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Abstract

Aim Current knowledge regarding the changes in cardiac autonomic nerve function during asymptomatic hypoglycemia in
type 2 diabetes (T2D) is limited. This study aimed to investigate the association between the severity of nocturnal asympto-
matic hypoglycemia and short-term heart rate variability (HRV) changes in patients with T2D.

Methods Comparison of changes was performed in a short-term time domain and frequency domain analysis of HRV dur-
ing nocturnal asymptomatic hypoglycemia [interstitial glucose (IG) <3.5 mmol/L] and during euglycemia in T2D subjects
treated with insulin (n=58). Further stratification was performed according to the degree of hypoglycemia. All patients
underwent 72 h of simultaneous Holter and continuous interstitial glucose monitoring (CGM).

Results Fifty-two nocturnal asymptomatic hypoglycemia episodes were included in the spectral analysis of HRV in the
participants. In the hypoglycemic (IG <3 mmol/L) subjects, the short-term time domain parameters (standard deviation
of normal R-R intervals (SDNN), RMSSD (the square root of the mean squared difference of successive RR intervals))
and normalized high-frequency (HF) were significantly lower than those during the matched euglycemic period (IG
5-10 mmol/L) (all p <0.01), and the normalized low-frequency (LF)/HF ratio was increased (p <0.05). In the hypoglyce-
mic (<3 IG <3.5 mmol/L) subjects, although HF was significantly lower than that in the euglycemic subjects (p <0.01), no
differences were observed in the SDNN, RMSSD, or the LF/HF ratio.

Conclusions The spectral analysis of HRV showed that reduced HRV was associated with the severity of nocturnal asymp-
tomatic hypoglycemia; severe hypoglycemia aggravates the cardiac autonomic nerve imbalance.

Keywords Asymptomatic hypoglycemia - Heart rate variability - Spectral analysis - Cardiac autonomic dysfunction - Type
2 diabetes

Introduction

Many studies have confirmed that hypoglycemia in patients
with diabetes during intensive glycemic therapy is associated
with an increased risk of cardiovascular events and mortal-
ity. However, the mechanism is not completely clear [1].
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Emerging evidence suggests that this relationship is likely
multifactorial [2]. Some studies suggest that the increased
risk of cardiovascular events and mortality is related to
hypoglycemia leading to cardiac autonomic dysfunction
[3] and is associated with the severity of hypoglycemia [4].
These studies mostly focused on type 1 diabetes, and knowl-
edge regarding the changes in cardiac autonomic nerve func-
tion during hypoglycemia in type 2 diabetes mellitus (T2D)
is limited. Decreased heart rate variability (HRV) is a sign
of cardiac autonomic dysfunction. However, the impact of
the severity of hypoglycemia on HRV is currently unknown.
Continuous glucose monitoring (CGM) can detect hypogly-
cemia that is not easily detected by traditional monitoring
methods, especially nocturnal asymptomatic hypoglycemia
[5]. This study used retrospective CGM synchronization
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combined with Holter to observe changes in the short-term
HRYV parameters in asymptomatic hypoglycemia in patients
with T2D treated with insulin and explore the effects of
different degrees of hypoglycemia on cardiac autonomic
function.

Methods
Patients

Fifty-eight patients (30 males, 28 females) with type 2
diabetes based on the WHO diagnosis and classification
criteria aged between 20- and 75 -year Chinese from the
Department of Endocrinology and Metabolism of Shaoxing
People’s Hospital (Zhejiang Province, China) were enrolled
between January 2018 and May 2020. The inclusion criteria
included T2D patients treated with insulin with a history of
repeated episodes of hypoglycemia and HbAlc <8.0%. The
exclusion criteria included the following: before inclusion,
the ST segment depression > (0.1 mm; preexcitation syn-
drome; persistent atrial fibrillation, premature ventricular
beats, atrioventricular block, and other obvious arrhythmias;
use of antiarrhythmic drugs; digoxin affected repolarization
of the ST segment; other drugs affected the HRV changes;
acute myocardial infarction (AMI) and coronary artery
bypass grafting (CABG) within the past 1 year; uncon-
trolled hypertension (systolic blood pressure > 160 mmHg
or diastolic blood pressure > 90 mmHg) or angiotensin-con-
verting enzyme inhibitors; and diabetic retinopathy, diabetic
nephropathy, and diabetic peripheral neuropathy. Among the
enrolled patients, 40 patients were treated with premixed
insulin (18 with NovoMix 30, 12 with Humulin 70/30, and
10 with Novolin 30R), and the other 18 patients were treated
with basal + dietary insulin (11 with Lantus, 5 with Levemir,
and 2 with Novolin N; 12 patients received NovoRapid, and
6 patients received Novolin R before mealtime). Most drugs
were used in combination with other oral drugs, including
glycosidase inhibitors, metformin, or DDP IV inhibitors.
After enrollment, the patients were asked to keep a diary
detailing their mealtimes, insulin injections, and exercise.

Measurements
Clinical data collection

Each subject was asked for his or her medical history and
medication history. After a 10-h overnight fast and rest for
20 min, the participants’ blood pressure, height, and weight
were measured. The body mass index (BMI) was calculated
as the weight (kg) divided by height squared (m?). Blood
samples were collected before and 2 h after a fixed break-
fast for the measurements of glycosylated hemoglobin Alc
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(HbAlc), fasting lipid profiles, liver and kidney function,
myocardial enzyme spectrum, electrolytes, and fasting and
2 h postprandial plasma glucose (FPG and 2 hPG), and uri-
nary measurements were performed to determine the urine
microalbumin-creatinine ratio (ACR).

CGMS data collection

Continuous glucose monitoring (CGM) measures the glu-
cose concentration in subcutaneous interstitial fluid and non-
venous blood glucose, and CGM is currently a useful tool for
discovering and assessing patients at high risk of hypoglyce-
mia or hypoglycemia. CGM can be used in clinical research
and is a valuable method [5, 6]. All subjects underwent 72-h
continuous interstitial glucose (IG) monitoring (CGM) with
the Medtronic Carelink ipro2, and each subject underwent at
least 4 capillary blood glucose monitoring sessions per day
during the CGM period for calibration. After 72 h, ipro2 was
uploaded to the software by the same investigator, and a ret-
rospective blood glucose analysis report was generated. An
episode of low IG (<3.5 mmol/L) on CGM without simulta-
neous self-reporting of symptoms was regarded as asympto-
matic hypoglycemia. The period during which asymptomatic
hypoglycemia occurs was selected to be more than 20 min
[7]. Further stratification was performed according to the
degree of hypoglycemia as follows: a level of IG <3 mmol/L
was considered clinically significant hypoglycemia [8, 9]),
and 23:00-6:00 was defined as the night period.

Collecting ECG data during the hypoglycemia period

All patients underwent 72 h of simultaneous 12-lead Holter
and CGM using a Holter electrocardiograph (CardioTrak
Holter Analysis System, CT-08 Holter Recording Box)
from the Hangzhou Baihui Medical Equipment Co., Ltd.
To observe changes in the HRV when hypoglycemia occurs
[10, 11], the ECG data of HRV during each period of asymp-
tomatic hypoglycemia were collected in Holter data. Vari-
ous ectopic heart rhythms and artifacts were automatically
eliminated, and the average heart rate was recorded. The
spectral analysis included the short-term frequency domain
and the time domain. In the short-term analysis, the total
power under different conditions, namely, the high-fre-
quency power (HF, 0.15~0.4 Hz, ms2) and low-frequency
power (LF, 0.04 ~0.15 Hz, ms2) values, differed. Therefore,
the HF and LF were normalized (HFnu and LFnu) and then
compared. The normalized low-frequency to high-frequency
ratio was calculated (LF/HF). The SDNN (standard devia-
tion of normal R-R intervals), SDANN (standard deviation
of the R-R interval averages per 5-min segment), RMSSD
(the square root of the mean squared difference of successive
RR intervals), and PNN50 (the percentage of adjacent R-R
intervals > 50 ms in the total number of R-R intervals) were
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used as time-domain measures of HRV. As a control, each
episode of asymptomatic hypoglycemia was matched with
a euglycemic period (IG 5-10 mmol/L) of an equal duration
at the same time of day on a different day.

Treatment of symptomatic hypoglycemia

Treatment was performed according to the 2017 China Type
2 Diabetes Prevention and Control Guidelines [12].

Statistical analysis

The normally distributed continuous variables are presented
as the means + standard deviations. The short-term frequency
domain or time domain data were analyzed using a paired
t-test by comparing the hypoglycemia period with the eug-
lycemia period. Their correlation was analyzed by a Pearson
correlation analysis. Using the occurrence of clinically signifi-
cant hypoglycemia as the dependent variable and HRV param-
eters as the independent variable, a logistic binary regression
analysis was performed to identify the predictive risk factors
for clinically significant hypoglycemia. All statistical analyses
were performed with SPSS 20.0 IBM, Armonk, NY, USA).
Significance was defined as a p-value <0.05.

Results

Anthropometric and laboratory characteristics
of the subjects

The average parameters of the 58 participants were as fol-
lows: age (62.2 +11.2) years, BMI (21.7+1.7) kg/mz,
HbAlc (7.5+0.8)%, duration of diabetes (12.1 +6.0) years,
FPG (6.7 +1.9) mmol/L, fasting C peptide (201 +167)
pmol/L, total cholesterol (4.3 +0.8) mmol/L, low-density
lipoprotein cholesterol (2.4 +0.6) mmol/L, triglyceride
(0.8 +0.7) mmol/L, high-density lipoprotein cholesterol
(1.5 +£0.4) mmol/L, urine albumin-creatinine ratio (ACR,
26.8 + 13.4) mg/cr, blood creatinine (78.2 + 10.5) umol/L,
systolic blood pressure (126 +12) mmHg, and diastolic
blood pressure (73 +6) mmHg.

CGMS data

Forty-eight of the 58 participants experienced at least one
episode of hypoglycemia. Excluding the period of symp-
tomatic hypoglycemia, there were 62 asymptomatic hypo-
glycemia episodes. Among these episodes, 52 segments
of asymptomatic hypoglycemia at night were available for
analysis. At the onset of hypoglycemia, the average IG level
was 3.0+ 0.5 mmol/L, the lowest IG value was 1.9 mmol/L,

the average duration was 77.2 +37.4 min, and the longest
duration was 200 min.

HRV analysis of nocturnal asymptomatic
hypoglycemia

The HFnu, SDNN, SDANN, RMSSD, and PNN50 during
the nocturnal asymptomatic hypoglycemia episodes were sig-
nificantly lower than those during the matched euglycemic
period, and the LF/HF ratio was increased; the difference was
statistically significant (all p <0.01). The LFnu exhibited a
downward trend, but the difference was not statistically sig-
nificant (p > 0.05) (Table 1). According to further stratified
analysis of the degree of hypoglycemia, there were 22 epi-
sodes of clinically significant hypoglycemia (IG <3 mmol/L).
The HFnu, SDNN, SDANN, RMSSD, and PNN50 were
significantly lower than those during the euglycemic period
(all p<0.01), and the LF/HF ratio was increased (p <0.05)
(Table 2). In hypoglycemia (<3 IG <3.5 mmol/L), except for
the HFnu, which was significantly lower than that in eugly-
cemia (p <0.01), the SDNN, SDANN, RMSSD, PNN50, and
LF/HF ratios did not significantly differ (p > 0.05) (Table 3).

Pearson correlation analysis of hypoglycemia
degree and HRV parameters

Pearson correlation analysis showed that the degree of
hypoglycemia was negatively correlated with the LF/
HF ratio (r= —0.348, p=0.011) and positively corre-
lated with the SDNN and RMSSD (r=0.391 and 0.397,
respectively, both p =0.004) but was not correlated with
the HFnu and LFnu (p > 0.05).

Table 1 Comparison of short-term spectral parameters between
asymptomatic hypoglycemia and euglycemia

Variables IG<3.5 mmol/L. Euglycemia ¢ p value
LFnu 55.7+16.6 58.0+154 —1.076 0.287
HFnu 36.7+12.8 452+12.5 —-6.832 0.000
LF/HF 1.8+1.2 1.5+£0.7 3.019 0.004
SDNN (ms) 73.5+24.6 82.6+20.6 —2.845 0.006
SDANN (ms) 51.6+24.9 61.2+24.1 —-2.980 0.004
RMSSD (ms) 27.5+10.7 332+9.6 —3.269 0.002
PNN50 (%) 6.0+3.5 7.9+5.1 —3.473 0.001
Heart rate (beats/ 68+11 69+7 —0.499 0.620
min)
IG (mmol/L) 3.0+0.5 6.5+2.1 —11.707 0.000

Data are reported as the means=+SD; HFnu normalized high-fre-
quency power, LFnu normalized low-frequency power, SDNN stand-
ard deviation of normal R-R intervals, SDANN standard deviation of
the averages of R-R intervals in every 5-min segment, RMSSD the
square root of the mean squared difference of successive RR inter-
vals, PNN50 the percentage of adjacent R-R intervals >50 ms in the
total number of R-R intervals, /G interstitial glucose
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Table 2 Comparison of short-term spectral parameters between clini-
cally significant hypoglycemia and euglycemia

Variables IG<3.0 mmol/L.  Euglycemia ¢ p value
LFnu 64.1+14.6 66.2+2.5 —-0.750 0.462
HFnu 332+12.8 404+11.9 -5.545 0.000
LF/HF 25+15 1.9+0.8 2.663 0.015
SDNN (ms) 65.0+19.1 79.8+18.6 —3.355 0.003
SDANN (ms) 46.1+19.9 56.9+20.8 —-2.543 0.019
RMSSD (ms) 23.5+8.7 353+10.2 —-4.634 0.000
PNNS50 (%) 52+3.0 7.8+4.7 —3.768 0.001
Heart rate (beats/ 69+13 70+£5 —-0.292 0.773
min)
IG (mmol/L) 25403 6.0+2.2 —6.623 0.000

Data are reported as the means+SD; HFnu normalized high-fre-
quency power, LFnu normalized low-frequency power, SDNN stand-
ard deviation of normal R-R intervals, SDANN standard deviation of
the averages of R-R intervals in every 5-min segment, RMSSD the
square root of the mean squared difference of successive RR inter-
vals, PNN50 the percentage of adjacent R-R intervals > 50 ms in the
total number of R-R intervals, /G interstitial glucose

Table 3 Short-term spectral parameters comparison between nonclin-
ically significant hypoglycemia and euglycemia

Variables 3.0<1G Euglycemia ¢ p value
<3.5 mmol/L
LFnu 49.5+154 520+15.0 -0.787 0.439
HFnu 39.3+12.8 48.8+10.8 —4.877 0.000
LF/HF 1.3+0.7 1.1+£0.6 1.664 0.107
SDNN (ms) 79.7+26.5 85.1£22.0 -1.169 0.252
SDANN (ms) 55.7+27.6 64.4+26.1 —-1.859 0.073
RMSSD (ms) 304+11.1 31.7+9.1 —0.640 0.527
PNNS5O0 (%) 6.6+3.8 8.0+5.4 —1.748 0.091
Heart rate (beats/ 69+ 10 69+8 —-0.432 0.669
min)
IG (mmol/L) 33+0.2 7.8+2.0 —-9.761 0.000

Data are reported as the means+SD, HFnu normalized high-fre-
quency power, LFnu normalized low-frequency power, SDNN stand-
ard deviation of normal R-R intervals, SDANN standard deviation of
the averages of R-R intervals in every 5-min segment, RMSSD the
square root of the mean squared difference of successive RR inter-
vals, PNN50 the percentage of adjacent R-R intervals>50 ms in the
total number of R-R intervals, /G interstitial glucose

Logistic binary regression analysis of predictors
of clinically significant hypoglycemia

With the occurrence of clinically significant hypoglycemia as
the dependent variable and the LFnu, HFnu, SDNN, SDANN,
RMSSD, PNN50, and LF/HF as the independent variables, a
logistic binary regression analysis was performed. The results
showed that LF/HF was a predictor of clinically significant
hypoglycemia [Exp(B) =6.428, p=0.032] (Table 4).
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Discussion

Population-based studies have confirmed that the incidence of
hypoglycemia in T2D during intensive insulin therapy is sig-
nificantly increased, and there are more cardiovascular events
and a higher mortality [13]. Some studies have suggested that
this finding may be related to an imbalance in sympathetic-
parasympathetic tension in the cardiac autonomic nerve [14].
Different methods are used to evaluate cardiac autonomic neu-
ropathy (CAN). The standard cardiovascular reflex test pro-
posed by Ewing [15] is usually considered the gold standard.
However, it has been reported that impairment indicators in
HRYV spectrum analyses can appear before abnormal cardiac
autonomic nerve function tests [16]. In clinical practice, high
HRYV reflects an individual’s ability to adapt to changes in the
microenvironment, and a decline in HRV has become an aux-
iliary marker of susceptibility to cardiovascular events in the
process of intensive blood glucose control [17]. The cardiac
autonomic nerve includes the sympathetic and vagus nerves,
which complement and antagonize each other and together
finely regulate the physiological functions of the heart. HRV
analysis methods include the time domain and frequency
domain. It is generally believed that HF can better reflect
vagus nerve activity, while LF comprehensively reflects sym-
pathetic and parasympathetic nerve activity. The LF/HF ratio
can represent the balance of sympathetic and parasympathetic
nerves. The time domain parameter SDNN is jointly regulated
by sympathetic and parasympathetic pathways. RMSSD and
PNN50 often reflect the activity of the parasympathetic nerve.
In this study, we selected the period of asymptomatic hypo-
glycemia in T2D patients at night and analyzed the changes in
the frequency domain and time domain parameters of short-
duration HRV to explore the influence of different degrees of
hypoglycemia on cardiac autonomic function.

Table 4 Logistic binary regression analysis

Variable p SE Wald Sig Exp(B)
LFnu 0.041 0.029  2.104  0.147 1.042
HFnu 0.047 0.058 0.647 0.421 1.048
LF/HF 1.861 0.867 4609  0.032  6.428
SDNN (ms) —0.028 0.032  0.778 0.378 0.972
SDANN (ms) —0.005 0.021 0.066  0.797 0.955
RMSSD (ms) 0.114 0.065 3.100  0.078 1.121
PNNS50 (%) 0.014 0.098 0.021 0.885 1.014
Constant —9.403 4.763 3.898 0.048 0.000

Data are reported as the means+SD; HFnu normalized high-fre-
quency power, LFnu normalized low-frequency power, SDNN stand-
ard deviation of normal R-R intervals, SDANN standard deviation of
the averages of R-R intervals in every 5-min segment, RMSSD the
square root of the mean squared difference of successive RR inter-
vals, PNN50 the percentage of adjacent R-R intervals >50 ms in the
total number of R-R intervals
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This study found that asymptomatic episodes of hypogly-
cemia were more frequent when patients slept at night, with
an average duration of 77.2 min, longest duration of 200 min,
and an average IG of 2.98 mmol/L. Further stratification was
performed according to the degree of hypoglycemia and clini-
cally significant hypoglycemia (IG <3 mmol/L). HRV was
clearly abnormal during asymptomatic hypoglycemia, which
directly affected CAN, and the HFnu, RMSSD, and PNN50
were significantly decreased compared with those during eug-
lycemia, suggesting that the activity of the parasympathetic
nerve was significantly weakened. The SDNN and SDANN
were significantly decreased, and the LFnu, which mainly
represents sympathetic nerve activity, also showed a down-
ward trend. The heart rate did not significantly increase but
showed a slowdown trend, indicating that both sympathetic
and parasympathetic nerve function were damaged, and the
damage to the parasympathetic nerve was more serious than
the sympathetic nerve pathway. We found that the response
of increased LF/HF ratio was a reflection of an imbalance of
sympathetic and parasympathetic activity when hypoglyce-
mia occurred. It was suggested that the imbalance of cardiac
autonomic nerve activity was the result of hypoglycemia [18].
Studies had found that the baroreflex sensitivity of the cardiac
vagus nerve was inhibited significantly during hypoglycemia,
indicating reduced vagal control and impaired cardiovascu-
lar homeostasis during hypoglycemia[19].The weakened
antagonism of the parasympathetic nerve to the sympathetic
nerve may increase the electrical instability of the heart and
lead to the risk of arrhythmia, which can be explained by the
greater damage to the parasympathetic nervous system. These
patients have a central nervous system-mediated deficiency in
the sympathetic response to hypoglycemia and lack a gluca-
gon response to hypoglycemia after insulin treatment without
obvious autonomic nervous warning symptoms of hypoglyce-
mia; this condition is not easy to detect, diagnose, or treat in
a timely manner. These changes in electrocardiograms may
have fatal consequences, such as sudden death, for diabetic
patients who already have cardiovascular disease. In the case
of nonsevere hypoglycemia (<3 IG <3.5 mmol/L), the HFnu
was significantly decreased compared with that during eug-
lycemia, but there was no statistically significant difference
in the SDNN, SDANN, RMSSD, PNN50, or LF/HF ratio.
This finding suggests that HRV changes are more significant
only when clinically significant or severe hypoglycemia is
present. HF was significantly decreased in the patients with
nonclinically significant hypoglycemia but did not decrease
further with lower blood glucose. This finding may be related
to sympathetic nerve excitation after transient vagus nerve
suppression, followed by an increase in compensatory activity
of the vagus nerve.

In the Pearson correlation analysis of the parameters of
hypoglycemia and HRV, the degree of blood glucose was
positively correlated with the SDNN and RMSSD and

negatively correlated with the LF/HF ratio. These results
suggest that both sympathetic and parasympathetic fiber
activities are significantly impaired in patients with asymp-
tomatic hypoglycemia episodes, which may lead to the
occurrence of cardiovascular adverse events caused by car-
diac electrical instability. HRV parameters are related to the
severity of hypoglycemia [20]. Similarly, CAN disorder can
predict severe hypoglycemia in patients with T2D [21]. The
logistic binary regression analysis showed that LF/HF was a
predictor of clinically significant hypoglycemia, suggesting
that the imbalance of the sympathetic and parasympathetic
nerves is the main risk factor for hypoglycemia.

Some related studies, such as Chow et al. [7], observed
changes in arrhythmia and HRV in T2D patients with car-
diovascular disease during hypoglycemia. Unfortunately, the
study failed to find changes in parameters that could reflect
sympathetic-parasympathetic activity at night, and the changes
in the SDNN, HF, and LF did not reach statistical significance.
However, in individuals with severe asymptomatic hypoglyce-
mia, HF was found to change (first decrease and then increase)
with the continuous decrease in blood glucose, which is con-
sistent with the trend of HF in our study. Considering that
there are defects in sympathetic and parasympathetic regula-
tion during nocturnal hypoglycemia, the excessive activation
of the vagus nerve is associated with the occurrence of sinus
bradycardia and even long gap and fatal arrhythmias [22].

Klimontov et al. [23] found a correlation between blood
glucose fluctuation and HRV in female T2D patients treated
with insulin. There were no significant changes in the LF,
HF, or LF/HF during nocturnal hypoglycemia compared with
those during euglycemia. This finding is inconsistent with
the results observed in this study and may be related to the
small sample size (only 7 data segments were included in the
analysis) or the different degrees of hypoglycemia [24]. An
expanded sample size and more clinical studies are required
to explore this further.

There are some shortcomings in this study. First, there were
differences in LF and HF between day and night in the nor-
mal subjects. However, this paper did not compare HRV at
night and day because fewer data were available for analysis
of hypoglycemia during the day. In addition, there were dif-
ferences between hypoglycemic autonomic dysfunction and
cardiac autonomic dysfunction. We cannot completely rule out
hypoglycemic autonomic dysfunction in the enrolled subjects.

In conclusion, when insulin-treated hypoglycemia occurs
in T2D, it manifests as an imbalance between the sympa-
thetic and parasympathetic nervous systems, is associated
with the severity of hypoglycemia, and is harmful in terms
of the electrical stability of the heart, which is associated
with a poor prognosis of cardiac function.

More studies investigating asymptomatic hypoglycemia
are needed to determine the effect of hypoglycemia on the
regulation of cardiac autonomic function.
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Conclusion

In this study, we investigated the association between the
severity of nocturnal asymptomatic hypoglycemia and short-
term HRV changes in patients with T2D and reported that
reduced HRV was associated with the severity of nocturnal
asymptomatic hypoglycemia, severe hypoglycemia aggra-
vates the CAN imbalance, and the imbalance between sym-
pathetic and parasympathetic nerves is the main risk factor
for severe hypoglycemia.
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