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Abstract: Background: Autonomic dysfunction, impaired baroreflex sensitivity (BRS), and deranged
circulatory homeostasis have been observed in chronic hyperglycemia and found to be associated with
increased cardiovascular morbidity and mortality. However, the acute effects of hyperglycemia in healthy
subjects have been rarely studied. The present study explores the effect of acute hyperglycemia on con-
ventional and unconventional parameters of BRS in healthy young adults.

Methods: For the estimation of BRS beat-to-beat blood pressure (BP) and electrocardiogram were
recorded in forty-two young, healthy subjects during fasting and at 1hr of the oral glucose load. Analysis
of BRS was carried out by sequence and spectral method. Number of UP-, DOWN- and ALL-sequences
between ramps of BP and RR-interval were calculated as an unconventional measure of BRS along with the
other conventional parameters.

Results: We observed significant alteration of unconventional parameters of autonomic functions [the
number of sequences of UP- (p = 0.0039) and ALL-sequences (p = 0.0233) of systolic BP and RR interval;
and, UP- (p = 0.0380), DOWN- (p = 0.0417) and ALL-sequences (p = 0.0313) of mean BP and RR-
interval] during acute hyperglycemia as compared to the fasting state. However, no significant changes
were observed in any of the conventional parameters of BRS during acute hyperglycemia as compared to
the fasting state.

Conclusions: Present study concludes that the unconventional parameters of BRS — the number of
sequences between the ramp of BP and RR-interval — change significantly during acute hyperglycemia.
However, the conventional parameters do not show significant changes during acute hyperglycemia. We
may hypothesize that the relatively constant BRS is maintained at the expense of increased oscillations in
the ramp of BP and RR-interval.
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Introduction

Altered homeostasis of glucose metabolism and systemic blood pressure (BP) are estab-
lished risk factors for the various cardiovascular diseases [1, 2] and are primary pathol-
ogies behind life style diseases [3—6]. Similarly, altered baroreflex functions and deranged
circulatory homeostasis are associated with abnormal functions of the autonomic ner-
vous system and increased risk of cardiovascular morbidity and mortality [7-9].
Impaired baroreflex functions and baroreflex sensitivity (BRS) have been reported in
many diseases such as diabetes mellitus [10, 11], metabolic syndrome [12, 13] etc.

The arterial baroreceptor reflex system maintains the relatively constant systemic
arterial BP [14]. Measurement of BRS is carried out by quantifying the change in heart
rate in response to the changes in the systemic arterial BP. This change in the systemic
arterial BP can be induced by specific manoeuvres, vasoactive drugs or it can be the
spontaneous one [15, 16]. BRS measures are sensitive and reliable parameters for the
assessment of autonomic control of the cardiovascular system[16, 17]. Reduced
BRS has been reported to be an independent risk factor for cardiovascular morbidity
and mortality [17, 18]. Impaired function of the autonomic nervous system and altered
BRS has been reported even in early or uncomplicated diabetes mellitus [11, 19]. The
deleterious effects of hyperglycemia on the cardiovascular system and its mechanisms
are well explained in the literature [20-22]. Hyperglycemia increases intracellular
oxidative stress and induces vascular damage via polyol pathway activation and for-
mation of advanced glycation end products. Several other polymorphous pathways
also increase oxidative stress on the peripheral nervous system because of hypergly-
cemia [23]. These eventually cause cardiovascular and other complications in diabetes
mellitus [24].

Although the long-term effect of sustained hyperglycemia on cardiovascular auto-
nomic functions is well documented, the effect of transient hyperglycemia on barore-
flex sensitivity is rarely studied [25]. Therefore, the present study was designed and
conducted to explore the effect of transient hyperglycemia on different parameters of
BRS. This study also explored the association of other unconventional parameters of
BRS, along with the conventional ones, with hyperglycemia.

Materials and Methods
Subjects

Forty-two young, healthy subjects [19.0 (18.0-20.0) years] were recruited for the
study. Written informed consent was obtained from all the subjects. All the recordings
and measurements were carried out in the Autonomic Function Laboratory, Depart-
ment of Physiology at Government Medical College and Hospital, Chandigarh, India.
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The institute’s research and ethics committee [IEC/2018/77] approvals were obtained
to conduct this study, and it has been performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki and its later amendments.

Healthy subjects were identified and recruited based on the detailed clinical his-
tory and physical examination. Subjects with any acute or chronic diseases were
excluded from the study. Subjects were asked to report at 8:30 a.m. after an overnight
fast. Demographic details and clinical history were recorded. For producing hypergly-
cemic state, subjects were instructed to take 75 gm of glucose with water, orally. The
blood sample was obtained for the blood sugar estimation, both during the fasting and
at the end of one hour of the oral glucose load. Beat-to-beat BP and lead II electro-
cardiogram (ECG) were recorded for the assessment of BRS, both during the fasting
state and at the one hour of the oral glucose load. These recordings were carried out in
a temperature-controlled room. All the recordings of the female subjects were carried
out within the week of the start of their menstrual cycle to minimize the effect of
ovarian hormones on the recorded parameters.

Data Acquisition

Subjects were instructed to refrain from tea or caffeinated beverages for at least
12 h before the recordings. Beat-to-beat BP was recorded by the ‘volume clamp
method’ of Penaz, from the right middle finger, using the computer-based digital
data acquisition system Finometer (Finometer® model 2; Finapres Medical Systems,
Amsterdam, the Netherlands). Signal acquisition was carried out using the software
Beatscope Easy® (Finapres Medical Systems). The sampling rate for acquiring the
BP signals was 200 Hz. Lead II ECG was obtained using LabChart Pro 7° software
(AD Instruments, Australia). Sampling frequency for ECG acquisition was kept at
1 kHz, with digital bandpass filter between 0.5 Hz and 35 Hz. Recorded data were
saved with appropriate annotations for further offline analysis.

Analysis of Baroreflex Sensitivity

Signals of beat-to-beat BP and ECG were analyzed by LabChart Pro 7 software. BRS
was analyzed by sequence and spectral methods by Nevrocard software. Analysis of
BRS by sequence method was based on the identification of the sequences of three or
more consecutive beats characterized by a progressive change in BP (rise or fall) and
RR interval (lengthening or shortening). Criteria used for identifying sequences were
(1) RR variation greater than 5 ms, (2) BP changes greater than 0.5 mmHg, (3) se-
quences of 3 beats or longer, and (4) sequences correlation coefficient greater than
0.85. The average slope of regression lines identified by the above criteria gives the
estimate of BRS by sequence method. BRS by sequence method has been carried out
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for UP-sequences, DOWN-sequences, and ALL-sequences of systolic BP, diastolic BP
and mean BP during fasting and hyperglycemic state of the subjects. These data were
also analyzed for the changes in the number of UP-, DOWN- and ALL-sequences
identified during 5 min baseline recordings of beat-to-beat BP (systolic, diastolic and
mean) and RRI, and were statistically compared during fasting and hyperglycemic
state.

For the determination of BRS by spectral method, simultaneously recorded beat-
to-beat BP and RRI signals were analyzed by Fast Fourier transformation. The coher-
ence between power spectral densities of RR interval and BP in low frequency (LF,
0.04-0.15 Hz) and high frequency (HF, 0.15-0.40 Hz) band were computed. The
baroreflex gain was calculated by dividing the amplitude of RR oscillations by the
amplitude of corresponding oscillations in the systolic, mean and diastolic BP, in the
‘Low’ and ‘High’ frequency bands. These were referred as a-LF and a-HF in their
respective frequency bands. Both a-LF and a-HF are expressed as ms/mmHg. LF/HF
ratio has been calculated by dividing the power in the low and high-frequency zone of
the frequency distribution spectrum of systolic, mean, or diastolic BP.

Statistical Analysis

Descriptive statistics were used to summarize all the variables. All parameters were
tested for the distribution of data using standard normality tests (D’Agostino-Pearson
omnibus normality test, Kolmogorov-Smirnov test and Shapiro-Wilk test). Data with
normal distribution are expressed as mean + SD; data with non-parametric distribu-
tion are expressed as median with interquartile range. To compare the mean or the
median of different parameters during fasting and hyperglycemic state, paired t-test or
Wilcoxon matched paired test, depending upon the distribution of data, were carried
out. The level of statistical significance was set at p <0.05. Statistical analyses were
carried out using GraphPad Prism version 5.01 for Windows (GraphPad Software,
Inc., USA).

Results

The study was conducted on forty-two young, healthy subjects (15 male and 27
female). The demographic and anthropometric characteristics of the subjects are listed
in Table 1.

Hyperglycemia has significantly affected cardiovascular parameters (Table 2). To
evaluate the effect of hyperglycemia on different BRS parameters assessed by sequence
and spectral method, group mean or median values, during fasting and hyperglycemic
states, were compared. No significant effect of hyperglycemia was observed on the BRS
assessed by sequence method. On analyzing the impact of hyperglycemia on BRS
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Table 1. Demographic and anthropometric characteristics of the subjects.

Parameter Value
Age (years) 19 (18-20)
Male (%) 35.7
Weight (Kg) 63.79 + 13.89
Height (cm) 166 + 7.27
Body Mass Index (Kg/m2) 23.04 + 4.14

Normally distributed data are expressed as mean + SD, and non-parametric data are expressed as median (inter-
quartile range).

Table 2. Comparison of parameters during fasting and hyperglycemic state.

Parameter Fasting 1 Hr of Glucose Load P value
Blood glucose 86.33 + 8.34 126.8 + 29.29 <0.0001
Systolic blood Pressure {118 (113-120.5) 115.1 +£ 7.99 <0.0001
Mean Blood Pressure 88.53 + 7.31 86.23 + 7.18 <0.0001
Diastolic Blood Pressure | 73.81 + 7.58 71.81 + 7.38 <0.0001
Heart Rate 72.36 = 10.24 75.64 £ 8.5 0.0003

Normally distributed data are expressed as mean + SD, and non-parametric data are expressed as median (inter-
quartile range).

assessed by spectral method, no significant changes were observed in a-LF or a-HF.
However, a significant decrease in LF/HF ratio was observed (Table 3).

Novel findings were observed while evaluating the effect of hyperglycemia on the
number of sequences of progressive changes in systolic or mean BP and RRI. It was
observed that there was significant increase in the number of UP- [8.238 + 6.32 vs 10.5
(5-18.25); p = 0.0039] and ALL-sequences [14.5 (5.75-20) vs 15 (8.5-31.25);
p = 0.0233] of systolic BP and RRI; and, UP- [8.095 + 5.29 vs 10.17 * 6.4;
p = 0.0380], DOWN- [7.5 £ 5.8 vs 8.5 (4-13.25); p = 0.0417] and ALL-sequences
[15.6 £ 10.05 vs 16.5 (11.75-27.25); p = 0.0313] of mean BP and RRI (Fig. 1). No
significant changes were observed in the number of DOWN-sequences of systolic BP
and RRI [5 (2-10.01) vs 5 (2-12.5), p = 0.2638], and number of UP-, DOWN- and
ALL-sequences of diastolic BP and RRI [9.81 + 7.37 vs 11.4 + 7.17, p = 0.1872; 8.93
+ 6.7 vs 8.5 (03-16.01), p = 0.2445; 8.74 + 12.97 vs 20.9 £ 13.39, p = 0.2535, respec-
tively] during fasting and hyperglycemic states.

Correlation analyses were carried out to explore any potential correlation between
heart rate and different BRS parameters. Significant correlations were observed between
heart rate during fasting and hyperglycemic state and sequential BRS assessed by UP-,
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Table 3. Effect of Hyperglycemia on BRS parameters determined by sequence and spectral method.

Parameter Fasting 1 Hr of Glucose Load P value

Sequential BRS accessed by UP sequences of BP and RR interval

SBP 25.34 (17.27-41.06) 25.42 (16.81-34.18) NS
MBP 43 + 26.37 44.84 + 21.05 NS
DBP 43.96 (30.21-54.88) 47.51 + 12.61 NS
Sequential BRS accessed by DOWN sequences of BP and RR interval

SBP 25.59 (16.29-33.3) 23.12 + 12.47 NS
MBP 37.84 + 21.69 41.43 £ 16.92 NS
DBP 36.86 (24.08-45.05) 37.56 (28.65-45.37) NS
Sequential BRS accessed by ALL sequences of BP and RR interval

SBP 27.02 (20.21-38.63) 26.85 + 14.2 NS
MBP 42.06 + 20.37 44.57 £ 15.23 NS
DBP 42.22 (31.39-52.53) 45.46 + 17.94 NS
aLF of spectral BRS

SBP 6.65 + 3.76 6.345 (4.81-8.35) NS
MBP 7.015 (5.34-9.95) 7.41 (5.57-10.08) NS
DBP 7.72 (6.05-11.6) 8.305 (5.97-11.39) NS
aHF of spectral BRS

SBP 12.18 + 6.65 8.945 (7.23-13.27) NS
MBP 24.05 + 12.81 22.69 + 10.25 NS
DBP 18.29 + 5.32 18.03 (13.64-23.78) NS
LF/HF ratio

SBP 2.42 (0.78-6.64) 1.5 (0.85-3.48) 0.0453
MBP 11.38 (4.2-28.32) 8.825 (3.39-14.48) 0.0164
DBP 3.335 (1.17-5.97) 4.721 £ 3.36 NS

Normally distributed data are expressed as mean + SD, and non-parametric data are expressed as median (inter-quartile
range). BRS, Baroreflex sensitivity; BP, Blood pressure; SBP, Systolic blood pressure; MBP, Mean blood pressure; DBP,
Diastolic blood pressure; NS, Not significant

DOWN- and ALL-sequences of BP and RR interval (Fig. 2a). No significant correlations
were observed between the number of sequences of UP-, DOWN- and ALL-sequences
of systolic, mean, and diastolic BP, and RR interval. On correlation analyses between
heart rate during fasting and hyperglycemic state and spectral BRS parameters, signifi-
cant correlations were observed with aHF of spectral BRS of systolic, mean and diastolic
BP and RR interval, aLF of spectral BRS of diastolic BP and RR interval, and, LF/HF
ratio of spectral BRS of systolic and mean BP and RR interval (Fig. 2b).
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Fig. 1. Comparison of number of sequences
between the ramp of BP and RRI during fasting
and hyperglycemic state.

Changes in the number of sequences of (a) UP- and (b)
ALL-sequences of systolic BP and RR interval; and, (c)
UP-, (d) DOWN- and (e) ALL-sequences of mean BP and
RR interval during fasting and hyperglycemic state. MBP:
Mean Blood Pressure, RRI: RR interval, SBP: Systolic
Blood Pressure. The central horizontal lines represent
mean of fasting state of (a), (c), (d) and (e) and
hyperglycemic state of (c); and error bars represent
standard deviation of fasting state of (a), (c), (d) and (e)
and hyperglycemic state of (c). The central horizontal
lines represent median of fasting state of (b) and
hyperglycemic state of (a), (b), (d) and (e); and error
bars represent the interquartile range of fasting state of
(b) and hyperglycemic state of (a), (b), (d) and (e).
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(a)

(b)

Fig. 2. Correlation web between different BRS-parameters and heart rate during fasting and
hyperglycemic state.

Correlation web showing significant correlations among heart rate during fasting and hyperglycemic state and different
BRS parameters assessed by sequence (a) and spectral (b) method. All the correlations are negative correlations. Solid
lines indicate Pearson correlation; broken lines indicate Spearman correlation. Parameters in clear boxes indicate
fasting status and parameters in grey boxes indicate hyperglycemic status. Seq-S-BRS-UP, Seq-S-BRS-DOWN, Seq-S-
BRS-ALL: Baroreflex sensitivity assessed by UP-, DOWN- and ALL- sequences of systolic blood pressure and RR
interval, respectively; Seq-M-BRS-UP, Seq-M-BRS-ALL: Baroreflex sensitivity assessed by UP-and ALL- sequences of
mean blood pressure and RR interval, respectively; Seq-D-BRS-UP, Seq-D-BRS-DOWN, Seq-D-BRS-ALL: Baroreflex
sensitivity assessed by UP-, DOWN- and ALL- sequences of diastolic blood pressure and RR interval, respectively.
Spec-S-BRS-aHF, Spec-M-BRS-aHF, Spec-D-BRS-aHF: Baroreflex sensitivity assessed by aHF from spectral analysis of
RR oscillations and systolic, mean and diastolic blood pressure oscillations, respectively; Spec-D-BRS-aLF: Baroreflex
sensitivity assessed by aLF from spectral analysis of RR oscillations and diastolic blood pressure oscillations; Spec-S-
BRS-LF/HF, Spec-M-BRS-LF/HF: Baroreflex sensitivity assessed by LE/HF from spectral analysis of RR oscillations and
systolic and mean blood pressure oscillations, respectively.
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Discussion

The present study evaluated the effect of acute hyperglycemia on BRS, assessed by
sequence and spectral methods, in young, healthy subjects. The novel findings of this
study are the significant effect of hyperglycemia on the number of UP-, DOWN- and
ALL-sequences of mean BP and RRI, and, UP- and ALL-sequences of systolic BP and
RRI. However, the study didn’t find any significant effect of hyperglycemia on most of
the conventional BRS parameters. By these findings, it can be hypothesized that
different body and homeostatic mechanisms tend to keep the BRS unaffected by
hyperglycemia, at the expense of increase or decrease in the number of sequential
changes in BP and RR interval.

Impaired BRS indicates the impaired function of the autonomic nervous system,
and has been reported in subjects with newly diagnosed diabetes mellitus or even
those with impaired glucose tolerance [11-13]. Impaired BRS is associated with ad-
verse cardiovascular outcomes in patients with diabetes mellitus and hypertension
[26]. However, rarely has any study been carried out in healthy subjects to evaluate the
acute effect of hyperglycemia in healthy subjects. The study by Holwerda et al. [25]
reported impaired spontaneous BRS in healthy subjects during acute hyperglycemia.
The present study didn’t find any significant changes in most of the BRS parameters,
except for the LF/HF ratio. The impaired BRS maybe because of the effect of glucose
on the vagal afferent nerve terminals and nucleus tractus solitarius [27-29], which
forms important parts of the baroreflex loop.

A novel finding in the present study was the significant changes in the number of
increasing and decreasing sequences of BP and RR interval, during hyperglycemia.
This finding further supports that basic alterations in cardiovascular rhythms aims to
maintain the relatively constant vital cardiovascular parameters such as BP [30, 31],
and probably the BRS. Although, to the best of our search, we didn’t find any study
reporting the number of increasing and decreasing sequences of BP and RRI, during
the sequential analysis of BRS, and its alterations in different physiological and patho-
logical conditions.

The present study observed significant correlations between heart rate during
fasting and acute hyperglycemic state and various spontaneous BRS parameters, as-
sessed by sequence and spectral methods. These findings indicate the mutual and
synchronized functioning of central and peripheral cardiovascular sensors, centres
and effectors [31, 32] to optimize the BRS. However, further studies are required to
decipher the detailed mechanisms behind it.

A few limitations should be considered while interpreting the results of the present
study. Insulin levels per se can affect the BRS, in addition to hyperglycemia. In the
present study, insulin levels have not been assessed. Further, insulin sensitivity or
resistance can have an influence on BRS. In addition, more female subjects are re-
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cruited than male subjects in the present study. Therefore, the results and interpreta-
tion may be viewed in this context. Further studies with sufficient numbers of male
and female subjects and in wide age ranges are required to validate the findings of the
present study.

In conclusion, the present study addressed the effect of acute hyperglycemia on
BRS in young, healthy subjects. Most of the BRS parameters remain unaffected during
acute hyperglycemia. However, the number of UP-, DOWN- and ALL-sequences of
BP and RR interval by sequential analysis of BRS, show significant changes during the
acute hyperglycemic state compared to the fasting state. Therefore, the present study
suggests that the number of sequences between the ramps of BP and RR interval
affected significantly during acute hyperglycemia than the other conventional spon-
taneous BRS parameters per se in young, healthy subjects. We may hypothesize that
the relatively constant BRS is maintained at the expense increased oscillations in the
ramp of BP and RRI.
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