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ABSTRACT

Background: Although impaired cardiac autonomic function is associated with an increased risk of type 2 diabetes
in Caucasians, evidence in Asian populations with a lower body mass index is limited.
Methods: Between 2009–2012, the Toon Health Study recruited 1899 individuals aged 30–79 years who were not
taking medication for diabetes. A 75-g oral glucose tolerance test was used to diagnose type 2 diabetes, and fasting
and 2-h-postload glucose and insulin concentrations were measured. We assessed the homeostasis model assessment
index for insulin resistance (HOMA-IR) and Gutt’s insulin sensitivity index (ISI). Pulse was recorded for 5min, and
time-domain heart rate variability (HRV) indices were calculated: the standard deviation of normal-to-normal
intervals (SDNN) and the root mean square of successive difference (RMSSD). Power spectral analysis provided
frequency domain measures of HRV: high frequency (HF) power, low frequency (LF) power, and the LF:HF ratio.
Results: Multivariate-adjusted logistic regression models showed decreased SDNN, RMSSD, and HF, and
increased LF:HF ratio were associated significantly with increased HOMA-IR and decreased ISI. When stratified by
overweight status, the association of RMSSD, HF, and LF:HF ratio with decreased ISI was also apparent in non-
overweight individuals. The interaction between LF:HF ratio and decreased ISI in overweight individuals was
significant, with the odds ratio for decreased ISI in the highest quartile of LF:HF ratio in non-overweight individuals
being 2.09 (95% confidence interval, 1.41–3.10).
Conclusions: Reduced HRV was associated with insulin resistance and lower insulin sensitivity. Decreased ISI
was linked with parasympathetic dysfunction, primarily in non-overweight individuals.

Key words: heart rate variability; glucose intolerance; insulin sensitivity; epidemiology

INTRODUCTION

The prevalence of type 2 diabetes is increasing rapidly
worldwide, and fasting plasma glucose levels have risen
globally since 1980.1 A recent review indicated that ethnic
differences in insulin sensitivity were implicated in the
pathogenesis of diabetes.2 Indeed, the prevalence of type 2
diabetes and the population attributable fraction for
cardiovascular disease in Japan were estimated to be
markedly increased, despite a low body mass index (BMI).3

Prospective epidemiological studies have reported that
reduced heart rate variability (HRV) was associated with an
increased risk of diabetes,4,5 hypertension,6 and cardiovascular
disease.7,8 HRV is regulated by the combined activity of the
sympathetic and parasympathetic nervous systems and is
assessed by the beat-to-beat regulation of the heart rate.9

Although autonomic dysfunction is frequently recognized in
patients with advanced diabetes as a form of autonomic
neuropathy, it has been hypothesized that the action of insulin
itself may be related to autonomic dysfunction in the early
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stage of glucose intolerance.10–14 In addition, autonomic
dysfunction is associated closely with physical activity,15,16

behavioral factors,17 and psychosocial factors, such as social
hierarchy,18 which can be explained in part by the
hypothalamic-pituitary-adrenal axis.

The 5-min normal-to-normal (RR) interval measurement
for assessment of cardiac autonomic control has been
recommended as the standard method for both time and
frequency domain analysis.9 The ARIC study demonstrated
that decreased standard deviation of the normal-to-normal
interval (SDNN), measured using RR intervals recorded for
2.5min, increased the risk of cardiovascular disease and new-
onset type 2 diabetes in the general population.4,5

Although autonomic dysfunction predicts events in
Caucasians, it remains to be determined if a lower HRV
is associated with post-load plasma blood glucose, insulin
concentrations, and insulin resistance and sensitivity. This
applies particularly to Asian populations, which tend to have
low body weight and a genetic background for reduced insulin
sensitivity compared to Caucasians.2 We therefore conducted
a cross-sectional study on the association between HRV and
type 2 diabetes in the general Japanese population. We used a
75-g oral glucose tolerance test (OGTT) and fasting blood
glucose and insulin concentrations to diagnose type 2 diabetes
and assess insulin resistance and sensitivity.

METHODS

Study subjects
From 2009 to 2012, the Toon Health Study (THS) recruited
2030 men and women who were 30–79 years of age. Only
subjects who were not taking medication for diabetes and who
did not show atrial fibrillation on an electrocardiogram (ECG)
were included. Individuals who did not undergo a 75-g OGTT
due to gastrectomy or who had a high fasting blood glucose
(≥7.8mmol/L) measured by self-monitoring of blood glucose
were excluded. Using these criteria, 1899 individuals were
included in the analysis.

The THS study was designed as a longitudinal
epidemiological study for residents living in Toon City,
Ehime Prefecture, Japan.19 Toon City is located on Shikoku
Island in a rural area of the southern part of Japan and has a
population of approximately 35 000. The goal of the THS is to
identify novel environmental and genetic risk factors related
to cardiovascular disease and type 2 diabetes.

Written informed consent was obtained from all the
participants. The study protocol was approved by the
Human Ethics Review Committees of Ehime University
Graduate School of Medicine.

Measurements
Overnight fasting blood samples were drawn from the
antecubital vein into vacuum tubes containing a serum
separator gel (for glucose and blood chemistry). The serum

tube was centrifuged immediately at 3000 × g for 15min, and
the separated serum was sent to the laboratory for analysis.
BMI was calculated as weight divided by height squared.
Overweight was defined as a BMI ≥25 kg/m2.

Blood examinations
Enzymatic methods were used to measure serum total
cholesterol and triglyceride levels. Low-density lipoprotein
cholesterol and high-density lipoprotein cholesterol were
measured using the direct homogeneous method. The lipid
measurements were standardized using the Center for Disease
Control National Heart Lung and Blood Institute’s Lipid
Standardization Program.20 Serum glucose was measured by
the hexokinase method (Sysmex, Kobe, Japan) using an
automatic analyzer (7600-D; Hitachi Co., Tokyo, Japan).
Insulin was measured using the electrochemiluminescence
method in ECLusys (Roche Diagnostics, Tokyo, Japan).
Blood pressure was measured twice in the sitting position

after a rest of at least 5min using an automatic
sphygmomanometer (BP-103iII; OMRON Colin Co., Tokyo,
Japan). The mean of the two measurements was used for
analysis. Hypertension was defined as a systolic blood
pressure ≥140mmHg or a diastolic blood pressure (DBP)
≥90mmHg or the current use of any antihypertensive
medication.

75-g OGTT, HOMA-IR, and ISI assessments
All participants underwent an OGTT after at least a 10-h fast,
and 1-h- and 2-h-postload glucose and insulin concentrations
were measured by standard laboratory methods. The
American Diabetes Association criteria for fasting and 2-h-
postload glucose levels were used to identify normal or
impaired glucose tolerance and type 2 diabetes.21 Impaired
glucose tolerance (IGT) was defined as a 2-h-postload glucose
level of 7.8–11.1mmol/L, and impaired fasting glucose was
defined as a fasting glucose level of 5.6–7.0mmol/L. The
homeostasis model assessment index for insulin resistance
(HOMA-IR) was calculated as fasting insulin [µU/mL] ×
fasting glucose [mg/dL]/405.22 The insulin sensitivity index
(ISI) was calculated using Gutt’s equation23 as: m/[mean
glucose]/log[mean insulin], where m = [75 000 + (0min
glucose − 120min glucose) × 0.19 × body weight (kg)]/120.

Lifestyle
A self-administrated questionnaire was used to assess medical
history, smoking habit, and alcohol consumption. The amount
of ethanol consumed per week was evaluated by measuring
the weekly frequency of drinking and the type of alcoholic
beverage consumed (beer, sake, whiskey, shochu [a distilled
liquor], or wine). A regular drinker was defined as alcohol
consumption ≥1 g/week. Physical activity levels were assessed
using a validated questionnaire, which consisted of 14
questions on occupation, locomotion, housework, sleep
time, and leisure time physical activities. The responses for
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each physical activity were converted to metabolic equivalents
(METs), according to the compendium by Ainsworth et al,
and expressed as METs·h/day.24

Assessment of autonomic function
Analysis of HRV was used as a non-invasive tool to assess
cardiac autonomic control of the heart (TAS9; YKC Co. Ltd,
Tokyo, Japan). The pulse rate was recorded for 5min using a
fingertip pulse wave sensor, and the following time-domain
measures of HRV were then determined: SDNN and square
root of the mean squared differences of successive RR
intervals (RMSSD). Power spectral analysis of the 5-min ECG
recordings was used to obtain frequency-domain measures of
HRV, and the power spectrum was then decomposed into its
frequency components and quantified in terms of the relative
intensity (power) of each component. The power spectrum
was divided into four major frequency bands: high frequency
(HF) (0.15–0.40Hz), low frequency (LF) (0.04–0.15Hz),
very-low frequency (VLF) (0.003–0.04Hz), and ultra-low
frequency (ULF) (<0.003Hz). The HF and LF power and the
LF:HF ratio were used for further analysis.

To assess the reliability of the HRV parameters, the
parameters were measured twice in each individual by the
same method at an interval of 2 months (n = 37). The
Spearman’s correlation coefficients of these parameters ranged
from 0.24 to 0.68.

Statistical analysis
Because of skewed distributions, SDNN, RMSSD, LF, and
HF were log-transformed before analysis. The LF:HF ratio
was calculated using the log-transformed LF and HF values.
Differences in these HRV parameters between men and
women were analyzed using t-tests. Triglyceride, fasting
glucose, fasting insulin, HOMA-IR, and Gutt’s ISI values
were log-transformed and expressed as geometric means and
standard deviations and grouped according to sex. Differences
between sexes were examined using the chi-square test.
Sex- and age-adjusted means were computed by analysis of
covariance. Odds ratios (ORs) and 95% confidence intervals
(CIs) for the quartile of HRV-related parameters were
calculated using logistic regression analysis adjusting for
sex, age, BMI, use of antihypertensive agents, DBP, physical
activity, smoking, and alcohol drinking. A test for linear
trends was also performed using log-transformed values of
SDNN, RMSSD, LF, HF, and LF:HF ratio as continuous
variables. Statistical significance was assumed at P < 0.05. All
statistical analyses were performed using SAS software,
version 9.4 (SAS Institute, Inc., Cary, NC, USA).

RESULTS

Table 1 shows the characteristics of the subjects grouped
according to sex. The mean age was 57.5 years, the per-
centage of men was 34.3%, and mean BMI was 23.1 kg/m2.

Although the glucose and insulin profiles of men were worse
than those in women, the means of HRV parameters were not
markedly different between the sexes, except for LF and the
LF:HF ratio.
Table 2 shows the sex- and age-adjusted means grouped by

SDNN quartiles. The higher quartiles of SDNN had lower
values of BMI, waist circumference, DBP, fasting glucose,
fasting insulin, and HOMA-IR and Gutt’s ISI indices.
The other HRV parameters showed similar associations
(eTables 1–4).
The sex- and age-adjusted means of HOMA-IR and ISI

grouped by HRV parameter quartiles are shown in Figure 1
for both overweight and non-overweight subjects. Significant
associations of RMSSD and HF with HOMA-IR, SDNN,
RMSSD, HF, and between LF:HF and ISI were observed in
non-overweight individuals (BMI <25 kg/m2). There were no
significant interactions of these parameters in overweight
individuals.
Sex- and age-adjusted and multivariable-adjusted logistic

regression analyses were performed after stratifying the HRV
parameters and HOMA-IR and ISI data into quartiles. Table 3
shows the ORs for elevated HOMA-IR (highest quartile)
or lower ISI (lowest quartile) grouped according to HRV
parameter quartiles. The sex- and age-adjusted ORs for
elevated HOMA-IR decreased significantly from the lowest to
highest quartile of SDNN, RMSSD, LF, and HF. Although
these associations were attenuated by adjustment for several

Table 1. Population characteristics in the Toon Health Study

Men Women Total

Number 652 1247 1899
Age, years 58.5 (12.8)* 57.0 (12.5) 57.5 (12.6)
Body mass index, kg/m2 24.0 (3.0)*** 22.6 (3.2) 23.1 (3.2)
Waist circumference, cm 85.8 (8.2)*** 81.8 (9.2) 83.2 (9.1)
Systolic blood pressure, mmHg 128.8 (18.1)*** 124.1 (20.5) 125.7 (19.9)
Diastolic blood pressure, mmHg 80.2 (11.3)*** 73.8 (11.6) 76.0 (11.9)
Triglyceridesa, mmol/L 1.22 (0.02)*** 0.97 (0.02) 1.05 (0.02)
LDL-cholesterol, mmol/L 3.06 (0.77) 3.13 (0.77) 3.11 (0.77)
HDL-cholesterol, mmol/L 1.41 (0.35)*** 1.66 (0.36) 1.58 (0.37)
Total cholesterol, mmol/L 5.14 (0.83)*** 5.42 (0.86) 5.32 (0.86)
Fasting glucosea, mmol/L 5.29 (0.06)*** 5.02 (0.06) 5.11 (0.06)
Fasting insulina, mmol/L 35.4 (12.9)*** 33.1 (24.0) 33.9 (33.4)
HOMA-IRa 1.20 (1.91)*** 1.06 (1.77) 1.11 (1.83)
Gutt’s ISIa 1.82 (1.42)** 1.90 (1.38) 1.87 (1.39)
Medication for hypertension, % 24.9*** 17.7 20.2
Medication for dyslipidemia, % 8.1*** 15.6 13.1
Current smoker, % 18.6*** 3.7 8.8
Regular drinker, % 74.7*** 39.7 51.7
Physical activity, METs·h/day 34.9 (4.9)*** 36.0 (4.3) 35.6 (4.5)
lnSNDD 3.66 (0.49) 3.62 (0.48) 3.64 (0.48)
lnRMSSD 3.34 (0.62) 3.35 (0.62) 3.35 (0.62)
lnLF 5.15 (1.26)*** 4.92 (1.26) 5.00 (1.26)
lnHF 4.66 (1.26) 4.75 (1.22) 4.72 (1.24)
LF:HF ratio 1.13 (0.24)*** 1.06 (0.22) 1.08 (0.23)

HDL, high-density lipoprotein; HF, high frequency; HOMA-IR,
homeostasis model assessment index for insulin resistance; ISI,
insulin sensitivity index; LDL, low-density lipoprotein; LF, low
frequency; METs, metabolic equivalents; RMSSD, root mean square
of successive difference; SDNN, standard deviation of normal-to-
normal intervals.
*P < 0.05, **P < 0.01, ***P < 0.001 for difference vs women.
aRepresented as geometric means and standard deviations.
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confounders, including BMI (Model 2), RMSSD and HF
remained significant (P for trend = 0.008 and 0.018,
respectively). An increase in SDNN, RMSSD, and HF was
also associated closely with lower ISI in both models. In
contrast to changes in these three HRV parameters, an increase
in LF:HF ratio was associated with an increased risk of
lowered ISI. The multivariable-adjusted OR for decreased ISI
was increased to 1.44 (95% CI, 1.05–1.98) in the highest
quartile of LF:HF ratio (Model 2). We also investigated the
sex-specific effect of HRV parameters on insulin but found no
significant interactions (data not shown).

A separate logistic regression analysis was performed after
dividing the subjects into overweight and non-overweight
categories. This analysis showed that the associations of
RMSSD, HF, and LF:HF ratio with lowered ISI were apparent
in non-overweight individuals (mean BMI, 21.7 kg/m2)
(Figure 2). The OR for lowered ISI in non-overweight
subjects in the highest quartile of LF:HF ratio was 2.09
(95% CI, 1.41–3.10).

Table 4 shows the ORs of HRV parameters for the presence
of IGT, IFG, or type 2 diabetes compared with normal glucose
tolerance. SDNN, RMSSD, HF, and LF:HF ratio were
associated with IGT and IFG as well as decreased ISI. For
SNDD, RMSSD, and HR, the risk of IGT or IFG decreased
from the lowest to highest quartile of all three HRV
parameters. In contrast, the IGT or IFG risk increased from
the lowest to highest quartile of LF:HF ratio. Type 2 diabetes
was associated significantly with the quartile of SDNN and
RMSSD, although there was no association with LF:HF
ratio.

DISCUSSION

This study showed that impaired cardiac autonomic function,
evaluated by the HRV parameters of SDNN, RMSSD, HF, and
LF:HF ratio, was associated with decreased ISI, even after
adjustment for several confounders. SDNN is considered to
be representative of both parasympathetic and sympathetic
activities, whereas RMSSD and HF parameters mainly reflect
parasympathetic activity. We suggest that parasympathetic
inactivity, consequently leading to increased sympathetic
activity, may reduce insulin sensitivity at the population
level. The study also showed that reduced HRV was

Table 2. Sex- and age-adjusted meansa grouped according
to quartiles of SDNN (n = 1899)

Quartile of SDNN P for
differenceQ1 (Low) Q2 Q3 Q4 (High)

Age, years 63.7 58.1 54.4 53.7 <0.001
Sex, % men 33.4 32.6 32.8 38.5 0.17
Body mass index, kg/m2 23.4 23.1 22.9 22.8 0.025
Waist circumference, cm 84.3 83.5 82.3 82.7 0.004
Systolic blood pressure, mmHg 127.0 125.7 125.0 125.3 0.38
Diastolic blood pressure, mmHg 77.3 76.6 75.6 74.5 0.001
Triglyceridesa, mmol/L 1.07 1.09 1.02 1.02 0.062
LDL-cholesterol, mmol/L 3.09 3.18 3.09 3.06 0.11
HDL-cholesterol, mmol/L 1.56 1.57 1.57 1.60 0.26
Total cholesterol, mmol/L 5.31 5.39 5.28 5.31 0.23
Fasting glucosea, mmol/L 5.17 5.11 5.08 5.09 0.043
Fasting insulina, mmol/L 36.0 34.5 32.7 32.4 0.019
HOMA-IRa 1.19 1.13 1.06 1.05 0.009
Gutt’s ISIa 1.76 1.88 1.89 1.95 <0.001
Medication for hypertension, % 21.7 20.0 18.1 20.9 0.50
Medication for dyslipidemia, % 15.2 11.8 12.2 13.0 0.39
Current smoker, % 9.9 9.8 8.7 6.9 0.32
Regular drinker, % 51.8 48.9 52.6 53.6 0.44
Physical activity, METs·h/day 35.3 35.7 35.7 35.9 0.27

HDL, high-density lipoprotein; HOMA-IR, homeostasis model
assessment index for insulin resistance; ISI, insulin sensitivity index;
LDL, low-density lipoprotein; METs, metabolic equivalents; SDNN,
standard deviation of normal-to-normal intervals.
Values are adjusted for sex and age by analysis of covariance. Age
and sex values are shown as crude means and percentages.
aRepresented as geometric means.
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Figure 1. Sex- and age-adjusted means of the
homeostasis model assessment index for
insulin resistance (HOMA-IR) and insulin
sensitivity index (ISI), grouped according to
quartiles of heart rate variability parameters in
both overweight and non-overweight subjects.
The P values are for linear trends using
continuous variables for each parameter in the
model. *P < 0.05, **P < 0.01, ***P < 0.001.
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associated with lower ISI to a greater extent than either
increased HOMA-IR or the presence of type 2 diabetes.

Of interest, decreased ISI was associated with decreased
parasympathetic function, primarily in non-overweight
individuals. Accordingly, the highest quartile of LF:HF ratio
among non-overweight adults appeared to increase the ORs
for decreased ISI. This suggests that insulin sensitivity may
have been reduced by cardiac autonomic dysfunction
more than by obesity in our subjects, despite obesity being
considered a more important factor for the initial development
of diabetes or metabolic syndrome.

In general, HOMA-IR reflects hepatic insulin sensitivity,
whereas ISI represents both peripheral and hepatic insulin
sensitivity, which have a higher correlation with the gold
standard method for measuring insulin sensitivity: the
euglycemic hyperinsulinemic clamp.25 The stronger
associations of HRV with ISI than with HOMA-IR that
we observed indicated that peripheral insulin sensitivity
of skeletal muscles was markedly affected by impaired
autonomic function.

Laitinen et al demonstrated that insulin infusion during a
euglycemic clamp increased the LF:HF ratio and decreased
the HF spectral component in individuals with insulin
resistance (assessed by high C-peptide levels) but did not

change the values in normal subjects with deficient insulin
secretion capacity.10 These results suggest that cardiac
autonomic dysfunction plays an important role in the
progression of insulin resistance to type 2 diabetes. In the
present study, the LF:HF ratio was associated with IGT/IFG,
but not with diabetes. Although it is difficult to explain this
discrepancy, we suspect that decreased HF may occur in an
earlier state of glucose intolerance than LF. ORs for the
highest quartile of SDNN and RMSSD were much lower in
subjects with type 2 diabetes compared to subjects with
normal glucose tolerance. Consequently, the LF:HF ratio
might be attenuated under poor glucose conditions in
conjunction with decreased whole autonomic function,
including LF.
Decreased parasympathetic and increased sympathetic

activities were associated strongly with changes in insulin
sensitivity compared with indices of insulin resistance or
glucose abnormalities in our study. Interestingly, a recent
meta-analysis showed that, compared with Caucasians and
Africans, East Asians (including Japanese) tended to have a
high level of insulin sensitivity and a low level of insulin
secretion, measured as the acute insulin response to glucose.2

Therefore, decreased insulin sensitivity may be a major
contributor to the natural progression of insulin resistance to

Table 3. Multivariable-adjusted odds ratios for elevated HOMA-IR (highest quartile) or lowered ISI (lowest quartile), grouped
according to quartiles of heart rate variability parameters (n = 1899)

HOMA-IR Gutt’s ISI

Model 1 Model 2 Model 1 Model 2

OR 95% CI OR 95% CI OR 95% CI OR 95% CI

SDNN Q1 (lowest) 1.00 1.00 1.00 1.00
Q2 0.83 0.62–1.11 0.92 0.66–1.28 0.70 0.52–0.93 0.73 0.53–0.99
Q3 0.77 0.57–1.04 1.01 0.72–1.42 0.67 0.49–0.90 0.79 0.57–1.09
Q4 (highest) 0.65 0.47–0.88 0.79 0.56–1.13 0.53 0.39–0.72 0.59 0.42–0.82
P for trend 0.002 0.062 <0.001 0.001

RMSSD Q1 (lowest) 1.00 1.00 1.00 1.00
Q2 0.83 0.63–1.11 0.80 0.60–1.07 0.75 0.57–1.00 0.83 0.61–1.12
Q3 0.66 0.49–0.89 0.64 0.48–0.87 0.52 0.38–0.71 0.57 0.41–0.79
Q4 (highest) 0.56 0.41–0.76 0.64 0.47–0.87 0.48 0.36–0.66 0.58 0.42–0.80
P for trend <0.001 0.008 <0.001 <0.001

LF Q1 (lowest) 1.00 1.00 1.00 1.00
Q2 0.76 0.57–1.02 0.74 0.53–1.04 0.81 0.60–1.08 0.84 0.61–1.15
Q3 0.74 0.55–1.01 0.86 0.61–1.22 0.84 0.62–1.13 0.94 0.68–1.30
Q4 (highest) 0.61 0.45–0.84 0.71 0.49–1.02 0.62 0.45–0.85 0.70 0.50–0.98
P for trend 0.004 0.091 0.012 0.112

HF Q1 (lowest) 1.00 1.00 1.00 1.00
Q2 0.68 0.51–0.91 0.86 0.62–1.19 0.68 0.51–0.91 0.81 0.60–1.09
Q3 0.57 0.42–0.78 0.77 0.54–1.08 0.49 0.36–0.68 0.60 0.43–0.84
Q4 (highest) 0.57 0.42–0.77 0.73 0.52–1.04 0.50 0.37–0.68 0.60 0.43–0.83
P for trend <0.001 0.018 <0.001 <0.001

LF:HF Q1 (lowest) 1.00 1.00 1.00 1.00
Q2 0.90 0.67–1.23 0.86 0.61–1.22 0.88 0.64–1.20 0.86 0.62–1.20
Q3 0.98 0.72–1.32 0.94 0.67–1.32 1.03 0.76–1.40 1.02 0.73–1.42
Q4 (highest) 1.18 0.88–1.58 1.05 0.75–1.47 1.52 1.13–2.04 1.44 1.05–1.98
P for trend 0.122 0.444 <0.001 0.001

CI, confidence interval; HF, high frequency; HOMA-IR, homeostasis model assessment index for insulin resistance; ISI, insulin sensitivity index; LF,
low frequency; OR, odds ratio; SDNN, standard deviation of normal-to-normal intervals; RMSSD, root mean square of successive difference.
Odds ratios and P values for tend were calculated after adjusting for sex and age in Model 1. In Model 2, they were adjusted further for body mass
index, use of antihypertensive agents, diastolic blood pressure, physical activity, smoking and alcohol drinking.
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type 2 diabetes in East Asian people. Although it was difficult
to identify whether the change in cardiac autonomic function
occurred as a cause or result of diabetes or other physical
conditions, several studies support the notion that sympathetic
activation accompanied by decreased vagal tone may cause
the progression of insulin resistance to diabetes. Cardiac
autonomic dysfunction is associated with traditional
cardiovascular disease (CVD) risk factors and is also linked

to social determinants of health, such as CVD events and risk
factors for CVD.15,17,18 Prospective epidemiological studies
have also reported that reduced HRV is associated with an
increased risk of diabetes4 and hypertension.6 On the basis of
this evidence, our findings suggest that cardiac autonomic
dysfunction, which reflects an imbalance of overall autonomic
function, might be the underlying cause of an unfavorable
CVD risk profile.14,26

Physiologically, the parasympathetic nervous system
controls the direct secretion of insulin from beta cells, while
the autonomic nervous system regulates glucose concen-
trations in the body. Diabetic autonomic neuropathy, which
includes cardiac autonomic neuropathy, is a complication of
type 1 and type 2 diabetes.27 Although clinical symptoms do
not appear at the early stage of diabetes, the nerve damage
occurs first in the vagus nerve, which then causes autonomic
dysfunction related to the insulin secretion mechanism.
Alternatively, insulin may have a modulating effect on
autonomic tone,12 although induced hyperinsulinemia,
stimulated by glucagon-like peptide-1 has been shown not
to decrease vagal control.28 A recent review mentioned that
inflammation activated by cytokines (such as IL-6), including
adipocytokines in adipose tissue, potentially influenced the
autonomic nervous system,17 leading to the conclusion that
abdominal obesity may impair autonomic function. However,
mean BMI was low in our population, and the association
of HRV with insulin levels was observed in non-overweight
individuals. Factors other than obesity, such as a sedentary
lifestyle,15 high-fat food intake,29 or mental stress,30 may be
key factors that partially influenced the autonomic imbalance
linked with inflammation in the Japanese subjects in the
current study. Alternatively, the hypothesis that the vagal
anti-inflammatory pathway directly regulates inflammation
may explain our results, especially for non-overweight
individuals.31

Animal models suggest that the hepatic parasympathetic
nerve dysfunction causes the development of skeletal muscle
insulin resistance, linking with the actions of hepatic insulin
sensitizing substance (HISS) released from the liver and of
the glucose uptake in the skeletal muscle.32 The hepatic
parasympathetic nerves regulate the HISS function; therefore,
the impairment potentially lowers peripheral insulin
sensitivity, which is consistent with our findings. This HISS
hypothesis also implied that parasympathetic dysfunction
precedes insulin resistance in the human body.33

Our study has several potential limitations. First, because of
its cross-sectional design, we could not establish a causal
relationship between decreased HRV and insulin resistance.
IGT neuropathy, which is caused by autonomic nervous
injury in peripheral fibers, may also have confounded this
association.34 We did not assess the presence of autonomic
neuropathy in the study. A future prospective longitudinal
study is needed to determine if impaired cardiac autonomic
function results in an increased risk of insulin resistance and
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Figure 2. Multivariable-adjusted ORs for the lowest
quartile of insulin sensitivity index (ISI),
grouped according to quartiles of heart rate
variability parameters in both overweight
and non-overweight subjects. The ORs were
adjusted for sex, age, BMI, use of
antihypertensive agents, DBP, physical activity,
smoking habit, and alcohol consumption.
P values present the linear trends using
continuous variables for each parameter in the
model.
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development of diabetes. Second, although we adjusted for
the use of agents related to cardiac autonomic function, such
as antihypertensive drugs, in our statistical models, the effect
of these agents could not be completely excluded. However,
when we excluded patients taking antihypertensive drugs, the
associations remained unchanged. Third, because the study
participants were recruited voluntarily in the community, the
data may not be representative of the general population in
Japan.

The findings of this study support the hypothesis that
autonomic dysfunction is a major factor in the development
of decreased insulin sensitivity. As reported previously, this
autonomic dysfunction is probably linked with environmental
factors, such as a sedentary lifestyle and development of type
2 diabetes.18,30 We speculate that obesity itself may have a
strong effect on the insulin response and may increase insulin
levels regardless of HRV function.35 Therefore, the effect
of HRV may become more evident in non-overweight
individuals.

In conclusion, reduced HRV was associated with insulin
resistance and lower insulin sensitivity. Decreased ISI was
linked with parasympathetic dysfunction, primarily in non-
overweight individuals.

ONLINE ONLY MATERIALS

eTable 1. Sex- and age-adjusted meansa grouped according to
quartiles of RMSSD (n = 1899).
eTable 2. Sex- and age-adjusted meansa grouped according to
quartiles of LF (n = 1899).
eTable 3. Sex- and age-adjusted meansa b grouped according
to quartiles of HF (n = 1899).
eTable 4. Sex- and age-adjusted meansa grouped according to
quartiles of LF/HF ratio (n = 1899).
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Table 4. Multivariable-adjusted odds ratios for IGT, IFG, or type 2 diabetes compared with NGT, grouped according to quartiles of
the heart rate variability parameters

IGT or IFG (n = 538) vs NGT (n = 1237) Type 2 diabetes (n = 124) vs NGT (n = 1237)

Model 1 Model 2 Model 1 Model 2

OR 95% CI OR 95% CI OR 95% CI OR 95% CI

SDNN Q1 (lowest) 1.00 1.00 1.00 1.00
Q2 0.78 0.58–1.04 0.81 0.60–1.09 0.47 0.28–0.79 0.46 0.27–0.79
Q3 0.84 0.62–1.14 0.96 0.70–1.30 0.54 0.32–0.93 0.60 0.35–1.04
Q4 (highest) 0.59 0.43–0.80 0.66 0.48–0.90 0.46 0.27–0.79 0.47 0.27–0.81
P for trend 0.001 0.012 0.003 0.004

RMSSD Q1 (lowest) 1.00 1.00 1.00 1.00
Q2 0.67 0.50–0.90 0.72 0.53–0.97 0.84 0.52–1.37 0.90 0.55–1.48
Q3 0.54 0.40–0.73 0.60 0.44–0.81 0.51 0.29–0.89 0.52 0.30–0.92
Q4 (highest) 0.57 0.42–0.77 0.66 0.49–0.90 0.45 0.26–0.79 0.48 0.27–0.85
P for trend <0.001 0.002 0.007 0.013

LF Q1 (lowest) 1.00 1.00 1.00 1.00
Q2 0.89 0.66–1.19 0.91 0.67–1.23 0.64 0.38–1.06 0.70 0.41–1.18
Q3 0.93 0.68–1.26 1.00 0.73–1.38 0.76 0.45–1.27 0.81 0.48–1.38
Q4 (highest) 0.83 0.61–1.13 0.92 0.67–1.27 0.59 0.33–1.03 0.61 0.34–1.08
P for trend 0.343 0.833 0.098 0.126

HF Q1 (lowest) 1.00 1.00 1.00 1.00
Q2 0.72 0.54–0.96 0.81 0.60–1.09 0.88 0.55–1.42 1.00 0.62–1.64
Q3 0.64 0.48–0.87 0.75 0.55–1.03 0.50 0.28–0.90 0.55 0.31–1.00
Q4 (highest) 0.63 0.46–0.85 0.73 0.53–1.00 0.55 0.32–0.96 0.59 0.34–1.05
P for trend 0.004 0.043 0.040 0.075

LF:HF Q1 (lowest) 1.00 1.00 1.00 1.00
Q2 0.81 0.59–1.11 0.80 0.58–1.11 1.21 0.73–2.01 1.14 0.68–1.91
Q3 1.17 0.86–1.57 1.17 0.86–1.60 0.61 0.33–1.12 0.60 0.32–1.12
Q4 (highest) 1.47 1.10–1.98 1.40 1.03–1.90 1.31 0.78–2.20 1.23 0.72–2.09
P for trend 0.001 0.003 0.500 0.611

CI, confidence interval; HF, high frequency; IGT, impaired glucose tolerance; IFG, impaired fasting glucose; LF, low frequency; NGT, normal glucose
tolerance; OR, odds ratio; SDNN, standard deviation of normal-to-normal intervals; RMSSD, root mean square of successive difference.
Odds ratios and P values for tend were calculated after adjusting for sex and age in Model 1. In Model 2, they were adjusted further for body mass
index, use of antihypertensive agents, diastolic blood pressure, physical activity, smoking, and alcohol drinking.
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