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Increased heart rate variability during sleep is
a predictor for future cardiovascular events
In patients with type 2 diabetes

Kazuo Eguchil, Joseph E Schwartz?3, Thomas G Pickering3, Satoshi Hoshidel, Joji Ishikawal,

Kazuyuki Shimada' and Kazuomi Kario!

We aimed this study to test the hypotheses that heart rate (HR) variability, evaluated by ambulatory blood pressure monitoring
(ABPM), predicts risk of incident cardiovascular disease (CVD) in patients with type 2 diabetes (T2DM). ABPM was performed
in 200 normotensive or hypertensive subjects with T2DM and 257 hypertensive subjects without diabetes (the mean age:

66.9 + 9.2 years; 38% were male). All subjects were untreated at the time of ABPM, and were followed for 67 + 27 months.
Various measures of HR variability—standard deviation (s.d.) of HR, the root-mean-square of successive differences (RMSSD)

of HR, systolic blood pressure (SBP)-HR relationships evaluated by slope and coefficients of correlation between SBP and HR—
were used for the analyses. Cox proportional hazard models were used to estimate hazard ratios and 95% confidence intervals,
after controlling for age, sex, body mass index, serum creatinine and 24-h SBP. During follow-up, there were 34 cardiovascular
events. Awake HR variability in diabetics was smaller than non-diabetics, but sleep HR variability was similar between the
groups. In multivariable analyses, increased sleep HR variability evaluated by s.d. and RMSSD of sleep HR, and slope and
correlation coefficient of SBP-HR each was independently associated with the increased risk of CVD in T2DM. For non-
diabetics, decreased slope of 24 h SBP-HR, and decreased correlation of 24 h SBP-HR were associated with increased risk

of CVD. In conclusion, increased HR variability during sleep was a predictor for incident CVD in T2DM, but not in non-diabetics.
Increased HR variability at night would reflect pathophysiological mechanism of T2DM.
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INTRODUCTION

Type 2 diabetes (T2DM) is an well established risk factor for cardio-
vascular disease (CVD), especially when hypertension coexists."?
As hypertension and T2DM synergistically act on cardiovascular risk,
special attention should be paid for controlling blood pressure (BP) in
patients with T2DM.>* There is an increasing body of evidence that
ambulatory BP is a better predictor of future CVD than clinic BP in
hypertensive patients.>!® In T2DM, abnormal circadian rhythm of
BP (non-dipper) has been reported to be associated with cardiac
autonomic neuropathy (CAN),!! urinary albumin!? and cardiovascular
events,'® but the clinical significance of ambulatory BP monitoring
(ABPM) in T2DM is not well established.

Less variability of heart rate (HR) seen with diabetic neuropathy is
applied to the standard test for the diagnosis of CAN.!114-16 Tienty-
four hours HR variability using power spectral analysis of HR was also
reported to be a sensitive test in detecting early CAN rather than
standard autonomic reflex tests,)”"!° and the abnormal circadian

pattern of HRV was reported to be associated with excess CVD
mortality rates.!! Bernardi et al.?? showed that diabetic subjects with
or without signs of autonomic neuropathy have a decreased vagal
activity (and hence a relatively higher sympathetic activity) during
night hours. However, there have been no reports showing the
prognostic significance of 24-h HR variability evaluated by ABPM
in T2DM. Thus, we performed this study to test the hypothesis that
increased HR variability during sleep, produced by blunted vagal tone
at night in T2DM, is associated with adverse cardiovascular prognosis.

METHODS
This prospective study was performed in a sample of 200 normotensive or
hypertensive subjects with T2DM and 257 hypertensives without antihyper-
tensive medications who were seen in clinics at three participating institutes in
Japan: one clinic and two hospitals in the Karatsu-Nishiarita Study.?!

During the period of recruitment, 19962002 for the Karatsu—Nishiarita
Study, subjects were enrolled consecutively while being treated or evaluated
for hypertension or diabetes in the clinic, and agreed to undergo ABPM.
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Hypertension was diagnosed when the clinic systolic BP (SBP) was >140 and/
or diastolic BP was >90 mm Hg on at least two occasions according to current
guidelines,”? or by a previous diagnosis of hypertension with current anti-
hypertensive medication use. Clinic BP was measured at least twice on two
separate occasions after at least 5min of rest in the sitting position and after
being fitted with an ABPM. Subjects took no antihypertensive medications for
a minimum of 7 days before the ABPM and most took no medication during
the 14 days preceding the ABPM study. T2DM was diagnosed according to the
guidelines of the American Diabetes Association®® or a previous diagnosis and
currently taking antidiabetic medication. We excluded patients with type 1 or
secondary diabetes, renal dysfunction (serum creatinine > 1.8 mg per 100 ml),
hepatic damage, ischemic heart disease or other cardiac diseases, congestive heart
failure, arrhythmias (including atrial fibrillation), stroke (including transient
ischemic attacks) or other major concomitant non-CVDs. Those who have
frequent paroxysmal ventricular, atrial ectopic beats or artifacts were not
included in this study. Body mass index (BMI) was calculated as weight/height?
(kg m~2). Smoking was defined as current smoking. This study was approved by
the Institutional Review Board of each participating hospital or clinic. All the
subjects studied were ambulatory and gave informed consent for the study.

Ambulatory BP monitoring

Noninvasive ABPM was performed on a weekday with an automatic system
(TM2421 or TM2425; A&D, Tokyo, Japan), which recorded BP by the
oscillometric method and HR every 30min for 24h. The HR was recorded
every 30 min when BP was measured. The length of the recording was about
1 min in each measurement. These devices have been previously validated.?*
Awake and sleep time were defined based on patients’ diaries recorded during
ABPM. Awake, sleep and 24-h BP/HR were defined as the average of all BP/HR
in each category. The night—day ratio of BP and HR was calculated as sleep/
awake ratio of BP and HR. Mean awake and sleep levels of SBP and diastolic BP
were computed and the nocturnal BP fall (%) was calculated as (awake SBP—
sleep SBP)/awake SBP. The HR variability was estimated by (1) standard
deviation (s.d.), (2) SBP-HR relationship evaluated by slope, (3) correlation
coefficients (R) and (4) the root-mean-square of successive differences
(RMSSD), all of which were separately calculated in the awake, sleep and
24-h period. The slope was calculated by the symmetric (or bisector) regression.
RMSSD was calculated as the square root of the sum of squared successive BP
and HR differences. The mean square successive difference is a component of
the s.d., which might be more sensitive than the s.d. itself to differences in
ambulatory variability between more and less reactive individuals. The s.d.
reflects all variations from the mean without regard to their sequence, whereas
the mean square successive difference responds selectively to the sequential
changes in HR characteristic of transient responses.?>** Examples of SBP~HR
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relationship are shown in Figure 1. As a typical case, SBP and HR in each
daytime and nighttime have a linear relationship in non-diabetics (shown as
slopes and correlation coefficients), but there is no such relationship in diabetics.

Follow-up and events

The subjects’ medical records were reviewed every year after ABPM for the
purpose of identifying any new onset of CVD. The 457 participants enrolled in
1996-2002 for the Karatsu—Nishiarita Study were followed from March 2004 to
October 2006 for up to 9.7 years. Participants who died from non-cardio-
vascular causes were censored as of the time of their death. The average follow-
up period was 66.7 = 26.9 months (range: 9-120 months). When subjects did
not visit the clinics, we interviewed them by telephone. We defined three
outcomes: stroke, fatal or non-fatal myocardial infarction and sudden cardiac
death. Stroke or cardiac events were diagnosed by the physician, caring for the
patient at the time of the event and independent neurologists or cardiologists
reviewed the cases and confirmed the diagnosis. Stroke was diagnosed on the
basis of sudden onset of a neurological deficit that persisted for >24h in the
absence of any other disease process that could explain the symptoms. Stroke
events included ischemic stroke (cerebral infarction and cerebral embolism),
hemorrhagic stroke (cerebral hemorrhage and subarachnoid hemorrhage) and
undefined types of stroke. We excluded transient ischemic attack, in which the
neurological deficit cleared completely in <24h.?” Myocardial infarction was
diagnosed based on the AHA criterion of ‘definite’ myocardial infarction.?®

Statistical analyses

All statistical analyses were carried out with SPSS/Windows, version 13.0 (SPSS,
Chicago, IL, USA). The data are expressed as the mean ( % s.d.) or percentage.
The 7 test was used to compare proportions. Unpaired ¢-test was performed to
test mean differences between groups. Multivariable Cox regression analysis was
performed to calculate adjusted hazard ratios with 95% confidence intervals
(CI) by two steps. As a first step, age (years), sex (male=1, female=0), BMI
(kg m~2), current smoking (yes or no), serum creatinine (mg per 100 ml), 24-h
SBP and 24-h HR were entered in the model. On the basis of the result of step
1, we determined to use essential variables (age, sex and BMI) and possible
confounding factors such as serum creatinine (hazard ratio=1.14, 95%
CI=0.97-1.34, P=0.1) and 24-h SBP (hazard ratio=1.03, 95% CI=1.01-1.05,
P=0.001), but not to use smoking (hazard ratio=1.30, 95% CI=0.54-3.13,
P=0.6) and 24-h HR (hazard ratio=1.02, CI=0.98-1.06, P=0.4), because they
were neither essential variables nor confounding factors. To examine the
potential moderating effect of T2DM on the relationship of HRV to incident
CVD, an interaction term (between significant measures of HRV and
the presence of diabetes) was tested. The null hypothesis was rejected when
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Figure 1 Examples of the assessment of heart rate variability. Open circles show awake period, and closed triangles show sleep period.
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Table 1 Baseline characteristics of subjects by diabetics and non-diabetics

Diabetics (h=200) Non-diabetics (n=257) P

Age (years) 66.1+£8.9 67.5£9.4 0.10
Sex (% male) 47 31 0.001
Body mass index (kgm~2) 24.1+3.8 23.8+3.1 0.27
Current smokers (%) 31 21 0.02
Antihypertensive medication (%) 56 54 0.83
Hematocrit (%) 41.0+4.2 39.4+4.0 <0.001
Triglycerides (mg per 100 ml) 136176 114+53 <0.001
Serum creatinine (mg per 100 ml) 0.72+0.19 0.81+0.21 <0.001
Hemoglobin Alc (%) 7.4+1.1 — —
Clinic SBP (mm Hg) 147 +20 159+19 <0.001
Clinic DBP (mm Hg) 80+11 88+12 <0.001
24-h SBP (mm Hg) 140+ 17 140+ 17 0.68
24-h DBP (mm Hg) 79t9 80+10 0.14
Awake SBP (mm Hg) 144+18 147 +£17 0.17
Awake DBP (mm Hg) 82+9 84+11 0.02
Sleep SBP (mm Hg) 130+19 128+18 0.28
Sleep DBP (mm Hg) 73110 73110 0.76
24-h HR (b.p.m.) 6918 6718 0.001
Awake HR (b.p.m.) 739 71+9 0.007
Sleep HR (b.p.m.) 6319 608 <0.001
Night-day ratio of SBP 0.90+£0.09 0.88+0.08 <0.001
Night-day ratio of DBP 0.89+0.08 0.87+0.08 0.014
Night-day ratio of HR 0.86+£0.08 0.84+£0.07 0.08

Abbreviations: DBP, diastolic blood pressure; HR, heart rate; SBP, systolic blood pressure.
Data are shown as mean +s.d. or percentages.

Table 2 Blood pressure variability between diabetics and
non-diabetics

Diabetics Non-diabetics

(h=200) (h=257) P
s.d. of awake SBP (mm Hg) 16.7+4.3 17.1+4.3 0.27
s.d. of awake DBP (mm Hg) 10.1+2.3 10.7+£2.3 0.006
s.d. of sleep SBP (mm Hg) 12.7+4.4 12.8+4.0 0.79
s.d. of sleep DBP (mm Hg) 85+2.7 8.812.3 0.21
RMSSD of 24 h SBP (mm Hg) 17.7+3.8 17.8+3.6 0.76
RMSSD of 24 h DBP (mm Hg) 11.5+2.1 11.9+2.0 0.07
RMSSD of awake SBP (mm Hg) 18.8+4.6 19.2+4.6 0.46
RMSSD of awake DBP (mm Hg) 12.2+2.6 12626 0.09
RMSSD of sleep SBP (mm Hg) 14.6+45 14.5+4.0 0.64
RMSSD of sleep DBP (mm Hg) 9.7+2.7 10.0+2.6 0.21

Abbreviations: DBP, diastolic blood pressure; RMSSD, root-mean-square of successive
differences; SBP, systolic blood pressure.
Data are shown as mean £ s.d. or percentages.

two-tailed P<0.05. As the power to detect interaction effects is low, we used
two-tailed P<<0.10 as the criterion to judge statistical significance.

RESULTS
The baseline characteristics are shown in Table 1. The mean age was
66.9 9.2 years; there were 172 men and 285 women; 55% of subjects
were taking antihypertensive medication. The age, BMI, proportion of
antihypertensive medication and ambulatory SBP were similar
between diabetic and non-diabetic groups, but serum creatinine and
clinic BP were lower in diabetic group. Ambulatory HR and night—day
ratio of BP in diabetics were higher than those in non-diabetics.
Table 2 shows the comparison of BP variability between diabetics
and non-diabetics. As shown, there were no significant differences in

Table 3 Heart rate variability and SBP-HR relationships

Diabetics Non-diabetics
(n=200) n=257) P
HR variability
s.d. of awake HR (b.p.m.) 10.1+3.1 11.0+£3.3 0.004
s.d. of sleep HR (b.p.m.) 5.3+2.5 5.7+2.7 0.15
RMSSD of 24 h HR (b.p.m.) 10.4£3.5 11.6+3.9 0.001
RMSSD of awake HR (b.p.m.) 11.9+4.3 13.4+4.9 0.001
RMSSD of sleep HR (b.p.m.) 6.0+£3.2 6.3+3.4 0.37
SBP-PR relationships
Slope of SBP-HR 24 h 0.27+0.31 0.31+0.29 0.17
Slope of SBP-HR awake 0.13£0.33 0.13+£0.29 0.85
Slope of SBP-HR sleep 0.05+£0.48 0.04+0.47 0.91
R of SBP-HR 24 h 0.26£0.28 0.29+0.27 0.15
R of SBP-HR awake 0.12+£0.29 0.14+0.26 0.58
R of SBP-HR sleep 0.04£0.38 0.04+0.38 0.99

Abbreviations: HR, heart rate; R, correlation coefficient; RMSSD, root-mean-square of
successive differences; SBP, systolic blood pressure.
Data are shown as mean +s.d. or percentages.

BP variability between diabetics and non-diabetics except for smaller
s.d. of awake diastolic BP in diabetics. Sleep BP variability was similar
between the groups.

We compared HR variability and SBP-HR relationships between
diabetics and non-diabetics. As shown in Table 3, s.d. of awake HR,
RMSSD of 24-h HR and RMSSD of awake HR were significantly
lower in diabetics than in non-diabetics. However, s.d. of sleep
HR variability was similar between the groups. With regard to SBP—
HR relationships, there were no significant differences between
the groups.
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Table 4 Cardiovascular outcomes in diabetics and non-diabetics

Diabetics Non-diabetics
Hazard ratio (95% CI) P Hazard ratio (95% Cl) P
s.d. of awake HR (b.p.m.) 1.02 (0.87-1.21) 0.78 1.01 (0.87-1.18) 0.89
s.d. of sleep HR (b.p.m.) 1.29 (1.05-1.60) 0.02 0.89 (0.72-1.09) 0.25
RMSSD of 24 h HR (b.p.m.) 1.09 (0.94-1.27) 0.25 1.05 (0.92-1.20) 0.50
RMSSD of awake HR (b.p.m.) 1.03 (0.91-1.17) 0.61 1.04 (0.93-1.15) 0.562
RMSSD of sleep HR (b.p.m.) 1.28 (1.09-1.52) 0.004 0.92 (0.78-1.08) 0.30
Slope of SBP-HR 24 h 1.23 (0.21-7.28) 0.82 0.60 (0.09-3.93) 0.60
Slope of SBP-HR awake 0.84 (0.19-3.77) 0.82 1.54 (0.26-9.21) 0.63
Slope of SBP-HR sleep 5.67 (1.76-18.24) 0.004 0.69 (0.24-1.98) 0.49
R of SBP-HR 24 h 1.41(0.18-10.8) 0.74 0.13(0.01-1.16) 0.07
R of SBP-HR awake 1.14 (0.20-6.61) 0.88 0.34 (0.04-2.62) 0.30
R of SBP-HR sleep 8.04 (1.50-43.0) 0.02 0.88 (0.20-3.83) 0.87

Abbreviations: HR, heart rate; R, correlation coefficient; RMSSD, root-mean-square of successive differences; SBP, systolic blood pressure.
Cardiovascular outcomes were defined as myocardial infarction, stroke and cardiac deaths. These variables were analyzed one-by-one controlling for age, sex, body mass index, serum creatinine,

24-h SBP and riser pattern (yes or no).

In multivariable Cox regression analyses that controlled for age, sex,
BMI, serum creatinine and 24-h SBP, increased s.d. of sleep HR and
RMSSD of sleep HR were significantly associated with increased
incidence of CVD in diabetics (Table 4). Increased slope of SBP-HR
and increased correlation coefficient of SBP-HR were also associated
with the increased risk of CVD in diabetics. On the other hand,
reduced correlation of 24-h SBP-HR relationship was marginally
associated with increased risk of CVD in non-diabetics.

Finally, the interaction term was significant between the presence of
diabetes and s.d. of sleep HR (P=0.03), RMSSD of sleep HR (P=0.02),
correlation of SBP-HR during sleep (P=0.06), and slope of SBP—-HR
during sleep (P=0.02).

DISCUSSION

In patients with T2DM, increased variability of HR during sleep was
an independent predictor for incident CVD. On the other hand,
reduced 24-h HR variability for corresponding BP change was also an
independent predictor for future cardiovascular events. This study is
the first study showing the predictive value of HR variability on
cardiovascular prognosis in diabetics and non-diabetics from the same
cohort.

Sleep HR variability in type 2 diabetics

In this study, increased HR variability during sleep was significantly
associated with the increased risk of incident CVD in patients with
T2DM. In addition, closer relationships between HR and SBP during
sleep were associated with increased risk of CVD. Decreased HR
variability has been shown to be associated with increased mortality
after myocardial infarction?>*° and cardiac events in general popula-
tion.>! However, although somewhat paradoxically, increased HR
variability during sleep was associated with increased risk of cardio-
vascular events in this study, which has rarely reported before. That
was supported in this study showing that the interactions between the
increased HRV measures and the presence of T2DM were significant.
In diabetes, reduction of HRV during controlled conditions!43233 and
24-h ambulatory ECG'1720 is reported. It has been shown that
diabetic subjects with or without signs of autonomic neuropathy
have a decreased vagal activity (and hence a relatively higher sympa-
thetic activity) during nighttime,>>>* and which could result in
reduced buffering effect of acute increase in cardiovascular overload.
Therefore, diabetic patients are exposed for long period to the

Hypertension Research

potentially dangerous effect of sympathetic predominance.?®*> In a
study of type 1 diabetes with autonomic neuropathy, the square root
of mean squared differences of successive RR intervals showed a
significant increase during nighttime compared to daytime
(9.7 £ 1.1 ms vs. 8.5+ 0.7 ms, P=0.02), which indicates that nocturnal
predominance of parasympathetic activity is lacking in type 1 diabetes
with autonomic neuropathy.>® Increased nocturnal physical activity
along with sleep apnea episode would be another explanation of our
result. Patients with diabetes have increased frequency of napping and
is associated with nocturnal sleep fragmentation.’” Increased fre-
quency of sleep apnea syndrome is reported in DM, and sleep
apnea syndrome is reported to be associated with an increased
variability of nocturnal HR.>® Nocturnal physical activity was posi-
tively associated with sleep HR,*® and s.d. of sleep activity was
increased in non-dippers. Namely, altered sleep profile complicated
with sleep apnea syndrome and increased nocturnal physical activity,
nocturnal HR increases and could cause increased variability of HR at
night. Epidemiological evidence has shown an increased number of
cardiovascular events during night hours in diabetics compared with
non-diabetic subjects.*>#! Hence, enhanced HR variability caused by
predominance of sympathetic tone at night might have facilitated the
onset of cardiovascular accidents in our study.

Twenty-four hours HR variability in non-diabetics

In our result of non-diabetics, the less close 24-h SBP-HR relation-
ships were associated with increased risk of incident CVD. This means
that the less changes of HR for given SBP for 24 h were associated with
increased cardiovascular events in non-diabetic patients. The result is
in line with a previous report showing that reduced daytime HR
variability was associated with cardiovascular mortality in general
population.#? During 24-h ambulatory monitoring in non-diabetic
subjects, HR changes along with BP changes.**> Tochikubo et al.** have
shown that there were positive correlations between 24-h SBP and 24-
h HR in mild to moderate hypertension and normotensives, but the
correlation was diminished in severe hypertension and secondary
hypertension. In a study of ABPM in familial amyloid polyneuropathy,
day-night difference of HR was maintained in patients whose
parasympathetic ANS was impaired but cardiovascular sympathetic
function was maintained.*> This means that discordance of 24-h
BP-HR relationship will not be apparent until cardiac sympathetic
nervous system is affected in addition to parasympathetic dysfunction.



Therefore, those who had less close relationship between SBP and HR
for 24 h could have suffered from some extent of autonomic disorder,
and then ended up with poor cardiovascular outcomes.

Our main findings were that increased HR variability was a
predictor of future cardiovascular events in T2DM, but not in non-
diabetes. HR variability adds significantly to ambulatory BP level to
predict future cardiovascular events. Even in the lower office BP, and
similar ABP levels compared with non-diabetic patients, increased HR
variability was associated with increased risk of cardiovascular events
in diabetic patients. These findings indicate that hemodynamic change
at nighttime would be very important in preventing cardiovascular
events. Further studies are needed to confirm these findings and
establish a novel approach.

Study limitations

There are some limitations in this study. First, HR variability was
evaluated every 30min both in the daytime and nighttime using
ABPM. Compared with Holter ECG method, this method may be less
accurate, however, this also enables us to evaluate 24-h BP level
simultaneously and study a large number of patients. Second, we
did not evaluate diabetic neuropathy with gold standard method,
which could have influenced the HR variability during sleep. More-
over, unrecognized transient arrhythmia (PACs or Paf or sinus
arrhythmia) at night cannot be denied because we did not perform
24-h Holter electrocardiogram. Further study is needed to compare
the HRV evaluated by ABPM and gold standard test of diabetic CAN.
Additionally, the clinic BP was significantly lower in the diabetic group
(Table 1). The prevalence of masked hypertension (defined as normo-
tension in the clinic but hypertension out of the clinic) was high—
48% in normotensive type 2 diabetic subjects.%® Further research is
needed for this issue.

CONCLUSIONS

In our diabetic population, increased HR variability during sleep was a
predictor for future cardiovascular events independent of 24-h BP
level and other traditional risk factors. On the other hand, in non-
diabetics, decreased HR variability in 24h was associated with the
increased incidence of CVD. These results suggest that the evaluation
of HR variability can be an additional risk marker of CVD, probably
reflecting the early sign of diabetic and non-diabetic CAN.
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