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Abstract

Aim: This study explored the role of glycemic control on cardiac autonomic function, measured by heart rate variability
(HRV), in youth with type 1 diabetes.
Patients and Methods: A retrospective cohort of 345 youth with type 1 diabetes (mean age, 18.5 years; duration, 10 years)
participating in the SEARCH for Diabetes in Youth study were enrolled in the ancillary SEARCH Cardiovascular Disease
(CVD) study. Anthropometric, metabolic, and HRV parameters were collected at the current research visit. Glycemic control
over time was assessed by the mean glycated hemoglobin (A1c) levels collected over the past 6 years. Multiple linear
regression analysis assessed the association between A1c over time and HRV parameters, independent of demographic and
CVD risk factors. Participants were categorized into four glycemic control categories based on their mean A1c over time:
Group 1, optimal (mean A1c, £ 7.4%); Group 2 (mean A1c, 7.5–8.4%); Group 3 (mean A1c, 8.5–9.4%), and Group 4, poor
(mean A1c, ‡ 9.5%), and a linear trend was explored across these categories.
Results: For every 1% increase in the average A1c over 6 years there was a 5% decrease in the SD of the normal RR interval
(SDNN) (P = 0.02) and 7% decrease in the root mean square successive difference of the RR interval (RMSSD) (P = 0.02),
independent of demographic and traditional CVD risk factors. A dose–response relationship between worsening glucose
control categories and measures of overall reduced HRV was found.
Conclusions: Chronic hyperglycemia is the main determinant of early cardiac autonomic dysfunction, manifested as reduced
overall HRV and parasympathetic loss, among youth with type 1 diabetes.

Introduction

Cardiovascular autonomic neuropathy (CAN), one
of the chronic complications of diabetes, carries a con-

siderable risk of cardiac mortality and morbidity.1 Several
studies among adults with type 1 diabetes (T1D) have dem-
onstrated that poor glycemic control and increased duration
of diabetes are independently related to the incidence of mi-
crovascular and macrovascular complications of diabetes.2–4

The Diabetes Control and Complications Trial (DCCT) has
reported persistent benefits of tight glycemic control in re-
ducing the incidence of CAN by 31% in the intensive treat-
ment compared with the conventional treatment group.5

Previous studies have shown that strict glycemic control
slows the deterioration of advanced CAN but fails to promote

reversibility.5–7 However, in T1D patients with early CAN,
improvement in the autonomic nerve function occurring as
early as 1 year after the institution of strict glycemic control
has been observed among 79 adolescents with T1D,8 sug-
gesting that the benefits of glucose control on cardiac auto-
nomic function among patients with T1D may be even greater
during the early subclinical phase of CAN. Although there are
several studies prospectively following adults with T1D to
assess the long-term impact of glycemic control on the pro-
gression of CAN,5,7 few have systematically examined the
impact of glycemic control on markers of subclinical cardiac
autonomic dysfunction among youth with T1D.9,10

The aim of our study was to assess the impact of long-
term glycemic control on various measures of cardiac auto-
nomic function among youth with T1D, using data from the
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retrospective cohort component of the SEARCH Cardiovas-
cular Disease (CVD) study.

Patients and Methods

SEARCH CVD is an ancillary study to the SEARCH for
Diabetes in Youth, conducted in Colorado and Ohio.
SEARCH is a multicenter study that conducts population-
based ascertainment of nongestational cases of physician-
diagnosed diabetes in youth < 20 years old at diagnosis.11 In
total, 406 SEARCH participants from Colorado and Ohio with
physician-diagnosed T1D, a baseline SEARCH research visit
completed between 2004 and 2005, and duration of diabetes of
at least 5 years were enrolled in SEARCH CVD study. All
SEARCH CVD participants had a baseline SEARCH visit at
which data on demographic, anthropometric, and metabolic
factors, including glycated hemoglobin (A1c), were collected,
whereas 35% of them had additional SEARCH follow-up
visits, on average about 12, 24, and 60 months following the
baseline visit. All SEARCH CVD participants had a separate
research visit between 2009 and 2011 during which assess-
ment of cardiac autonomic function was conducted. The
study was reviewed and approved by the local institutional
review boards that had jurisdiction over the local study
population, and all participants provided signed informed
consent or assent.

Anthropometric and metabolic measurements

SEARCH CVD participants were invited to attend an out-
patient research visit after an 8-h overnight fast, and medi-
cations, including short-acting insulin, were withheld the
morning of the visit until after the blood draw was complete.
All participants were asked to refrain from any strenuous
exercise, smoking, or consumption of any caffeinated drinks
12 h prior to the visit. Race/ethnicity was self-reported, and
participants were categorized into non-Hispanic white and
other racial/ethnic group (including Hispanic, African-
American, and Asian/Pacific Islander racial/ethnic groups).
Participants completed standardized questionnaires includ-
ing medical history, medication inventory, smoking status,
daily insulin dose, and family history of CVD. Current ciga-
rette smoking was defined as having smoked at least one
cigarette on one or more of the 30 days preceding the survey.12

Youth who had never smoked a whole cigarette were con-
sidered nonsmokers. Individuals who had tried smoking or
smoked regularly (at least one cigarette every day for 30 days)
but were not current smokers were considered former
smokers. Height was measured in centimeters using a stadi-
ometer, and weight was measured in kilograms using a
standardized weighing machine. Body mass index was cal-
culated as weight (in kg) divided by the square of height (in
m), and age- and sex-specific body mass index z-scores were
derived based on the Centers for Disease Control and Pre-
vention national standards.13 Waist circumference was mea-
sured to the nearest 0.1 cm with the National Health and
Nutrition Examination Survey protocol.14 Resting systolic
and diastolic blood pressures were measured three times,
using an aneroid sphygmomanometer, while the subjects
were seated for at least 5 min, and the average of the three
measurements was taken.

Laboratory samples were obtained under conditions of
metabolic stability, defined as no episode of diabetic keto-

acidosis during the previous month. A fasting blood draw
was done for the assessment of levels of the metabolic
parameters: A1c, low-density lipoprotein-cholesterol, high-
density lipoprotein-cholesterol, and triglycerides. High-
performance liquid chromatography (TOSOH Bioscience,
Inc., San Francisco, CA) was used to measure the A1c level.
Measurements of levels of triglycerides and high-density
lipoprotein-cholesterol were performed enzymatically on a
Roche Modular P chemistry autoanalyzer (Roche Diagnostics
Inc., Indianapolis, IN). Low-density lipoprotein-cholesterol
was calculated by the Friedewald equation for individuals
with a triglyceride concentration of < 400 mg/dL and by the
beta quantification procedure for those with triglyceride lev-
els of ‡ 400 mg/dL. Urinary albumin and creatinine levels
were measured from overnight timed urine samples. The
albumin level was measured by using Siemens reagent on a
BNII nephelometer (Siemens Healthcare Diagnostics Inc.,
Newark, DE), and the creatinine level was measured using the
Creatinine Plus enzymatic method with Roche reagent on a
Roche Modular P chemistry autoanalyzer. The values thus
obtained were used to compute albumin/creatinine ratio.
A value of > 3.5 mg/mmol was used to define an elevated
albumin/creatinine ratio.

Assessment of cardiac autonomic function

The assessment of cardiac autonomic function was per-
formed in the fasting state to prevent the possible influence of
a surge in acute ambient glucose levels after a meal on the
cardiac function. Heart rate variability (HRV) was measured
in the morning between 7 and 11 a.m. in a room with a stable
room temperature, with the participant lying in the resting
supine position for 10 min, using the SphygmoCor� device
(AtCor Medical, Sydney, Australia). The device takes into
account the normal heart beats, ignoring the ectopic beats, to
derive the statistical parameters of the normal R-R intervals
(NN intervals) of the electrocardiogram and estimates several
time and frequency domain HRV indices.15 The time domain
indices of HRV used in these analyses were the SD of the NN
intervals (SDNN) and the root mean square differences of
successive NN intervals (RMSSD). SDNN is a measure of
overall HRV, so lower SDNN levels indicate reduced overall
HRV. Parasympathetic loss is quantified by a reduction in the
RMSSD. The frequency domain parameter of HRV that was
measured was the low frequency (LF):high frequency (HF)
ratio, which represents the balance of sympathetic/para-
sympathetic activity. Thus an increased LF:HF ratio denotes
sympathetic override. The HRV data were edited, and any
records with extreme outlying values were visually inspected
to ensure that HRV values were not influenced by artifacts in
the electrocardiogram tracings.

Statistical analyses

Statistical analyses were performed using SAS for Win-
dows software (version 9.2; SAS Institute, Cary, NC). SDNN,
RMSSD, triglycerides, and albumin/creatinine ratio were log-
transformed to meet model assumptions (e.g., homogeneity of
variance). Characteristics of study participants were ex-
pressed as mean and SD for continuous variables and as
percentages for categorical variables. Because all SEARCH
CVD participants had at least two A1c measures and some
had at least one additional measure (135 had three measures
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and 91 had all four measures of A1c) over a time period of
approximately 6 years, we created an aggregated average
measure of A1c over time. We used multiple linear regression
to test for the independent association between this average
measure of A1c over time and each of the HRV measures:
SDNN, RMSSD, and LF:HF ratio. Models were adjusted for
demographic characteristics (age, sex, race/ethnicity, and
diabetes duration) and traditional CVD risk factors (body
mass index z-score, systolic blood pressure, diastolic blood
pressure, low-density lipoprotein-cholesterol, high-density
lipoprotein-cholesterol, triglycerides, albumin/creatinine ra-
tio, and smoking). In addition, participants were categorized
into four glycemic control categories based on their average
A1c over time: Group 1, optimal glucose control (mean A1c,
£ 7.4%; n = 66); Group 2, suboptimal control (mean A1c, 7.5–
8.4%; n = 120); Group 3, intermediate control (mean A1c, 8.5–
9.4%; n = 74), and Group 4, poor control (mean A1c, ‡ 9.5%;
n = 85). PROC GLM was used to compute mean levels of
SDNN, RMSSD, and LF:HF ratio, adjusted for age, sex, race/
ethnicity, and diabetes duration, corresponding to each glu-
cose control group, and an orthogonal polynomial linear
trend test was used to explore whether a linear trend exists
across these categories.

Results

Table 1 shows characteristics of study participants at the
SEARCH CVD research visit. In total, 345 youth with T1D
who had complete HRV data were included in the analyses:
46% were females, and 87% were non-Hispanic white. The
mean age and duration were 18.5 – 3.3 and 10 – 3.5 years, re-
spectively, and the current A1c level was 8.9%. The lipid and
blood pressure levels were within normal ranges for their
age.16 The prevalence of an elevated albumin/creatinine ratio
was 7%. The proportion of former and current smokers was
23% and 20%, respectively. Based on our measure of average
glucose control, 85 participants (25%) had been in poor gly-
cemic control (A1c, ‡ 9.5%) over the past 6 years.

Table 2 lists the demographic and clinical characteristics of
the youth stratified by their mean A1c status. Except for age,
A1c, SDNN, RMSSD, triglycerides, and systolic blood pres-
sure, no significant differences were observed among the
groups.

Table 3 shows the associations between HRV parameters
and continuous mean A1c over time adjusted for demo-
graphic and current CVD risk factors. For every 1% increase in
the mean A1c over time, there was a 5% reduction in the
SDNN (P = 0.02) and a 7% reduction in the RMSSD (P = 0.02),
independent of demographic characteristics and traditional
CVD risk factors. However, the association between mean
A1c and LF:HF ratio was not significant (P = 0.9). Older age
was a significant independent predictor of lower SDNN and
RMSSD (P = 0.01 and 0.001, respectively). For every 1 year
increase in age, there was a 1% reduction in SDNN and a 5%
reduction in RMSSD. Current triglyceride levels were also
significantly associated with lower SDNN (P = 0.0004) and
lower RMSSD (P = 0.0007). Duration of diabetes was not in-
dependently related to any of the HRV parameters. Moreover,
we did not find any significant interaction between average
glycemic control over time and diabetes duration, suggesting
that, in our population, diabetes duration does not influence
the relationship between glycemic control and HRV.

Figure 1 shows the mean SDNN, RMSSD, and LF:HF ratio
adjusted for age, sex, race/ethnicity, and diabetes duration
across the four categories of average glucose control over
time. A significant inverse trend was evident for SDNN, a
measure of overall HRV, with the lowest SDNN found among
youth with worst glycemic control over time (mean A1c over
time, ‡ 9.5%) compared with those with optimal glycemic
control (mean A1c over time, < 7.4%) (P for trend = 0.0002).
Similarly, RMSSD, a surrogate for parasympathetic dysfunc-
tion, was lowest in the group with the worst glycemic control
and highest among the group with optimal glycemic control
(P for trend = 0.0002). A marginally significant positive trend
(P = 0.06) was evident for the LF:HF ratio, which was highest
among those with A1c ‡ 9.5% and lowest among those with
A1c < 7.4%, suggesting that sympathovagal balance may also
be altered with loss of parasympathetic tone and surge of
sympathetic tone.

Discussion

This study confirms that poor glycemic control over a time
period of approximately 6 years is an important determinant
of early autonomic dysfunction among contemporary U.S.
youth with T1D. This relationship is independent of tradi-
tional CVD risk factors and does not vary with diabetes

Table 1. Characteristics of Study Participants

Variable Value at current visit

Number of patients 345
Age (years) 18.5 (3.3)
Duration of diabetes (years) 10.0 (3.5)
Female sex 158 (46%)

Race/ethnicity
Non-Hispanic white 300 (87%)
Other 45 (13%)

A1c
IFCC units (mmol/L) 74 (19.6)
NGSP units (%) 8.9 (1.8)

BMI z-score 0.5 (0.9)
Waist circumference (cm) 84.9 (12.8)
LDL-c (mmol/L) 2.5 (0.7)
HDL-c (mmol/L) 1.3 (0.3)
Triglycerides (mmol/dL) 1.0 (0.6)

Blood pressure (mm Hg)
Systolic 110.7 (9.8)
Diastolic 70.1 (8.7)

Elevated ACR > 3.5 mg/mmol 23 (7%)

Smokers
Never 197 (57%)
Former 79 (23%)
Current 69 (20%)

SDNN (ms) 70.4 (35.4)
RMSSD (ms) 64.2 (41.5)
LF:HF ratio 1.3 (1.3)

Data are mean (SD) values or number (%) as indicated.
A1c, glycated hemoglobin; ACR, albumin/creatinine ratio; BMI,

body mass index; HDL-c, high-density lipoprotein-cholesterol; IFCC,
International Federation of Clinical Chemistry; LDL-c, low-density
lipoprotein-cholesterol; LF:HF ratio, low frequency:high frequency
ratio; NGSP, National Glycohemoglobin Standardization Program;
RMSSD, root mean square difference of successive RR intervals;
SDNN, SD of normal RR intervals.
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duration. Increasing age and higher triglyceride levels are
other independent correlates of lower HRV among youth
with T1D. Our results highlight the crucial role of optimal
glycemic control in the functioning and regulation of cardiac
autonomic function in youth with T1D.

The DCCT17 and the Stockholm Diabetes Intervention
Study18 have conclusively documented that tight glycemic
control, as a consequence of intensive insulin therapy, can
slow down the development and progression of abnormal
autonomic function among adults with T1D. In the DCCT,

Table 2. Characteristics of Study Participants by Their Glycemic Status

Group 1 (mean A1c
£ 7.4%)

Group 2
(mean A1c
7.5–8.4%)

Group 3
(mean A1c
8.5–9.4%)

Group 4
(mean A1c

‡ 9.5%) P

Number of patients 66 120 74 85 NA
Age (years) 19.4 (3.3) 18.1 (3.0) 18.2 (3.4) 19.2 (3.1) 0.02
Duration of diabetes (years) 9.5 (3.7) 9.5 (3.0) 10.7 (3.9) 10.2 (3.7) 0.1
Female sex 28 (42%) 54 (45%) 37 (50%) 48 (56%) 0.1
Race/ethnicity 0.18

Non-Hispanic white 58 (88%) 106 (88%) 61 (82%) 54 (63%)
Other 8 (12%) 14 (12%) 13 (18%) 31 (37%)

A1c (%) 6.6 (0.7) 7.6 (0.8) 8.3 (1.0) 9.2 (1.8) < 0.0001
BMI z-score 0.49 (0.8) 0.40 (0.9) 0.43 (0.93) 0.46 (1.08) 0.95
Waist circumference (cm) 75.0 (12.0) 70.6 (11.6) 71.3 (15.0) 72.9 (12.8) 0.15
LDL-c (mmol/L) 2.3 (0.5) 2.5 (0.6) 2.4 (0.5) 2.5 (0.5) 0.37
HDL-c (mmol/L) 1.3 (0.3) 1.4 (0.3) 1.5 (0.3) 1.4 (0.3) 0.10
Triglycerides (mmol/dL) 0.6 (0.2) 0.7(0.3) 0.6 (0.2) 0.8 (0.5) 0.0006
Blood pressure (mm Hg)

Systolic 104.1 (10.4) 102.4 (9.6) 99.6 (9.9) 103.4 (9.7) 0.052
Diastolic 65.1 (9.7) 65.1 (8.5) 65.4 (7.6) 68.0 (8.9) 0.12

Elevated ACR >3.5mg/mmol 1 (%) 7 (7%) 3 (6%) 8 (14%) 0.1
Smokers 0.09

Never 39 (80%) 78 (95%) 38 (81%) 50 (85%)
Former 7 (14%) 3 (4%) 8 (17%) 8 (14%)
Current 3 (6%) 1 (1%) 1 (2%) 1 (1%)

SDNN (ms) 77.9 (33.0) 75.9 (36.5) 67.6 (7.6) 55.14 (25.2) 0.0002
RMSSD (ms) 70.9 (33.0) 70.7 (43.7) 58.8 (44.5) 49.4 (29.9) 0.0018
LF:HF ratio 1.1 (0.9) 1.2 (1.1) 1.6 (2.0) 1.2 (1.1) 0.17

Data are mean (SD) values or number (%) as indicated.
A1c, glycated hemoglobin; ACR, albumin/creatinine ratio; BMI, body mass index; HDL-c, high-density lipoprotein-cholesterol; LDL-c,

low-density lipoprotein-cholesterol; LF:HF ratio, low frequency:high frequency ratio; NA, not applicable; RMSSD, root mean square
difference of successive RR intervals; SDNN, SD of normal RR intervals.

Table 3. The Association Between Average Glycated Hemoglobin over Time and Heart Rate Variability

Parameters in Youth with Type 1 Diabetes, Adjusted for Demographics

and Traditional Cardiovascular Disease Risk Factors

SDNN RMSSD LF:HF ratio

Covariate b (SEM) P b (SEM) P b (SEM) P

Average A1c over time - 0.05 (0.02) 0.02 - 0.07 (0.03) 0.02 0.003 (0.07) 0.9
Age (per 1 year) - 0.01 (0.01) 0.01 - 0.05 (0.1) 0.001 0.04 (0.02) 0.07
Sex (male vs. female) 0.16 (0.06) 0.01 0.15 (0.6) 0.7 - 0.31 (0.1) 0.06
Race (NHW vs. others) 0.04 (0.09) 0.6 0.05 (0.1) 0.4 0.2 (0.2) 0.2
Duration (per 1 year) - 0.009 (0.008) 0.2 - 0.8 (0.3) 0.2 0.01 (0.02) 0.4
BMI z-score (per unit) 0.02 (0.03) 0.4 0.008 (0.04) 0.8 0.07 (0.09) 0.4
LDL-c (per 1 mg/dL) - 0.03 (0.04) 0.3 - 0.03 (0.05) 0.4 - 0.002 (0.002) 0.4
HDL-c (per 1 mg/dL) - 0.02 (0.09) 0.9 - 0.05 (0.1) 0.6 0.0002 (0.006) 0.9
TG (per 1 unit) - 0.18 (0.05) 0.0004 - 0.23 (0.06) 0.0007 0.17 (0.2) 0.4
SBP (per 1 mm Hg) - 0.0004 (0.003) 0.9 0.001 (0.004) 0.8 - 0.002 (0.009) 0.8
DBP (per 1 mm Hg) - 0.004 (0.003) 0.9 - 0.005 (0.005) 0.3 0.006 (0.009) 0.4
ACR (per unit) - 0.04 (0.03) 0.1 - 0.03 (0.04) 0.4 0.04 (0.09) 0.5
Smoking (yes/no) 0.01 (0.04) 0.6 0.009 (0.05) 0.8 0.14 (0.1) 0.1

Significant associations depicted in bold.
A1c, glycated hemoglobin; ACR, albumin/creatinine ratio; BMI, body mass index; DBP, diastolic blood pressure; HDL-c, high-density

lipoprotein-cholesterol; LDL-c, low-density lipoprotein-cholesterol; LF:HF ratio, low frequency:high frequency ratio; NHW, non-Hispanic
white; RMSSD, root mean square difference of successive RR intervals; SBP, systolic blood pressure; SDNN, SD of normal RR intervals; TG,
triglycerides.
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adults with T1D in the intensive therapy arm had a substantial
reduction in incident CAN (odds ratio = 0.69; 95% confidence
interval 0.51–0.93) and incident abnormal R-R variation (odds
ratio = 0.70; 95% confidence interval 0.51–0.96), which was
still apparent 14 years after the trial, suggesting that the
benefits of strict glycemic control may be sustained for a long
period of time.17 Similar findings were reported by Larsen
et al.19 in a smaller cohort of 39 adults with T1D on intensive
insulin treatment followed for 18 years in which they found
that cardiac autonomic function was preserved among those
with a mean A1c < 8.4% over 18 years and impaired in the
group with mean A1c ‡ 8.4%. In the European Diabetes
Prospective Complications (EURODIAB) study, Witte et al.20

prospectively followed 1,172 adults with T1D for approxi-
mately 7 years and found that the incidence of CAN was
strongly related to rate of deterioration of glycemic control
during follow-up. This prospective study also reported that,
in addition to glycemic control, the incidence of neuropathy
was associated with other potentially modifiable CVD risk
factors, including raised triglyceride levels, obesity, smoking,
and hypertension. Our findings of an association between
reduced HRV and elevated triglyceride levels are in concor-
dance with those reported by EURODIAB, albeit in a younger
cohort with a shorter duration of diabetes and a higher mean
A1c. Although smoking has consistently emerged as a risk
factor for CAN among adults,20 it was not associated with
reduced HRV in our study.

Few studies have examined the impact of glycemic control
and duration of diabetes on cardiac autonomic dysfunction in
pediatric populations with T1D.21,22 Young et al.21 reported
that the deterioration of motor, sensory, and autonomic nerve
function over 2.5 years among 75 adolescents with T1D was
related to poor glycemic control. In a small clinic-based cross-
sectional study of 79 children with T1D, Chen et al.22 found
that both A1c and duration were significant predictors of re-
duced HRV as measured by HF power. Children with an A1c
level of ‡ 8% and duration of diabetes of ‡ 4.5 years had
significantly lower HRV parameters compared with those
with an A1c level of < 8% and duration of < 4.5 years
(P = 0.001).22 We have recently reported that youth with T1D

have significantly worse HRV parameters reflective of overall
reduced HRV (SDNN) and parasympathetic loss (HF power)
compared with the age-matched healthy counterparts.23

Furthermore, youth with T1D and A1c levels of ‡ 7.5% had
significantly worse HRV parameters than control subjects;
however, in youth with optimal glycemic control (A1c,
< 7.5%), HRV parameters did not differ significantly from
those of age-matched healthy control subjects. Although these
associations were cross-sectional in nature, we are now able to
demonstrate that optimal glycemic control over time is also
predictive of abnormal autonomic function at this young age.

There is ample biologic plausibility for the causal role of
hyperglycemia in the development of micro- and macro-
vascular complications and progression of cardiac autonomic
dysfunction. Hyperglycemia promotes accumulation of ad-
vanced glycation end products, causing cross-linking and
polymerization of collagen molecules within the vessel wall,24

which leads to loss of elasticity and subsequent reduction in
arterial and myocardial compliance. Hyperglycemia also in-
duces abnormal signaling of the autonomic neurons via ac-
cumulation of advanced glycation end products and
microangiopathy, causing ischemic atrophy of the autonomic
nerve fibers innervating cardiac and vascular tissues.25 In our
study nearly 81% of youth with T1D had A1c levels > 7.5%,
thus exceeding the levels recommended by the American
Diabetes Association16 and indicating an urgent need for ef-
forts focused at improving glycemic control among contem-
porary cohorts of youth with T1D, to mitigate the elevated
risk of early CVD events seen in this population.

Our study has several limitations. First, the retrospective
cohort design of the study limits our ability to evaluate the
temporal trend in the development and progression of CAN
among youth with T1D because HRV tests were not con-
ducted previously. We therefore intend to follow this cohort
in the future to better understand the progression of CAN
over time and the role of glycemic control in the progression
of cardiac autonomic dysfunction. Although we were able to
derive an average measure of glucose control over time, it was
mostly based on two A1c values measured on average 6 years
apart, and only a fraction of the study participants (39%)

FIG. 1. Heart rate variability parameters by average glucose control category over time adjusted for age, sex, race/ethnicity,
and diabetes duration: (A) SD of normal RR intervals (SDNN), (B) root mean square difference of successive RR intervals
(RMSSD), and (C) low frequency:high frequency (LF:HF) ratio. A1c, glycated hemoglobin.
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contributed more than two measures. However, similar re-
sults were seen in analyses restricted to 135 SEARCH CVD
participants with at least three A1c levels measured longitu-
dinally. Finally, the HRV measures used in our study are
derived from a 10-min recording of the baseline electrocar-
diogram. Although this is a relatively short length of record-
ing, it is considered standard practice for clinical and research
purposes and is advocated by the Task Force of the European
Society of Cardiology and the North American Society of
Pacing and Electrophysiology,15 as opposed to the HRV
measures derived from the 24-h Holter recordings. The major
strengths of our study are the large and diverse sample of
contemporary youth with T1D, the simple noninvasive bed-
side assessment of multiple measures of HRV, and the lon-
gitudinal assessment of glycemic control over time.

In conclusion, our study demonstrates that chronic hyper-
glycemia is an important determinant of early cardiac auto-
nomic dysfunction, manifested as reduced overall HRV and
parasympathetic loss, among youth with T1D. This associa-
tion is graded and independent of traditional cardiovascular
risk factors. Because cardiac autonomic dysfunction is asso-
ciated with an increased risk of cardiovascular mortality and
morbidity later in life, the study underscores the vital role of
glycemic control among adolescents and youth with T1D in
the promotion and preservation of optimal cardiovascular
health throughout the life course.
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