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Power Spectral Analysis of Heart Rate Va r i a b i l i t y
During Hyperinsulinemia in Nondiabetic Offspring o f
Type 2 Diabetic Patients

Evidence for Possible Early Autonomic Dysfunction in
Insulin-Resistant Subjects
Tomi Laitinen, Ilkka K.J. Vauhkonen, Leo K. Niskanen, Juha E.K. Hartikainen, Esko A. Länsimies, 

Matti I.J. Uusitupa, and Markku Laakso

Sympathetic activation has been considered as a link
between insulin resistance, hyperinsulinemia, and
hypertension. However, little is known about the asso-
ciation between insulin sensitivity and autonomic reg-
ulation or about the effect of acute hyperinsulinemia on
cardiac sympathovagal balance. The aim of this study
was to investigate heart rate variability (HRV) during
the euglycemic-hyperinsulinemic clamp in nondiabetic
o ffspring of patients with type 2 diabetes. We studied 35
nondiabetic offspring of patients with type 2 diabetes
and 19 control subjects. Probands were chosen from a
10-year follow-up study of patients with well-charac-
terized type 2 diabetes according to their fasting C-pep-
tide level (selected from both ends of the distribution)
and from control subjects to form three groups: 1) a
group including subjects who were offspring of type 2
diabetic patients with low C-peptide levels (defic i e n t
insulin secretion group [IS group], n = 17), 2) a group
including subjects who were offspring of type 2 diabetic
patients with high C-peptide levels (insulin-resistant
group [IR group], n = 18), and 3) a control group with-
out a history of type 2 diabetes in first-degree relatives
(n = 19). HRV was assessed at baseline and at the steady
state during the euglycemic-hyperinsulinemic clamp.
Rates of whole-body glucose uptake (M value) were
lower in the IR group than in the IS group and the con-
trol group (41 ± 3 vs. 54 ± 2 vs. 60 ± 4 µmol · kg– 1 · min– 1,
P < 0.01 and P < 0.01, respectively). In all groups, heart
rate increased significantly during hyperinsulinemia. In
the IR group, insulin infusion increased total power of
H RV [from 7.70 ± 0.15 to 8.05 ± 0.15 ln(ms2), P < 0.01]
and the low frequency–to–high frequency ratio (from
0.62 ± 0.14 to 1.14 ± 0.18, P < 0.01) and decreased power
of the high frequency spectral component (from 5.73 ±

0.17 to 5.43 ± 0.16 ln(ms2), P < 0.05), whereas in other
groups, changes in HRV were not significant. We conclude
that the HRV response to acute hyperinsulinemia in the
o ffspring of type 2 diabetic probands was likely to be
modulated by the type 2 diabetic phenotype of the par-
ent. In insulin-resistant subjects, autonomic dysfunc-
tion may be an earlier defect than hitherto acknowl-
edged. D i a b e t e s 48:1295–1299, 1999

I
nsulin resistance, compensatory hyperinsulinemia,
and activation of the sympathoadrenal system have
been suggested to play a major role in the regulation
of blood pressure in susceptible subjects predisposed

to hypertension by genetic and environmental factors (1). Fur-
thermore, it has been suggested that defects in the blood
flow response to insulin may contribute to insulin resistance
in essential hypertension (2). In previous studies, an
increased plasma insulin level has been reported to correlate
with elevated blood pressure and with indicators of
enhanced sympathetic activity, such as increased urinary
norepinephrine excretion (3) and increased plasma norepi-
nephrine and neuropeptide Y concentrations (4). Rowe et al.
(5) reported that insulin infusion increased both blood pres-
sure and plasma norepinephrine concentration in nor-
motensive subjects. Microneurographic studies have shown
that insulin infusion increases muscle nerve sympathetic
activity in healthy subjects (6) and in borderline hypertensive
patients (7). However, the association between insulin sen-
sitivity and cardiac autonomic regulation as well as the effect
of acute hyperinsulinemia on cardiac sympathovagal bal-
ance are not known.

Normotensive subjects with a family history of hypertension
have elevated levels of fasting plasma insulin, indicating
insulin resistance, as well as elevated levels of plasma nor-
epinephrine (8). Furthermore, mental stress increases the
activity of the sympathetic nervous system and the plasma nor-
epinephrine concentration in the offspring of hypertensive
parents, but not in the offspring of normotensive parents (9).
Thus, a hereditary defect in the sympathetic nervous system
could contribute to the pathogenesis of essential hypertens i o n .
S i m i l a r l y, type 2 diabetes has a strong genetic component
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related to defects in insulin secretion and/or insulin action. No
studies are available, however, on autonomic nervous system
regulation in the offspring of probands with type 2 diabetic
patients having different phenotypes (defect in insulin secre-
tion or in insulin action). Therefore, we investigated the asso-
ciation of insulin sensitivity with heart rate variability (HRV ) ,
an indicator of cardiac autonomic regulation, during the
euglycemic-hyperinsulinemic clamp in control subjects and
nondiabetic offspring of type 2 diabetic patients with differ-
ent phenotypes.

RESEARCH DESIGN AND METHODS

S u b j e c t s. Subjects of the present study were nondiabetic offspring of patients with
newly diagnosed type 2 diabetes who where originally studied during 1979–1981.
The formation and representativeness of the index diabetic follow-up study pop-
ulation have been described earlier in detail (10–13). We have followed these
patients for over 10 years and have performed repeated oral glucose tolerance tests
( O G T Ts) (at baseline, 5 years, and 10 years).

The index patients were subdivided into two groups based on the fasting 
C-peptide value at the 10-year follow-up study: 1) type 2 diabetic patients with low
fasting C-peptide levels (<450 pmol/l), reflecting deficient insulin secretion capac-
ity (IS group), and 2) type 2 diabetic patients with high fasting C-peptide levels
(>880 pmol/l), reflecting insulin resistance (IR group). Probands with GAD and/or
islet cell antibody positivity (11 patients altogether) were excluded. One to three
nondiabetic subjects from each family were examined. Exclusion criteria for
the selection of the offspring were as follows: 1) diabetes in both parents; 2) dia-
betes; 3) dyslipidemia (serum total triglycerides >2.5 mmol/l); 4) drug treatment
or any disease that could potentially disturb carbohydrate metabolism; 5) preg-
nancy; 6) overt psychiatric disease; and 7) age <30 or >55 years. The formation
of the study population has been described elsewhere in detail (14).
Offspring of the probands with low fasting C-peptide (<450 pmol/l).

A l t o g e t h e r, 35 randomly selected subjects from 40 eligible subjects were invited
to participate in the study. Seven subjects did not reply or refused to participate.
Eight subjects had at least one of the exclusion criteria. In three cases, we were
not able to assess HRV because of technical problems or frequent ventricular
ectopic beats. Thus, the IS group consisted of 17 subjects (12 women and 5 men)
who were offspring of 10 probands. Three subjects had antihypertensive drug treat-
ment, and three were smokers.
Offspring of the probands with high fasting C-peptide (>880 pmol/l). A l t o-
g e t h e r, 40 subjects were randomly selected from 56 eligible subjects for the
s t u d y. Six subjects did not reply or refused to participate. Sixteen subjects had at
least one of the exclusion criteria. Thus, the IR group consisted of 18 subjects (11
women and 7 men) who were offspring of 9 probands. Four of the subjects had
antihypertensive drug treatment, and three were smokers.
Control group. The control group was recruited from the same follow-up study
(10–13). Originally, the control group consisted of 144 subjects from whom 53 sub-
jects had repeatedly normal glucose tolerance according to the World Health
Organization criteria (15), as determined by an OGTT (at baseline, 5 years, and
10 years). From these 53 subjects, 2 subjects had GAD antibody positivity, 9 sub-
jects had no offspring, and 10 subjects had a diabetic spouse. From the remain-
ing 32 subjects available, 10 subjects were randomly selected to serve as
probands. These 10 probands had 28 children to whom a questionnaire was sent
that included questions on weight, height, drug treatment, chronic diseases, and
family history of diabetes and hypertension. The control subjects had to fulfill the
following inclusion criteria: 1) age from 30 to 55 years; 2) no diabetes; 3) fir s t -
degree relatives without a history of diabetes; 4) no drug treatment or any disease
that could potentially disturb carbohydrate metabolism; 5) a BMI within the
range of mean ± 2 SD of the BMI of the IS and IR groups; and 6) no history of hyper-
tension. Altogether, 22 subjects met the inclusion criteria. Three of these subjects
had dyslipidemia in the examination and were therefore excluded. Thus, the
control group consisted of 19 offspring (10 men and 9 women) of 10 probands.
Two of the control subjects were smokers.
Study protocol. Subjects were admitted to the metabolic ward of the Kuopio Uni-
versity Hospital Department of Medicine. On the first day after 12 h of fasting, an
OGTT was performed. HRV was assessed during the second day, when the hyper-
insulinemic-euglycemic glucose clamp was performed. Within 1 month after
these examinations, a cardiopulmonary exercise test was performed. The protocol
was approved by the ethics committee of the University of Kuopio. Informed con-
sent was given by all the subjects studied.
Assessment of HRV. Electrocardiogram (ECG) recordings were performed in the
supine position using Marquette 8500 tape recorders (Milwaukee, WI). ECG
recordings were analyzed with the Excel Mediloc II system (Oxford Instruments,
Abingdon, U.K.). For the assessment of frequency, domain analysis of HRV power

spectral analysis using the fast-fourier transform technique was performed from
the 10-min recordings at baseline before insulin infusion and at the steady-state
phase of insulin infusion during the euglycemic-hyperinsulinemic clamp study. The
power spectrum of HRV was divided into low frequency (LF) (0.04–0.15 Hz) and
high frequency (HF) (0.15–0.40 Hz) bands. The integrals under respective power
spectral density functions were measured and expressed in absolute units after
logarithmic transformation [ln(ms2) ] .
Euglycemic clamp. Insulin sensitivity was evaluated with the euglycemic-hyper-
insulinemic clamp technique (16). A priming dose of insulin infusion (Actrapid 
100 IU/ml; Novo Nordisk, Gentofte, Denmark) was administered during the ini-
tial 10 min to acutely raise plasma insulin to the desired level, where it was main-
tained by a continuous insulin infusion at a rate of 480 pmol · m– 2 body surface
area · min– 1. Blood glucose was clamped at 5.0 mmol/l for the next 180 min by infus-
ing 20% glucose at varying rates according to blood glucose measurements per-
formed at 5-min intervals (mean coefficient of variation of blood glucose was <4%
in both study groups and the control group). Data were calculated for each 20-
min interval; the mean value for the period from 120 to 180 min was used to cal-
culate the rates of whole-body glucose uptake. At fasting and at 120, 140, 160, and
180 min, samples for the measurement of plasma insulin were drawn.
O G T T. In a 2-h OGTT (75 g of glucose), samples for blood glucose, plasma
insulin, and plasma C-peptide were drawn at 0, 30, 60, 90, and 120 min to evalu-
ate the degree of glucose tolerance and the b-cell response to an oral glucose load.
Cardiopulmonary exercise test. A cardiopulmonary exercise test was per-
formed with a bicycle ergometer (Siemens Elema 380; Solna, Sweden) in the
upright position until exhaustion (17). Respiratory gas exchange was analyzed con-
tinuously during the exercise test with a computer-based system (Sensor Medics
2900, Metabolic Measurement Cart/System, Yorba Linda, CA). The average values
of oxygen uptake measured during the last 30 s of exercise were used for maxi-
mum attainable oxygen uptake (VO2 m a x) .
Assays and calculations. Blood glucose in the fasting state, during clamp stud-
ies, and during the OGTT was measured by the glucose oxidase method (Glucose
& Lactate Analyzer 2300 Stat Plus; Yellow Springs Instruments, Yellow Springs,
OH). For the determination of plasma insulin, blood was collected into EDTA
tubes. After centrifugation, the plasma for the determinations of insulin was
stored at –20°C until the analysis. Plasma insulin was determined by radioim-
munoassay (RIA) (Phadeseph Insulin RIA 100; Pharmacia Diagnostics, Uppsala,
Sweden) and C-peptide of insulin by the 125J RIA kit (Incstar, Stillwater, MN).
Statistical analysis. All calculations were performed by using the Statisti-
cal Package for Social Sciences for Windows programs (SPSS, Chicago). HRV
and plasma insulin levels were analyzed after logarithmic transformation.
The differences among the three groups were tested by one-way analysis of
variance with Duncan’s multiple range test for continuous variables and by x2

test for dichotomized variables. The significance of changes in heart rate and
H RV during the hyperinsulinemic clamp was analyzed with paired Student’s
t test. Data are shown as means ± SE. A P value <0.05 was considered statis-
tically significant.

R E S U LT S

Clinical characteristics of the study groups. All subjects
in the control group had normal glucose tolerance, whereas
eight subjects (47%) in the IS group and nine subjects (50%)
in the IR group had impaired glucose tolerance. Table 1
shows clinical characteristics of the study groups. The
groups were comparable with respect to sex, age, maximum
oxygen intake capacity, and fasting blood glucose. BMI dif-
fered among the groups (P < 0.01), but there was no differ-
ence in BMI between the offspring of diabetic patients with
the insulin-resistant phenotype (IR group) and the control
group. The IR group had lower rates of whole-body glucose
uptake than either the control group or the IS group (P < 0.01
and P < 0.01, respectively) and a higher fasting insulin con-
centration than the IS group (P < 0.05).
Heart rate and HRV during the euglycemic clamp.
There were no significant differences in heart rate at base-
line or during the steady-state phase of the euglycemic
clamp between the groups (Fig. 1). Heart rate increased
s i g n i ficantly in all groups during insulin infusion, and the
changes were similar among the groups (control group: 
3.6 ± 1.0 beats/min; IS group: 5.2 ± 1.0 beats/min; IR group:
5.5 ± 0.9 beats/min, NS).
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Figure 2 shows HRV responses during the euglycemic
clamp. Although the absolute values of total power, LF and
HF spectral components, and the LF:HF ratio of HRV were
comparable among the study groups, the HRV response to
insulin infusion during the euglycemic clamp differed among
the groups. In the IR group, insulin infusion increased total
power of HRV [from 7.70 ± 0.15 to 8.05 ± 0.15 ln(ms2), P < 0.01]
and the LF:HF ratio (from 0.62 ± 0.14 to 1.14 ± 0.18, P < 0.01)
and decreased power of the HF spectral component [from
5.73 ± 0.17 to 5.43 ± 0.16 ln(ms2), P < 0.05], whereas in other
groups, the changes in HRV were not significant. Furthermore,
the relative change in total power of HRV during the insulin
infusion was significantly higher in the IR group than in the
IS group (34 ± 11 vs. –7 ± 10%, respectively, P < 0.05),
whereas insulin-induced absolute changes in HRV indices
were slightly, but not signific a n t l y, higher in the IR group
than in the other groups.

The results remained essentially unchanged when smokers
and subjects taking antihypertensive medication were
excluded from statistical analyses (data not shown).

D I S C U S S I O N

The major finding of our study was that the HRV response to
acute hyperinsulinemia in offspring of type 2 diabetic
probands was likely to be modulated by the type 2 diabetic phe-
notype of the parent. In the offspring of probands with the
insulin-resistant phenotype, insulin infusion caused signific a n t
changes in total power, HF power, and the LF:HF ratio of HRV,
providing indirect evidence of insulin-induced changes in car-
diac autonomic regulation. In the offspring of probands with
the deficient insulin secretion phenotype and in the control
group, changes in HRV were not statistically significant. This
finding suggests, although does not prove, that autonomic dys-
function is one of the early pathophysiological changes related
to the development of an insulin-resistant subgroup of type 2
diabetes and might be genetically determined.

Previous studies have demonstrated that hyperinsuline-
mia (5–7,18) or glucose ingestion (4,8,18,19) affect indicators
of peripheral sympathetic activity, either plasma norepi-
nephrine concentrations or muscle sympathetic nerve activ-
i t y. In this study, we evaluated the effect of acute hyperinsu-
linemia on HRV, an indicator of cardiac autonomic regulation.
The HF spectral component of HRV reflects parasympathetic
nervous control of heart rate, and the LF spectral component
of HRV has been thought to be under both sympathetic and

parasympathetic control, whereas the LF:HF ratio probably
r e flects sympathovagal balance (20,21). In the offspring of
type 2 diabetic probands, acute hyperinsulinemia was asso-
ciated with a decrease in HF power and an increase in the
LF:HF ratio. This suggests that insulin has a signific a n t
impact on parasympathetic cardiac regulation.

According to the hypothesis presented by Reaven et al. (1),
insulin resistance and compensatory hyperinsulinemia are the
primary events, and enhanced sympathetic activity and
diminished adrenal medullary activity are important links
between the defect of insulin action and the development of
hypertension and associated metabolic abnormalities.
Insulin has been suggested to stimulate the uptake and
metabolism of glucose in regulatory cells anatomically
related to the ventromedial nucleus of the hypothalamus
(22). In an animal model, intracerebroventricular insulin infu-
sion has been found to produce increased sympathetic
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TABLE 1
Clinical characteristics of the study population

IS group IR group Control group A N O VA /x2 t e s t

n 1 7 1 8 1 9
Sex (M/F) 5 / 1 2 7 / 1 1 1 0 / 9 N S
Age (years) 41.7 ± 1.6 40.6 ± 0.9 41.2 ± 0.8 N S
BMI (kg/m2) 24.8 ± 0.5 28.8 ± 0.9* 25.8 ± 0.9 P < 0.01
Systolic blood pressure (mmHg) 139 ± 4 133 ± 3 128 ± 3 N S
Diastolic blood pressure (mmHg) 90 ± 3 92 ± 2 86 ± 2 N S
VO2 m a x (ml · kg– 1 · min– 1) 31.6 ± 1.3 29.1 ± 1.3 35.2 ± 2.8 P < 0.05
Fasting insulin (pmol/l) 49 ± 4 72 ± 7† 56 ± 5 P < 0.05
Fasting blood glucose (mmol/l) 4.7 ± 0.1 4.7 ± 0.1 4.6 ± 0.1 N S
Whole-body glucose uptake (µmol · kg– 1 · min– 1) 54 ± 2 41 ± 3*‡ 60 ± 4 P < 0.001

Data are means ± SE or n. *P < 0.01 IR group vs. IS group, †P < 0.05 IR group vs. IS group, ‡P < 0.01 IR group vs. control subjects.
A N O VA, analysis of variance.

FIG. 1. Heart rate at baseline and at the steady-state phase of the

insulin infusion during euglycemic clamp. j, IS group; m, IR group; d,

control group. *P < 0.001 for the change in the IR group, †P < 0.001

for the change in the IS group, and ‡P < 0.01 for the change in the con-

trol group.



neural outflow in the absence of changes in blood glucose or
plasma insulin and without changes in heart rate or blood
pressure, suggesting a direct central effect of insulin (23). We
found that acute hyperinsulinemia caused statistically signi-
ficant changes in HRV only in the offspring of diabetic
patients with the insulin-resistant phenotype, but not in the
offspring of diabetic patients with the deficient insulin secre-
tion phenotype or in the control subjects. Thus, hyperinsu-
linemia may not be the only explanation for the sympathetic
activation related to insulin resistance, but additionally, the
insulin-resistant state itself could be associated with sensiti-
zation of the autonomic nervous system to insulin.

In the present study, nondiabetic subjects were divided
into two subgroups according to the phenotype of their par-
ents’ type 2 diabetes. Control subjects did not have a history
of type 2 diabetes in their first-degree relatives. The study
groups were comparable with respect to age, sex, blood pres-
sure values, and exercise capacity. In addition, there were no
statistically significant differences in BMI between the off-

spring of diabetic patients with the insulin-resistant phenotype
and the control subjects. The number of subjects taking anti-
hypertensive medication and smokers was relatively small,
and the exclusion of these subjects did not change the
results. Therefore, it is unlikely that our results could be
explained by potential confounding factors.

We found only minor and nonsignificant differences in
insulin sensitivity and cardiac autonomic responses to
insulin infusion between the control group and the off-
spring of type 2 diabetic patients with the deficient insulin
secretion phenotype. The offspring of patients with the
insulin-resistant subgroup of type 2 diabetes had low
insulin sensitivity as well as enhanced cardiac autonomic
activation in response to insulin stimulation. This finding
may be of importance with respect to the development of
autonomic nervous system dysfunction in patients with
long-term type 2 diabetes, because hyperinsulinemia pre-
dicts disturbances in autonomic nervous function in type 2
diabetic patients (24).
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FIG. 2. Total power (TP) (A), LF:HF ratio (B), LF power (C), and HF power (D) of HRV expressed after logarithmic transformation at base-

line and at steady state during the insulin infusion in the euglycemic clamp study. j, IS group; m, IR group; d, control group. *P < 0.01 for the

change in the IR group and †P < 0.05 for the change in the IR group.



The main results of this study were that insulin infusion
caused statistically significant changes in total power, HF
p o w e r, and the LF:HF ratio of HRV only in the offspring of dia-
betic patients with the insulin-resistant phenotype. However,
the absolute HRV changes from baseline were comparable
between the groups. The increases in total power and the
LF:HF ratio of HRV were slightly but not significantly higher
in the offspring of diabetic patients with the insulin-resistant
phenotype compared with the other groups. This lack of uni-
formity in our results may be explained by several reasons.
Although our study design offers a novel look at insulin-resis-
tant versus insulin-sensitive subjects, it also has certain lim-
itations. Despite the fact that we studied all subjects available
to insulin-sensitive and insulin-resistant groups, the number
of subjects was limited. This decreases the statistical power
of our study to detect differences between the groups. In
addition, the formation of the study groups was based on the
characterization of the phenotype of type 2 diabetes in one
parent, and although the study groups represent different
phenotypes, some overlap may still exist. Subjects were lying
in the supine position during the recordings, and autonomic
responses to hyperinsulinemia were assessed. Because it is
probable that not only hyperinsulinemia in these subjects
has a significant impact on cardiac autonomic regulation,
adding some cardiovascular function test (e.g., active ortho-
static test) to our protocol could have made it possible to dis-
tinguish between the groups more clearly.

To conclude, insulin infusion caused changes in heart rate
and HRV that provide indirect evidence for the hypothesis that
acute hyperinsulinemia influences cardiac autonomic regu-
lation. This response is likely to be modulated by the type 2
diabetic phenotype in the parent. The present results suggest
that in insulin-resistant subjects, autonomic dysfunction may
be an earlier defect than hitherto acknowledged.
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