.0001
(two-sided), equivalent to a |z| = 3.89.
All analyses were performed with SAS
software (version 9.4; SAS Institute, Cary,
NC). Two-sided P = 0.05 was considered
statistically significant.

RESULTS

The characteristics of participants at
DCCT closeout by DCCT treatment group
are presented in Table 1. By design, at the
end of the DCCT, participants in the
intensive group had significantly lower
HbA;. values compared with those in
the conventional group (mean * SD
7.4 £ 1.2% vs. 9.1 = 1.6%, respectively;
P < 0.0001). As previously reported,
intensively treated participants had a
lower prevalence of microalbuminuria,
retinopathy, and CAN (P < 0.05) (24).
However, intensive treatment was as-
sociated with a significant increase in
BMI (mean difference 1.5 kg/m?; P <
0.0001). At DCCT closeout, heart rate
was significantly lower in the intensive
versus conventional group (68.9 = 11.5
vs. 70.8 = 11.7 bpm, respectively; P =
0.0029).

Effect of DCCT Treatment on Heart
Rate
Between DCCT closeout and EDIC year 1,
the mean heart rate decreased by 1.4
bpm (1.8 intheintensive group and 0.9in
the conventional group). Figure 1 presents
the unadjusted means and SEs for heart
rate by DCCT treatment group over the
course of the EDIC study follow-up. During
EDIC, heart rate increased in both treat-
ment groups during the first 7 years and
began to decline steadily thereafter. Par-
ticipants in the intensive treatment group
had a significantly lower mean = SE heart
rate than participants in the conventional
treatment group (difference —1.76 =+
0.48 bpm, P = 0.0003) (Fig. 1 and Table
2). There was a significant interaction
between treatment group and duration
of follow-up in EDIC (P = 0.0001). The
mean difference in heart rate between
groups (intensive vs. conventional) was
—2.14 = 0.50 bpm (P < 0.0001) for
the first 10 years in EDIC and —1.15 =
0.52 bpm (P = 0.0276) for EDIC years
11-22.

To address metabolic memory in EDIC
since the end of the DCCT, we regressed
heart rate on treatment group adjusting
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Table 1—Demographic and clinical characteristics of DCCT/EDIC participants at
DCCT closeout by DCCT treatment group

Intensive Conventional
(N = 698) (N = 704) p*

Cohort (% primary prevention) 341 (49) 364 (52) 0.28
Sex (% female) 343 (49) 326 (46) 0.28
Race (% White) 673 (96) 678 (96) 0.91
Age (years) 337 7.0 33.1*+7.0 0.10
Duration of diabetes (years) 123 £ 4.9 119 = 4.8 0.10
Current cigarette smoker 160 (23) 158 (23) 0.81
Physical activity

Light 259 (37) 226 (32) 0.19

Mild 353 (51) 391 (56)

Moderate 37 (5) 33 (5)

Strenuous 44 (6) 49 (7)
BMI (kg/m?) 26.6 = 4.3 251 = 3.1 <0.0001
Blood pressure (mmHg)

Systolic 116.6 = 11.5 116.5 £ 11.9 0.74

Diastolic 74.9 = 8.7 743 = 89 0.27
Lipids (mg/dL)

Total cholesterol 180.5 * 30.8 184.1 = 37.5 0.13

Triglycerides 84.4 = 52.7 87.9 = 51.1 0.05

HDL cholesterol 51.0 = 12.9 51.8 = 13.0 0.24

LDL cholesterol 112.6 = 27.3 114.8 = 31.9 0.24
Microvascular complications

Sustained AER =30 mg/24 h 53 (8) 99 (14) <0.0001

Proliferative diabetic retinopathy 12 (2) 40 (6) <0.0001

CAN 52 (8) 78 (11) 0.02
Glycemic control: HbA;. (%)

DCCT current HbA;. 7.4 =12 9.1 *16 <0.0001

DCCT mean HbA, .t 7.2 =09 9.1 =13 <0.0001
Glycemic control (mmol/mol)

DCCT current HbA;, 57.5 = 12.7 76.3 = 17.1 <0.0001

DCCT mean HbA; .t 55.6 = 10.1 75.8 = 13.9 <0.0001
Heart rate (bpm)* 68.9 = 11.5 70.8 = 11.7 0.0029

Data are means * SD or N (%). *Treatment group comparisons were made with use of the
Wilcoxon rank sum test for quantitative measurements or the x? test for categorical variables.
tThe DCCT mean HbA, . reflects the cumulative glycemic exposure from DCCT baseline up to and
including the HbA;. at DCCT closeout. ¥Heart rate derived from DCCT closeout ECG.

for the DCCT closeout heart rate. Mean
heart rate was significantly lower in the
former intensive treatment group com-
pared with the conventional group up
through EDIC year 5 (P < 0.05) but not
thereafter. In addition, the magnitude
of the effect of former intensive treat-
ment on heart rate declined over time
(Supplementary Table 1).

Potential Mediators of Treatment
Group Differences in Heart Rate
Table 2 presents the association of DCCT
treatment group and other risk factors
with heart rate during EDIC. Treatment
group differences in heart rate remained
significant (P = 0.0002) after minimal
adjustment for primary prevention ver-
sus secondary intervention cohort, sex,
race,and DCCT closeout age and duration
of diabetes. For evaluation of the

potential mediating effect of glycemia
and other risk factors on the relationship
between treatment group and heartrate,
separate adjustments were made for each
covariate listed in Table 2. Longitudinal
changes in heart rate were positively
associated with higher BMI, systolic
and diastolic blood pressure, total choles-
terol, triglycerides, and HbA;.and smoking.
Participants with microalbuminuria had
significantly higher mean = SE heart rates
during EDIC compared with those with
normoalbuminuria (2.55 = 0.25 bpm,
P < 0.0001), and concurrent [3-blocker
usage significantly decreased mean
heart rate by 5.55 = 0.25 bpm (P <
0.0001).

The significant treatment group dif-
ferences in mean = SE heart rate (B =
—1.77 = 0.47, P = 0.0002 minimally
adjusted) were largely unaffected by
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separate inclusion of the EDIC current
or EDIC mean HbA. in the models but
were fully attenuated after separate
adjustment for the DCCT/EDIC mean
HbA,. (0.65 * 0.45 bpm, P = 0.1435).

Association of Heart Rate with
Cardiovascular Risk

During the combined DCCT/EDIC study,
there were 184 participants who experienced
a CVD event: 82 from the former in-
tensive treatment group versus 102
from the conventional treatment group.
Specifically for MACE, there were 88
participants who experienced an event:
39 intensive versus 49 conventional. Ta-
ble 3 presents the association of heart
rate with the risk of any CVD or MACE
during both DCCT and EDIC after adjust-
ment for other known CVD risk factors.
The hazard ratio (HR) for heart rate per
10 bpm, with adjustment only for DCCT
baseline age, was 1.11 (95% CI 1.07, 1.15)
for any CVD and 1.14 (95% CI 1.07, 1.21)
for MACE. After adjustment for other
known risk factors identified in previous
DCCT/EDIC analyses (Table 3), the HRs
decreased slightly (HR 1.09 [95% CI 1.03,
1.15] for any CVD and HR 1.13 [95% CI
1.05, 1.21] for MACE) but remained
statistically significant (P < 0.01).

CONCLUSIONS

The results of this study demonstrate
that the beneficial effect of former di-
abetes intensive therapy on heart rate
persisted for >22 years of follow-up in
EDIC. On average, participants in the for-
mer intensive treatment group had a
lower mean * SE heart rate of 1.76 *
0.48 bpm compared with those in the
conventional treatment group, with
larger differences observed during
EDIC years 1-10 than during EDIC years
11-22. The ~2 bpm difference in heart
rate over 22 years of follow-up in DCCT/
EDIC indicates that an average intensive
treatment group participant had ~23
million fewer heart beats thanan average
conventional participant.

Our analyses demonstrate a pattern of
an initial increase in heart rate followed
by a decline in both treatment groups over
time. Curiously, the Pittsburgh Epidemiol-
ogy of Diabetes Complications (EDC) pro-
spective cohort study of childhood-onset
type 1 diabetes also demonstrated a de-
clinein pulse rate after 8 years of follow-up,
similar to Fig. 1; however, diabetes du-
ration at EDC year 8 was ~26 years
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Figure 1—Unadjusted mean = SE heart rate during EDIC by DCCT treatment group (conventional,
dashed; intensive, solid). The DCCT value is the measurement taken at DCCT closeout.

compared with ~20 years in EDIC. Ad-
ditionally, in a previous analysis of the
DCCT/EDIC cohort, we observed a similar

trend with diastolic blood pressure,
whereby it increased during the DCCT
and the first 6-8 years of EDIC and began

to fall thereafter (25). This was accom-
panied by an increasing prevalence of
antihypertensive medication use during
EDIC (6% at year 1 vs. 60% by year 18),
some of which could have also had a
direct impact on heart rate. While we
have no clear explanation for these find-
ings, some potential reasons for observ-
ing this pattern in heart rate could be
related to differences in some of the
factors known to affect heart rate that
can change over time including age, use
of various medications, changes in
weight, and intensity and duration of
physical activity. It is also possible that
early intensive therapy had different
impacts on the various pathogenic path-
ways and biological mechanisms associ-
ated with autonomic neuronal function
and on the temporal relationship of
the parasympathetic-sympathetic balance
that regulates heart rate.

We previously reported that there
were significant DCCT treatment group
effects on heart rate, which persisted
through EDIC year 10, consistent with
other long-term benefits of intensive

Table 2—Association of DCCT treatment group and other CVD risk factors with heart rate during EDIC

Effect of covariate on heart rate

Intensive vs. conventional
adjusted for covariate

B = SE t statistic P B = SE t statistic P
Treatment effect on heart rate
Unadjusted —1.76 = 0.48 —3.66 0.0003
Minimally adjusted —1.77 = 0.47 =377 0.0002
Time-dependent covariates
Current cigarette smoker (yes vs. no) 0.70 £ 0.23 3.09 0.0021 —1.78 = 0.47 —3.79 0.0002
BMI (per kg/m?) 0.23 =+ 0.02 9.90 <0.0001 —1.94 + 1.47 —4.17 <0.0001
Blood pressure (per 10 mmHg)
Systolic 0.58 = 0.04 13.98 <0.0001 —1.74 = 0.46 —3.76 0.0002
Diastolic 0.57 = 0.06 9.12 <0.0001 —1.79 = 0.47 —3.84 0.0001
Lipids (per 10 mg/dL)
Total cholesterol 0.29 *= 0.02 14.64 <0.0001 —1.66 = 0.47 =355 0.0004
Triglycerides 0.15 = 0.01 12.21 <0.0001 —1.63 = 0.47 —3.51 0.0005
Microvascular complications (yes vs. no)
Sustained AER =30 mg/24 h 2.55 * 0.25 10.12 <0.0001 —1.50 = 0.47 —3.19 0.0014
Estimated GFR <60 mL/min/1.73 m? —1.55 = 0.36 —4.25 <0.0001 —1.81 = 0.47 —3.83 0.0001
Any proliferative diabetic retinopathy 2.45 = 0.37 6.61 <0.0001 —1.22 = 0.48 —2.53 0.0114
Medication use (yes vs. no)
ACE inhibitor/ARB use —0.18 = 0.14 —1.26 0.2079 —1.78 = 0.47 =877/ 0.0002
B-Blocker use —5.55 = 0.25 —21.95 <0.0001 —1.88 = 0.48 =3B <0.0001
Calcium channel blocker use —0.53 = 0.26 —2.03 0.0430 —1.77 = 0.47 —3.76 0.0002
Glycemic control (per 10% increase)
EDIC current HbA;. 0.44 = 0.04 9.82 <0.0001 —1.76 = 0.46 —3.82 0.0001
EDIC mean HbA;* 1.69 *= 0.09 19.00 <0.0001 —1.45 = 0.44 —3.30 0.0010
DCCT/EDIC mean HbA; * 2.24 £ 0.10 22.13 <0.0001 0.65 £ 0.45 1.46 0.1435

Data are 3 estimates = SE, t statistics, and P values from separate linear mixed models unadjusted; minimally adjusted for primary prevention vs.
secondary intervention cohort, sex, race, and DCCT closeout age and duration of diabetes; and fully adjusted separately for each risk factor as a time-
dependent covariate spanning EDIC years 1-22. The signed t statistic corresponds to the magnitude and directionality of the association. HbA; . values
were log transformed for analyses. For each measurement of HbA,, the change in heart rate is presented per 10% increase in HbA, . and calculated as
log(1.1"). ARB, angiotensin receptor blocker; GFR, glomerular filtration rate. *The EDIC mean HbA, . reflects the cumulative glycemic exposure from EDIC
year 1 to 22. The time-weighted HbA. arithmetic mean was calculated by weighting of each value by the time interval since the last measurement.



1130 Resting Heart Rate and CVD in Type 1 Diabetes
_________________________________________________________________________________________________________________]

Table 3—Final multivariable Cox models for any CVD and MACE as a function of
fixed and time-dependent covariates during DCCT/EDIC

HR (95% Cl) z test value P
Any CVD*
Mean pulse rate (per 10 bpm) 1.39 (1.11, 1.74) 2.83 0.0050
Mean heart rate (per 10 bpm) 1.09 (1.03, 1.15) 2.90 0.0038
MACE*
Mean pulse rate (per 10 bpm) 1.60 (1.16, 2.20) 2.85 0.0050
Mean heart rate (per 10 bpm) 1.13 (1.05, 1.21) 3.17 0.0015

HRs and Pvalues are from four separate multivariable Cox proportional hazards regression models
with fixed baseline and time-dependent (current and updated mean) covariates measured during
DCCT and EDIC. Models using the mean pulse rate were published in 2016 (12). The current
analysis used heart rate measured during the ECGs and replicated the models with the same list
of covariates as was used for the previous DCCT/EDIC study. *Any CVD models are adjusted for
DCCT baseline age, mean HbA; ., mean systolic blood pressure, current triglycerides, baseline
duration of diabetes, current use of ACE inhibitors, baseline family history of MI, and mean LDL
cholesterol. tMACE models are adjusted for DCCT baseline age, mean HbA,, current smoking,
current triglycerides, mean systolic blood pressure, current LDL cholesterol, baseline duration

of diabetes, and current use of ACE inhibitors.

therapy (11). In models adjusted for
heart rate at DCCT closeout, we demon-
strated that the former intensive treat-
ment group had significantly lower heart
rate compared with the former conven-
tional group up to EDIC year 5, suggest-
ing a waning of the metabolic memory
phenomenon that has similarly been
demonstrated for other complications
such as retinopathy, nephropathy, and
neuropathy (26—29). The DCCT/EDIC study
has shown a similar prolonged effect of
priorintensive therapy on the prevalence
and incidence of CAN (19,26), whereby
the former DCCT intensively treated par-
ticipants had a significantly lower prev-
alence of CAN and a 31% reduced risk of
incident CAN in EDIC year 13/14 com-
pared with the DCCT conventionally trea-
ted participants. The beneficial effect of
former intensive therapy on the risk of
incident CAN was mostly explained by
the differences in DCCT/EDIC mean
HbA,..

The biological mechanisms underlying
the association of mean HbA;. and heart
rate are largely unknown; however,
mechanisms that impact neuronal func-
tion and the balance of parasympathetic
tone and sympathetic activity may play a
role (30,31). Furthermore, prior inves-
tigations in the DCCT/EDIC study shed
light on possible mechanisms of meta-
bolic memory. First, noninvasive skin
measures of advanced glycation end
products (skin intrinsic fluorescence)
have previously been shown to be asso-
ciated with both CAN and R-R variation in
participants assigned to the DCCT con-
ventional treatment group, even after

adjustment for total glycemic exposure
(32). Secondly, in a subset of DCCT/EDIC
participants, genome-wide analysis of
DNA methylation from blood has iden-
tified numerous CpG sites that are highly
significantly associated with mean DCCT
HbA,.. Some of these methylation sites
are also associated with renal and retinal
long-term complications of type 1 di-
abetes (33). However, the mechanisms
remain unclear. But whether changes in
methylation patterns associate with changes
in heart rate over time is not known.
Further longitudinal investigations of bi-
ological mechanisms may help clarify the
exact mechanisms.

In the current study, higher heart rate
across 22 years of follow-up was asso-
ciated with smoking and microalbumi-
nuria and with higher BMI, blood pressure,
lipids, and HbA;.—all documented CVD
risk factors. Examination of the copro-
gression of CVD risk factors during 30 years
of follow-up in the combined DCCT/EDIC
study showed a robust association of
current HbA;. level with pulse rate, as
measured by physical examination (25).
Moreover, both BMI and smoking were
positively associated with pulse rate, while
physical activity was associated with lower
pulse rate.

The treatment group differences in
heart rate were largely explained by
the differences in DCCT/EDIC mean
HbA,. but were unaffected by separate
adjustments for the current or EDIC mean
HbA,.. As reported previously, HbA;.
levels in the two treatment groups
came together at the beginning of the
EDIC follow-up period and remained
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similar throughout follow-up. Further-
more, our previous work has demon-
strated that, not surprisingly, participants
with CAN had significantly higher mean
pulse rates, as measured by physical
examination, compared with those with-
out CAN (34). However, since we are
limited by the low frequency of ascer-
tainment of CAN during EDIC, we cannot
accurately assess whether CAN mediates
the differences observed between the
two former DCCT treatment groups, par-
ticularly during the first 10 years of the
EDIC study, when the separation was
greatest.

Previous studies in people with type 2
diabetes have demonstrated the prog-
nosticimportance of resting heartrate on
the prediction of all-cause mortality,
cardiovascular death, and major cardio-
vascular outcomes (35). In addition, higher
pulse rate has been shown to be associated
with poor glycemic control in people with
type 1 diabetes (25) and with higher risk of
CVD in patients with type 1 diabetes and in
the general population (4,5). In a previous
analysis of the DCCT/EDIC study, the me-
diation of the effect of HbA;. on CVD risk
was examined, and pulse rate, as measured
by physical examination, was identified as
one of the potential mediators (36). Those
findings demonstrated that >10% of the
effect of HbA;. on CVD risk was explained
by pulse rate with consideration both in-
dividually and jointly in the model.

Acknowledging the lack of standard-
ization for measurement of pulse rate
measured during the physical exam, in
the current analysis we used heart rate
measured during the ECGs and replicated
the models with the same list of cova-
riates as was used for the previous DCCT/
EDIC study where pulse rate was re-
ported. ECG-measured heart rate was
significantly associated with both CVD
and MACE and reported as an HR per
10-bpm change (~1 SD) in mean heart
rate. Across these two studies, higher
heart rate and higher pulse rate both
increased CVD risk and shared a common
directionality in effect but with variation
in the magnitude of the HR. However,
although the HR for pulse rate (HR 1.39)
was higher in magnitude than the HR for
ECG-measured heart rate (HR 1.09), the z
test values (z = 2.83 and 2.90, respec-
tively) were similar, indicating compara-
ble relative importance in the models.
The larger effect size may reflect that
pulse rate was obtained while the subject
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was sitting and heart rate was obtained
from ECG while the subject was supine,
reflecting different effects of posture,
possibly mediated by the autonomic
nervous system. Additionally, our results
showed that mean pulse rate during
EDIC was slightly higher than heart rate
derived from ECGs. The reason for this
difference may again be related to body
position.

After further adjustment for each of
the CAN measurements (R-R variation,
Valsalva ratio, CAN), the HRs for heart
rate presented in Table 3 remained the
same (data not shown), suggesting that
the association of heart rate with CVD
may be independent of CAN. However, it
is important to note that the models
further adjusted for CAN are only limited
to the two time points in which CAN was
assessed.

Recently, the association of potential
CVD risk factors was examined in the
Pittsburgh EDC study (37). Pulse rate was
determined by palpating of the radial
pulse for 30s and then multiplying by 2
after a 5-min rest as part of the Hyper-
tension Detection and Follow-up Program
(38). In EDC, mean pulse rate was associ-
ated with both CVD (HR 1.018 [95% CI
1.007, 1.029]) and MACE (HR 1.021 [95% Cl
1.008, 1.034]) in the univariable model but
not in the final multivariable model. The
mean age of the EDC cohort was similar to
that of the EDIC participants; however, the
diabetes duration was longerin EDC. More-
over, there was no exclusion for the pres-
ence of CVD risk factors at EDC baseline.
Whether the differences between the
studies relate to the persistence of heart
rate as an independent CVD predictor,
even after adjustment for CAN measures
in DCCT/EDIC but not in EDC, is unclear.

In conclusion, this study has demon-
strated that prior DCCT intensive treat-
ment was associated with lower heart
rate after 22 years of follow-up in EDIC in
comparison with conventional treat-
ment. This treatment group difference
in heart rate was largely explained by the
differences in DCCT/EDIC mean HbA;..
These findings further emphasize the
importance of striving for optimal glyce-
mic control to reduce the risk of CVD
associated with type 1 diabetes. As sim-
ilarly demonstrated in other cohorts,
we confirm that heart rate, a common
clinical measure, might be used for CVD
risk stratification to guide a more

personalized approach in managing pa-
tients with type 1 diabetes.

Funding. DCCT/EDIC has been supported by co-
operative agreement grants (1982—1993, 2012-2017,
2017-2022) and contracts (1982—-2012) with the
Division of Diabetes, Endocrinology, and Meta-
bolic Diseases of the National Institute of
Diabetes and Digestive and Kidney Diseases
(current grant numbers U01 DK094176 and
UO1 DK094157) and through support by the
National Eye Institute, the National Institute
of Neurological Disorders and Stroke, the General
Clinical Research Centers Program (1993-2007),
and Clinical Translational Science Center Pro-
gram (2006—present), Bethesda, MD. Industry
contributors have provided free or discounted
supplies or equipment to support participants’
adherence to the study: Abbott Diabetes Care
(Alameda, CA), Animas (Westchester, PA), Bayer
Diabetes Care (North America Headquarters,
Tarrytown, NY), Becton Dickinson (Franklin
Lakes, NJ), Eli Lilly (Indianapolis, IN), Extend
Nutrition (St. Louis, MO), Insulet Corporation
(Bedford, MA), Lifescan (Milpitas, CA), Medtronic
Diabetes (Minneapolis, MN), Nipro Home Diag-
nostics (Fort Lauderdale, FL), Nova Diabetes Care
(Billerica, MA), Omron (Shelton, CT), Perrigo
Diabetes Care (Allegan, Ml), Roche Diabetes
Care (Indianapolis, IN), and Sanofi (Bridgewater,
NJ).

Industry contributors have had no role in the
DCCT/EDIC study.
Duality of Interest. No potential conflicts of
interest relevant to this article were reported.
Author Contributions. S.K., B.H.B., and A.D.P.
wrote the manuscript. B.H.B. conducted the
statistical analyses. R.P.-B., T.J.O., E.ZS., G.M.L.,
A.B., ABK., RA.G.-K., and S.D.-J. wrote sections
of the manuscript and reviewed and edited
the manuscript. B.H.B. is the guarantor of this
work and, as such, had full access to all the datain
the study and takes responsibility for the in-
tegrity of the data and the accuracy of the data
analysis.
Prior Presentation. Parts of this study were
presented in abstract form at the 55th Annual
Meeting of the European Association for the
Study of Diabetes, 16-20 September 2019, Bar-
celona, Spain.

References

1. Carnethon MR, Yan L, Greenland P, et al.
Resting heart rate in middle age and diabetes
development in older age. Diabetes Care 2008;
31:335-339

2. ShigetohY, AdachiH, YamagishiS$, etal. Higher
heart rate may predispose to obesity and di-
abetes mellitus: 20-year prospective study in a
general population. Am J Hypertens 2009;22:
151-155

3. Kim DI, Yang HI, Park JH, et al. The association
between resting heart rate and type 2 diabetes
and hypertension in Korean adults. Heart 2016;
102:1757-1762

4. Fox K, Borer JS, Camm AJ, et al.; Heart Rate
Working Group. Resting heart rate in cardiovas-
cular disease. J Am Coll Cardiol 2007;50:823—
830

Keshavarzi and Associates

5. Kannel WB, Kannel C, Paffenbarger RS Jr.,
Cupples LA. Heart rate and cardiovascular mor-
tality: the Framingham Study. Am Heart J 1987;
113:1489-1494

6. Diaz A, Bourassa MG, Guertin MC, Tardif JC.
Long-term prognostic value of resting heart
rate in patients with suspected or proven
coronary artery disease. Eur Heart J 2005;26:
967-974

7. Fox K, Ford |, Steg PG, Tendera M, Robertson
M; BEAUTIFUL Investigators. Heart rate as a
prognostic risk factor in patients with coronary
artery disease and left-ventricular systolic dys-
function (BEAUTIFUL): a subgroup analysis of a
randomised controlled trial. Lancet 2008;372:
817-821

8. Dyer AR, Persky V, Stamler J, et al. Heart rate
as a prognostic factor for coronary heart
disease and mortality: findings in three Chicago
epidemiologic studies. Am J Epidemiol 1980;112:
736-749

9. Bohm M, Swedberg K, Komajda M, et al.;
SHIFT Investigators. Heart rate as a risk factor in
chronic heart failure (SHIFT): the association
between heart rate and outcomes in a rando-
mised placebo-controlled trial. Lancet 2010;376:
886-894

10. Johansen CD, Olsen RH, Pedersen LR, et al.
Resting, night-time, and 24 h heart rate as
markers of cardiovascular risk in middle-aged
and elderly men and women with no apparent
heart disease. Eur Heart J 2013;34:1732-
1739

11. Paterson AD, Rutledge BN, Cleary PA, Lachin
JM; Diabetes Control and Complications Trial/
Epidemiology of Diabetes Interventions and
Complications Research Group. The effect of
intensive diabetes treatment on resting heart
rate in type 1 diabetes: the Diabetes Control and
Complications Trial/Epidemiology of Diabetes
Interventions and Complications study. Diabetes
Care 2007;30:2107-2112

12. Diabetes Control and Complications Trial/
Epidemiology of Diabetes Interventions and Com-
plications (DCCT/EDIC) Research Group. Risk factors
for cardiovascular disease in type 1 diabetes. Di-
abetes 2016;65:1370-1379

13. The DCCT Research Group. Diabetes Control
and Complications Trial (DCCT): results of fea-
sibility study. Diabetes Care 1987;10:1-19

14. Nathan DM, Genuth S, Lachin J, et al.; Di-
abetes Control and Complications Trial Research
Group. The effect of intensive treatment of
diabetes on the development and progression
of long-term complications in insulin-dependent
diabetes mellitus. N Engl J Med 1993;329:977—-
986

15. The DCCT/EDIC Research Group. Epidemiol-
ogy of Diabetes Interventions and Complications
(EDIC). Design, implementation, and preliminary
results of a long-term follow-up of the Diabetes
Control and Complications Trial cohort. Diabetes
Care 1999;22:99-111

16. Steffes M, Cleary P, Goldstein D, et al. Hemo-
globin Alc measurements over nearly two dec-
ades: sustaining comparable values throughout
the Diabetes Control and Complications Trial and
the Epidemiology of Diabetes Interventions and
Complications study. Clin Chem 2005;51:753—
758

17. Friedewald WT, Levy RI, Fredrickson DS.
Estimation of the concentration of low-density



Resting Heart Rate and CVD in Type 1 Diabetes
_________________________________________________________________________________________________________________]

lipoprotein cholesterol in plasma, without use of
the preparative ultracentrifuge. Clin Chem 1972;
18:499-502

18. Younes N, Cleary PA, Steffes W, et al. Com-
parison of urinary albumin-creatinine ratio and
albumin excretion rate in the Diabetes Control
and Complications Trial/Epidemiology of Diabe-
tes Interventions and Complications study. ClinJ
Am Soc Nephrol 2010;5:1235-1242

19. Pop-Busui R, Low PA, Waberski BH, et al.;
DCCT/EDIC Research Group. Effects of prior in-
tensive insulin therapy on cardiac autonomic
nervous system function in type 1 diabetes
mellitus: the Diabetes Control and Complications
Trial/Epidemiology of Diabetes Interventions
and Complications study (DCCT/EDIC). Circula-
tion 2009;119:2886—2893

20. Pop-Busui R, Braffett BH, Zinman B, et al.;
DCCT/EDIC Research Group. Cardiovascular au-
tonomic neuropathy and cardiovascular outcomes
in the Diabetes Control and Complications Trial/
Epidemiology of Diabetes Interventions and Com-
plications (DCCT/EDIC) study. Diabetes Care 2017;
40:94-100

21. Prineas RJ, Crow RS, Blackburn HW. The
Minnesota Code Manual of Electrocardiographic
Findings: Standard and Procedures for Measure-
ment and Classification. Boston, MA, John
Wright, 1982

22. Nathan DM, Cleary PA, Backlund JY, et al.; Di-
abetes Control and Complications Trial/Epidemiology
of Diabetes Interventions and Complications
(DCCT/EDIC) Study Research Group. Intensive
diabetes treatment and cardiovascular disease in
patients with type 1 diabetes. N EnglJ Med 2005;
353:2643-2653

23. Writing Team for the Diabetes Control and
Complications Trial/Epidemiology of Diabetes
Interventions and Complications Research
Group. Effect of intensive therapy on the micro-
vascular complications of type 1 diabetes melli-
tus. JAMA 2002;287:2563-2569

24. Nathan DM; DCCT/EDIC Research Group.
The Diabetes Control and Complications Trial/

Epidemiology of Diabetes Interventions and
Complications study at 30 years: overview. Di-
abetes Care 2014;37:9-16

25. Writing Group for the DCCT/EDIC Research
Group. Coprogression of cardiovascular risk fac-
tors in type 1 diabetes during 30 years of
follow-up in the DCCT/EDIC study. Diabetes
Care 2016;39:1621-1630

26. Pop-BusuiR, Herman WH, Feldman EL, et al.;
DCCT/EDIC Research Group. DCCT and EDIC
studies in type 1 diabetes: lessons for diabetic
neuropathy regarding metabolic memory and
natural history. Curr Diab Rep 2010;10:276—
282

27. Albers JW, Herman WH, Pop-Busui R, et al.;
Diabetes Control and Complications Trial /Epi-
demiology of Diabetes Interventions and Compli-
cations Research Group. Effect of prior intensive
insulin treatment during the Diabetes Control
and Complications Trial (DCCT) on peripheral
neuropathy in type 1 diabetes during the Epi-
demiology of Diabetes Interventions and Com-
plications (EDIC) study. Diabetes Care 2010;33:
1090-1096

28. Lachin JM, White NH, Hainsworth DP, Sun
W, Cleary PA, Nathan DM; Diabetes Control and
Complications Trial (DCCT)/Epidemiology of Di-
abetes Interventions and Complications (EDIC)
Research Group. Effect of intensive diabetes
therapy on the progression of diabetic retinop-
athyin patients with type 1 diabetes: 18 years of
follow-up in the DCCT/EDIC. Diabetes 2015;64:
631-642

29. DCCT/EDIC Research Group. Effect of inten-
sive diabetes treatment on albuminuria in type 1
diabetes: long-term follow-up of the Diabetes
Control and Complications Trial and Epidemiol-
ogy of Diabetes Interventions and Complications
study. Lancet Diabetes Endocrinol 2014;2:793—
800

30. Pop-Busui R, Boulton AJ, Feldman EL, et al.
Diabetic neuropathy: a position statement by the
American Diabetes Association. Diabetes Care
2017;40:136-154

Diabetes Care Volume 44, May 2021

31. Pop-Busui R. What do we know and we do
not know about cardiovascular autonomic neu-
ropathy in diabetes. J Cardiovasc Trans| Res 2012;
5:463-478

32. Orchard TJ, Lyons TJ, Cleary PA, et al.; DCCT/
EDIC Research Group. The association of skin
intrinsic fluorescence with type 1 diabetes com-
plications in the DCCT/EDIC study. Diabetes Care
2013;36:3146-3153

33. Chen Z, Miao F, Braffett BH, et al.; DCCT/
EDIC Study Group. DNA methylation mediates
development of HbAlc-associated complica-
tions in type 1 diabetes. Nat Metab 2020;2:
744-762

34, Braffett BH, Gubitosi-Klug RA, Albers JW,
etal.; DCCT/EDICResearch Group. Risk factors for
diabetic peripheral neuropathy and cardiovas-
cular autonomic neuropathy in the Diabetes
Control and Complications Trial/Epidemiology
of Diabetes Interventions and Complications
(DCCT/EDIC) study. Diabetes 2020;69:1000—
1010

35. Hillis GS, Woodward M, Rodgers A, et al.
Resting heart rate and the risk of death and
cardiovascular complications in patients with
type 2 diabetes mellitus. Diabetologia 2012;
55:1283-1290

36. Bebu |, Braffett BH, Orchard TJ, Lorenzi GM;
DCCT/EDIC Research Group. Mediation of the
effect of glycemia on the risk of CVD outcomes in
type 1 diabetes: the DCCT/EDIC study. Diabetes
Care 2019;42:1284-1289

37. MillerRG, Costacou T, Orchard TJ. Risk factor
modeling for cardiovascular disease in type 1
diabetes in the Pittsburgh Epidemiology of Di-
abetes Complications (EDC) study: a comparison
with the Diabetes Control and Complications
Trial/Epidemiology of Diabetes Interventions
and Complications study (DCCT/EDIC). Diabetes
2019;68:409-419

38. The hypertension detection and follow-up
program: hypertension detection and follow-up
program cooperative group. Prev Med 1976;5:
207-215





