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Background: Autonomic neuropathy commonly occurs as a long-term
complication of diabetes mellitus (DM) and can be diagnosed based on heart
rate variability (HRV), calculated from electrocardiogram (ECG) recordings. There
are limited data on HRV using real-time ECG and ambulatory glucose
monitoring in patients with DM. The aim of this study was to investigate real-
time HRV according to ambulatory glucose levels in patients with DM.

Methods: A total of 43 patients (66.3 + 7.5 years) with DM underwent continuous
real-time ECG monitoring (225.7 +107.3h) for HRV and ambulatory glucose
monitoring using a remote monitoring system. We compared the HRV
according to the ambulatory glucose profile. Data were analyzed according to
the target in glucose range (TIR).

Results: There were no significant differences in the baseline characteristics of the
patients according to the TIR. During monitoring, we checked ECG and
ambulatory glucose levels (a total of 15,090 times) simultaneously for all
patients. Both time- and frequency-domain HRVs were lower when the patients
had poorly controlled glucose levels (TIR <70%) compared with well controlled
glucose levels (TIR>70%). In addition, heart and respiratory rates increased with
real-time glucose levels (P<0.001).

Conclusions: Poorly controlled glucose levels were independently associated with
lower HRV in patients with DM. This was further substantiated by the independent
continuous association between real-time measurements of hyperglycemia and
lower HRV. These data strongly suggest that cardiac autonomic dysfunction is
caused by elevated blood sugar levels.

KEYWORDS

heart rate variability, glucose level, real-time monitoring, electrocadiography, autonomic
dysfunction

Introduction

Heart rate variability (HRV) is the fluctuation in the time interval between adjacent
heartbeats (1). Cardiac autonomic function can be noninvasively assessed by calculating
HRV, which reflects the interaction of the sympathetic and parasympathetic parts of the
autonomic nervous system (ANS) on the sinus node. HRV indexes neurocardiac function
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and is generated by heart-brain interactions and dynamic nonlinear
HRV is an
interdependent regulatory systems that operate at different

ANS  processes. emergent property of the
timescales to help us adapt to environmental and psychological
challenges. HRV reflects the regulation of autonomic balance,
blood pressure (BP), gas exchange, and gut, heart, and vascular
tone, which refers to the diameter of the blood vessels that
regulates BP (2).

Type 2 diabetes mellitus (DM) is increasingly prevalent
worldwide and is associated with an increase in obesity and
metabolic syndrome (3). The number of people with DM is
predicted to double within the next three decades (4). Besides
macrovascular and microvascular complications, the leading
causes of death in DM are cardiovascular complications.
Cardiovascular mortality is associated with cardiac autonomic
neuropathy, which is frequently associated with DM (5).

Screening for cardiac autonomic neuropathy is recommended
for the diagnosis of DM, particularly in patients with a history of
poor glycemic control, macro and microvascular complications,
Although
cardiovascular reflex tests remain the gold standard for the

and  increased cardiovascular  risk. standard
assessment of cardiovascular autonomic neuropathy, one of the
easiest and most reliable ways to assess cardiac autonomic
neuropathy is by measuring HRV. HRV is the variation between
two consecutive beats; the higher the variation, the higher the
parasympathetic activity (6). A high HRV reflects the fact that an
individual can constantly adapt to microenvironmental changes.
Therefore, low HRV is a marker of cardiovascular risk (7).
Conveniently, the measurement of HRV is non-intrusive and
pain-free (1). Although the evaluation of HRV in DM has been
assessed in several studies, conflicting results have been reported
(2, 3, 6). Moreover, there is no consensus on the decreased levels
of HRV parameters in patients with DM. Furthermore, despite
the link between HRV and DM severity (8), there are limited
data on the association between HRV parameters and glucose
levels using real-time electrocardiogram (ECG) and ambulatory
glucose monitoring in patients with DM. Therefore, we aimed to
simultaneously check HRV and glucose levels in patients with
DM to identify the most explanatory variables for autonomic
dysfunction according to the glucose level.

Methods and methods
Participants

We recruited 83 patients (mean age, 65.5 £ 6.2 years) with DM
from endocrinology out-patient clinic during their usual follow-up.
The participants were recruited between October 2021 and
December 2021. All patients were screened for medication use
and medical conditions.

The inclusion criteria were age>18 years, type 2 DM, and
treatment with oral antidiabetic agents. The main exclusion
criteria were pregnancy, neurological disease, heart failure,
chronic liver or renal failure (known chronic liver disease or
stage 3 advanced chronic kidney disease), uncontrolled DM,
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thyroid disorder, or treatment that could influence HRV
parameters.

In our study, normal candidates (40 patients) without DM were
included as controls. Five patients who were lost to follow-up or
had incomplete monitoring were excluded from the study. Before
HRV measurements, patients answered a questionnaire on
personal information and lifestyle habits (e.g., smoking, alcohol
consumption, coffee drinking, and exercise).

Finally, total 38 patients (16 men and 22 women; mean age:
66.3+7.5 years) who completed the HRV measurements and
glucose monitoring were included in the analysis.

Ethical statement

The study protocol was approved and the requirement for
informed consent of individual patients was approved by the
Ethics Committee of Kosin University Gospel Hospital (IRB No.
2022-06-016). Written informed consent was obtained from all
patients. This study was conducted according to the principles of
the latest version (2013) of Declaration of Helsinki.

Data collection

After ECG and chest radiography, the cardiovascular status of
each patient was evaluated using echocardiography and blood
laboratory data from the initial visit, as determined by the
database, the
information were collected: (1) patient data, including sex, age,

attending physicians. From the following
height, and weight; (2) cardiovascular risk factors, including
hypertension (use of antihypertensive agents, systolic blood
pressure >140 mmHg, or diastolic blood pressure > 90 mmHg on
admission) and DM (use of oral hypoglycemic agents or insulin,
or glycosylated hemoglobin >6.5%); (3) cardiovascular disease
status, including structural heart disease, congestive heart failure,
or a history of a disabling cerebral infarction or transient

ischemic attack; and (4) use of medication.

ECG monitoring device

Hicardi® (MEZOO Co., Ltd., Wonju-si, Gangwon-do, Korea)
is an 8g,
wearable ECG monitoring patch device certified as a medical

42x30x7 mm (without disposable electrodes)

device by the Ministry of Food and Drug Safety of Korea
(Supplementary Figure S1). This wearable device monitors and
records single-lead ECGs, respiration, skin surface temperature,
and activity. The ECG signal is recorded with a 250 Hz sampling
frequency and 14-bit resolution.

The data from the wearable patch were transferred through
Bluetooth Low Energy to a mobile gateway, which was
implemented as a smartphone application. The mobile gateway
transmitted the data to a cloud-based monitoring server.

After informed consent was obtained from the patient, a
wearable patch was attached to the left sternal border. The ECG
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signals and the above-mentioned data were continuously recorded,
and all ECG signals were reviewed by a cardiologist via a cloud-
based monitoring server.

HRV parameters

HRYV analysis was performed in the time and frequency domains of
the wearable ECG recordings according to international guidelines (9).

On average, 225.7 + 107.3 h of ECG were recorded per patient,
and the HRV analysis was performed by excerpting the previous
five-minute segment from the time of glucose measurement.

To calculate the HRV parameters, RR intervals must be
computed from the wearable ECG recordings. The following
steps were performed to obtain the RR interval time series. First,
R-peaks were detected using the geometric angle between two
consecutive samples of the ECG signal (10). Detected R-peaks
were then used to generate an RR interval time series. To remove
the abnormal intervals caused by ectopic beats, arrhythmic
events, missing data, and noise, intervals below 80% or above
120% of the average of the last six intervals were excluded. The
time-domain parameters were calculated from the RR interval
time series.

Second, the RR interval time series was resampled at 4 Hz
using linear interpolation. The resulting series was detrended by
eliminating linear trends. After detrending, the power spectral
density for the RR interval time series was estimated using the
Burg autoregressive model, where the order of the model was 33.

In the time domain, we analyzed the RR intervals, standard
deviations of RR intervals, square root of the mean squared
difference of successive RR intervals, and percentage of adjacent
NN intervals differing by more than 50 ms (NN50).

In the frequency domain, we analyzed low frequency (LF, 0.04-
0.15Hz), an index of both sympathetic and parasympathetic
activity, and high frequency (HF, 0.15-0.4 Hz), representing the
most efferent vagal (parasympathetic) activity to the sinus node.
Very low frequency (VLF; 0.003-0.04 Hz) partially reflects
thermoregulatory mechanisms, fluctuations in the activity of the
renin-angiotensin system, and the function of peripheral
chemoreceptors. The LF/HF ratio, that is, sympathovagal balance,
was also calculated.

Continuous glucose monitoring

Assessment of glucose status

For continuous glucose monitoring, we used FreeStyle Libre 14
day system®, a continuous glucose monitoring device with real-
time alarm capability indicated for the management of DM. The
flash glucose-sensing technology used was the FreeStyle LibreTM,
which is a sensor-based flash glucose-monitoring system (Abbott
Diabetes Care, Witney, UK). The sensor was worn on the back
of the arm for up to 14 days, and glucose data were
automatically stored every 15 min. Real-time glucose levels can
be obtained as often as every minute by scanning the sensor with
a reader. Data were transferred wirelessly by radio-frequency
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identification from the sensor to the reader’s memory, which
stored historical sensor data for 90 days. Data can be uploaded
using the device software to generate summary glucose reports.
The target in glucose range (TIR) was 70-180 mg/dl. We
analyzed the data according to glucose control and TIR of <70%
or >70%. For these individuals, fasting glucose levels and
information about DM medication were used to determine
glucose metabolism status. Glucose metabolism status was
defined according to the 2006 World Health Organization
criteria as normal glucose metabolism or type 2 diabetes (11).

Statistical analysis

All continuous variables are expressed as mean + standard
deviation (SD), depending on the distribution. For continuous
data, statistical differences were evaluated using the Student’s t-
Mann-Whitney U test, the data
distribution. Categorical variables are presented as frequencies

test or depending on
(percentages) and were analyzed using the x> test. One-way
ANOVA analysis of variance was used to compare the
differences between groups according to TIR and DM. To
determine whether any of the variables were independently
related to HRV according to the glucose levels, a multivariate
analysis of variables with a P-value <0.05 in the univariate
analysis was performed using linear logistic regression analysis.
All correlations were calculated using the Spearman’s rank
correlation test. All statistical analyses were conducted using the
SPSS statistical software (version 19.0 (SPSS Inc., Chicago, IL,
USA), and statistical significance was set at P <0.05 (two-sided).

Results

A total of 38 patients (age, 66.3+7.5 years) with DM
underwent continuous real-time ECG monitoring (225.7 +
107.3 h) for HRV and ambulatory glucose monitoring using a
remote monitoring system. We compared the HRV according to
the ambulatory glucose profile. Ambulatory glucose levels were
checked every 15min in all patients during real-time ECG
monitoring.

During monitoring, we checked a total of 15,090 ECG data
points for HRV and ambulatory glucose levels simultaneously for
all patients. There are baseline characteristics and medication in
Tables 1, 2. We analyzed the data according to the TIR. There
were no significant baseline differences in patient characteristics
except for the mean glucose level according to the TIR
(Supplementary Table S1). No significant difference in baseline
medication, according to the TIR, was observed (Supplementary
Table S2).

Both time- and frequency-domain HRVs were lower in patients
with poorly controlled glucose levels (TIR <70%) than in those
with normally controlled glucose levels (TIR >70%; Table 3).

In addition, heart and respiratory rates increased according to
real-time glucose levels (P<0.001) in all patients with DM
(Figure 1).
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TABLE 1 Baseline characteristics in patients with DM.

Total patients =38

Variable

10.3389/fcvm.2023.1249709

TABLE 3 HRV measures according to TIR in patients with DM.

HRV

Time domain

TIR < 70% TIR >70%

P-value

DM indicates diabetes mellitus; HTN, hypertension; CAD, coronary artery disease;

CVA, cerebrovascular accident; CHF, congestive heart failure; CMP,
cardiomyopathy.
TABLE 2 Baseline medications in patients with DM.
otal patie 3
ariapie
Medications
BB (%) 10 (26.3)
CCB (%) 21 (55.3)
ARB/ACEi (%) 24 (63.2)
Diuretics (%) 7 (18.4)
Statin (%) 32 (84.2)
Aspirin/clopidogrel (%) 18 (47.4)
DM medications
Insulin (%) 14 (36.8)
Metformin (%) 23 (60.5)
Sulfonylurea (%) 21 (55.3)
SsGLT inhibitor (%) 15 (39.4)
DPP-4 inhibitors (%) 16 (42.1)

DM indicates diabetes mellitus; BB, beta-blocker; CCB, calcium channel blocker;
ARB, angiotensin receptor blocker; ACEi, angiotensin converting enzyme
inhibitor; sGLT inhibitor, sodium-glucose transport protein 2 inhibitor; DPP-4
inhibitor, Dipeptidyl peptidase 4 inhibitor.

As shown in Figure 2, continuous measures of glycemia
(plasma glucose levels) were linearly associated with HRV (time
domain, SDNN (A); frequency domain, HF (B); P <0.001). Both
HRYV (time, frequency domains) decreased according to increased
continuous monitored glucose level.

As shown in Figure 3, we compared the frequency-domain
HRV (LF and HF) according to DM and TIR. The patients with
DM had a lower HRV than those without DM (LF, P<0.001;
HF, P<0.001). DM patients with TIR<70% had a lower HRV
than those with TIR >70% (LF, P <0.001; HF, P<0.001).

Discussion

In this study, we simultaneously evaluated heart rate and HRV
according to glucose levels in patients with DM. The results of the
current study demonstrated that poorly controlled DM is
associated with lower HRV. The amount by which HRV was

Frontiers in Cardiovascular Medicine

Mean glucose level (mg/dl) 1754 +74.6 SDNN, ms 40.5 £38.5 48.1 £43.1 <0.001
Age (years) 65.4+6.6 RMSSD, ms 7.9+6.9 10.0+9.2 <0.001
Sex (%), male 20 (52.6) SDSD, ms 79469 101£9.2 <0.001
DM (%) 38 (100) NN50, count 14.6 £40.7 2531556 <0.001
HTN (%) 30 (78.9) PNNS50, % 1.0£2.9 18440 <0.001
Hyperlipidemia (%) 30 (78.9) Frequency domain

CAD (%) 12 (31.6) Total Power, N.U. *10° 55+0.3 82403 <0.001
CVA (%) 8 (2L VLF, N.U. *10° 37403 47+02 0.019
CHE (%) 379 LF, N.U. *10° 12403 23+05 <0.001
CMP (%) 000 HF, N.U. *10° 0.6+0.1 13£03 <0.001

*HRV indicates heart rate variability; TIR, target in glucose range; DM, diabetes
mellitus; SDNN, standard deviation of NN intervals; RMMSD, root mean square
of successive RR interval differences; SDSD, standard deviation of differences
between adjacent NN intervals; NN50, number of NN intervals differed by more
than 50 ms; pNN50, ratio of NN50; Total power, 5 min total power in frequency
range <0.4 Hz; VLF, power in very low frequency range <0.04 Hz; LF, power in
low frequency range 0.04-0.15Hz; HF, power in high frequency range 0.15-
0.4 Hz; N.U., normalized unit.

lower in patients with DM with TIR <70% (compared to those
with TIR >70%) was approximately 2/3 in both the time and
frequency domains. In addition,
glycemia (plasma glucose levels) were linearly associated with

continuous measures of
HRV, suggesting a graded decline in HRV with worsening
glucose tolerance. Heart and respiratory rates increased according
to real-time glucose levels in all patients with DM. These
associations were independent of the major cardiovascular risk
factors (7).
cardiac autonomic dysfunction occurs when poorly controlled

Therefore, our results support the concept that

glucose levels are measured in real time before checking long-
term glucose level predictors such as HbAlc and C-peptide levels
and may play a role in the development of cardiovascular
diseases earlier in the course of type 2 DM.

Cardiac autonomic dysfunction is a complication of DM that
carries an approximately fivefold increased risk of mortality in
adults (2). Damage to the autonomic innervations of the heart
and blood vessels can lead to lethal arrhythmias and sudden
cardiac death (12). Hyperglycemia is thought to be associated
with
accumulation of advanced glycation end products, activation

abnormal signaling of autonomic neurons via
of polyol pathway, and ischemia induced atrophy of the
autonomic nerve fibers innervating the cardiac and vascular
tissues (13).

Previous studies suggested the involvement of sympathetic
activation in early metabolic

dysfunction in triggering

perivascular adipose tissue inflammation via increased
uncoupling protein-1 expression and augmented hypoxia,
which could allow unmitigated augmentation of inflammation
driven by hyperglycemia as type 2 DM develops, at which time
brainstem involvement would evoke further autonomic
dysfunction (14-16).

Both divisions of the ANS are typically affected, with
parasympathetic

dysfunction (6). Loss of HRV is one of the earliest manifestations

impairment  preceding the sympathetic
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Heart rate (A) and respiration rate (B) according to continuously monitored glucose levels in patients with DM.
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FIGURE 2
Heart rate variability (HRV) according to continuously monitored glucose level in the time domain [SDNN, (A)] and frequency domain [HF, (B)].

of this process. In the Framingham Heart Study, HRV was found to
be inversely associated with the risk of mortality (17). Similarly, the
Atherosclerosis Risk in Communities study found that decreased
HRV was independently associated with the risk of developing
coronary heart disease (18) and lower HRV was also associated
with the total burden of cerebral small vessel disease (CSVD)
and each of the magnetic resonance image markers of CSVD in
patients with DM (19).

Adaptation to stress is characterized by an increase in
sympathetic activity and a decrease in parasympathetic activity,
inducing a state of alertness (20). Interestingly, common diseases
such as depression, metabolic syndrome, and cancer; smoking
habit;
parasympathetic activity and activation of sympathetic activity (7, 21).

and obesity are associated with a decrease in

Frontiers in Cardiovascular Medicine

One explanation is that DM is a metabolic disease responsible
for cardiac autonomic neuropathy, which affects both sympathetic
and parasympathetic fibers. DM has a negative influence on almost
all HRV parameters, indicating that it leads to cardiac autonomic
dysfunction (22, 23).

We demonstrated that an increase in heart rate was associated
with higher glucose levels and a decrease in HRV (HF and LF).
Although no study has previously assessed this relationship in
patients with DM, conflicting results have been reported in the
general population, with either high BP associated with an
increase in all spectral parameters or a decrease in HRV (24,
25). It has also been suggested that a decrease in autonomic
nervous of clinical

function precedes the development

hypertension (26). However, in our study, there was no
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FIGURE 3

Heart rate variability (HRV) according to DM. *DM indicates diabetes mellitus;

TIR, target in glucose range.

significant difference in HRV according to hypertension.
Moreover, although age and sex may have a minor role in HRV
parameters compared with the variables linked to DM, a
previous study demonstrated a decrease in both LF and HF
with age and in males (27, 28). In our study also, HRV was
decreased with age and in males.

To the best of our knowledge, this is the first study to
simultaneously investigate the HRV and glucose levels in
patients with DM using a remote monitoring system for a long
(225.7£107.3 h,
contrast to previous population-based studies (9, 29), we found

duration continuously). Importantly, in
that virtually all time- and frequency-domain measures of
HRV, either as a composite score or as individual measures,
were associated with worsening glucose tolerance. This may be
explained by the fact that we used a more accurate 14 days
remote-monitoring ECG-derived HRV as opposed to HRV
derived from short-term ECG recordings. In addition, we were
able to adjust for a large series of potential confounders,
including real-time glucose level, respiration, and physical
activity, objectively measured in a live studio at our institute
using a remote monitoring system.

Our study has some limitations that must be addressed. First,
the relatively small sample size was a limiting factor in
generalizing the findings to the DM population. However, it
was sufficient to identify significant correlations between HRV
and glucose levels in individuals with DM using a remote
system for HRV and continuous glucose monitoring, checked
15,090 times simultaneously during the monitoring. Despite
the small number of patients, our analysis demonstrated
significant and interesting relationships, particularly between

Frontiers in Cardiovascular Medicine

the HRV parameters and glucose levels associated with DM.
Hence, the
hypothesis-generating,

results of our study should be considered

and future prospective studies are
warranted to confirm these results. Second, in the present
study, we only evaluated patients with DM aged <75 years.
Although a previous study (30) in patients with DM and
prediabetes and healthy participants and another study (27)
that investigated the impact of sex and age on HRV
demonstrated that HRV indices significantly increased with the
participants’ age, we do not know whether older adults with
DM aged >75 years have similar or worse HRV patterns than
older healthy individuals. Third, the health status of the
controls was not detailed in our study, which could have
This
minimized the differences in HRV between patients with DM

influenced the HRV parameters. may also have
and controls. Fourth,

In conclusion, poorly controlled glucose levels are
independently associated with lower HRV in patients with
DM. This was further substantiated by the independent
continuous association between real-time measurements of
hyperglycemia and lower HRV. These data strongly suggest
that cardiac autonomic dysfunction is caused by elevated

blood sugar levels.
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