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Vascular dysfunction in patients with
type 2 diabetes mellitus

Ekta Khandelwal', Mahaveer Jain', Sumeet Tripathi®

'Department of Physiology, All India Institute of Medical Sciences, Raipur, Chhattisgarh, India
“Department of Physiology, Pt. Jawahar Lal Nehru Memorial Medical College, Raipur, Chhattisgarh, India

Background: Type 2 diabetic mellitus (T2DM) is an emerging global pandemic which is
associated with lots of co-morbidities and reported vascular dysfunctions. T2DM associated
vascular dysfunctions leads to vasculopathy in the form of altered peripheral vascular dynam-
ics. Cold stress test (CST) is a reliable sympathetic reactivity test used for assessing vascular
dysfunctions. In this study we are trying to quantify vascular dysfunctions in T2DM patients
non invasively by various parameters of photoplethysmography (PPG) of cold stress test.
Methods: Case control study had done in referral health center AIMS, Raipur. Parameters
are recorded by finger-PPG before, during and after CST (1 min) in 2 groups, control (n = 20
healthy volunteers) and case (n = 20 diagnosed T2DM patients).

Results: Due to cold stress, PPG parameter peak amplitude was significantly decreased in
both healthy and T2DM groups (p <0.001 and p <0.001, respectively). However, recovery trend
of amplitude was significantly slow in T2DM compared to healthy subjects. Another PPG
parameter peak to peak interval was significantly higher in healthy group compared to T2DM
patients.

Conclusions: This study showed that T2DM patients has significant deranged pulse volume
parameters like amplitude and peak to peak interval can be used to objectively quantify the
vasculopathy in T2DM patients by using sympathetic reactivity to cold stress.
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INTRODUCTION

Diabetes mellitus is a known lifestyle disease that is rapidly emerging as a global pandem-
ic associated with high rates of comorbidity. One of the main problems that receives the
least attention in patients with type 2 diabetic mellitus (T2DM) is cardiovascular autonom-
ic neuropathy, which is characterized by complications such as peripheral neuropathy and
vasculopathy.' Vascular derangement is often overlooked in patients with diabetes since
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the features of subtle vascular autonomic impairment might
not be clinically evident until it adversely affects the quality
of life of a patient. The occurrence of peripheral artery dis-
ease is tenfold higher in patients with T2DM.? Atherosclero-
sis in peripheral vasculature leads to vasculopathy in terms
of dysfunctional vascular dynamics.? Increased arterial stiff-
ness in patients with diabetes may be an important pathway
linking diabetic vasculopathy and the associated increased
cardiovascular morbidity and mortality. The risks of macro-
and microvascular complications increase with diabetes
duration, which explains why vasculopathy measurements
help to predict cardiovascular disease development.*

Reactivity of the cardiovascular system in the cold stress
test (CST) has the potential to noninvasively assess cardio-
vascular disease. CST has been routinely used as a part of
Ewing's battery of tests for assessing autonomic functions.
Sympathetic reactivity is confirmed by increased diastolic
blood pressure (BP),” as acute sympathetic stimulation leads
to constriction of the peripheral vasculature® Photoplethys-
mography (PPG), which is an optical and noninvasive mea-
suring technique for observing pulse-volume changes in the
microvascular bed of peripheral tissue, is based on quanti-
fying the sympathetic response.” Pulse volume parameters
such as pulse transit time (PTT), which refers to the arterial
pulse wave transmitted from the heart to the peripheral
vessels,® can be used to measure vascular compliance.” The
pulse wave velocity in the peripheral vasculature increases
due to the vasoconstriction response to the CST, which
explains why the PTT reaction might be useful in assessing
vasculopathy'® and also in predicting cardiovascular disease
development.*

This study evaluated the difference in vascular reactivity
to cold stress between healthy subjects and patients with
T2DM. Objective measures of pulse-volume parameters
such as pulse timings, amplitude, upstroke phase, and PTT
were used to quantify the responses.

Aim and objectives

The aim of this study was to determine the effect of T2DM
on cardiovascular functions. To accomplish this aim, the
specific objectives were as follows: (1) to quantify the sym-
pathetic vascular response to cold stress using various PPG
measures in both study groups. (2) To measure the pulse
timings, amplitude, upstroke phase, and PTT in both groups.
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(3) To compare the sympathetic vascular reactivity parame-
ters between the two groups.

MATERIALS AND METHODS

This was a case-control study. Study subjects were recruited
after obtaining ethical clearance from the institute (reference
no: 61/IEC-AIIMSRPR/2016). The total sample size was 40,
comprising 20 healthy volunteers (age: 18-60 years) as the
control group and 20 patients with T2DM (age: 18-60 years)
as the patient (case) group. Informed written consent was
obtained from all of the study participants. Inclusion criteria
for the recruitment of participants were diagnosed cases of
patients with T2DM (presenting for less than 6 months) and
healthy control subjects who were asymptomatic for cardio-
vascular and respiratory diseases. The exclusion criteria were
a history of addiction such as in smoking and alcohol drink-
ing, history of any chronic illness, hypertension, abnormal
lipid profile, or other neurological disease condition, epilep-
sy, or taking medication.

Subjects were familiarized with the experimental design
and CST procedure on the day of the experiment. Subjects
were instructed to refrain from caffeine intake for at least 12
hours before the procedure, and to eat a light meal no less
than 2 hours beforehand. Experiments were conducted in
a quiet room at an ambient temperature of 25-27°C with
minimal external disturbances. Subjects rested in a supine
position for 15 minutes, during which parameters such
as BP, heart rate, and respiratory rate and PPG data were
recorded. Heart rate was recorded using a lead Il electro-
cardiogram (ECG) instrument and PPG was performed with
the aid of an eight-channel digital physiograph machine
(LabChart, AD Instruments, Bella Vista, Australia). Subjects
were exposed to CSTs in a sitting position. Baseline PPG
parameters were recorded in the sitting position before the
CST was conducted. Cold water at 10°C was prepared in a
container (the water temperature was maintained at 10°C
in the autonomic function laboratory). The baseline BP and
ECG were recorded before the hand was immersed in cold
water. Subjects were asked to immerse the hand in water
up to the wrist for 1 minute.'’ BP was measured just before
the hand was removed from the cold water (i.e, T minute
after immersion). The hand was covered by a towel after be-
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ing removed from the water. BP was measured again at 1.5
minutes and 4 minutes after the hand had been withdrawn
from the cold water. PPG was performed on the right middle

PPI

Slope
dv/dt

Decay time

: NS
* Crest time PTT

Fig. 1. Schematic representation of various PPG measures derived
from a digital physiograph after simultaneously recording ECG and
PPG signals. PP, peak to peak interval; PTT, pulse transit time; PPG,
photoplethysmography; ECG, electrocardiography.
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finger in a supine resting position for 5 minutes as a baseline
measurement, and the data recording was uninterrupted
throughout the CST in the sitting position. The recovery
trend of cold stress (i.e., 5-min after the hand was withdrawn
from cold water) was also investigated.

ECG and PPG data were analyzed simultaneously to obtain
their beat-to-beat changes. These recordings included heart-
rate variability (calculated over each minute until recovery
time), peak systolic amplitude (height between peak point
and foot), systolic peak to peak interval (PPI) (time difference
between successive peaks), and crest time (CT); time taken
to reach the peak point of the same pulse from the foot.
The beat-to-beat changes in PTT were also calculated as the
time delay between the R-wave peak on the ECG and the
onset of the corresponding PPG pulse (Fig. 1). Resting steady
recordings were evaluated for 5 minutes as baseline data.

Table 1. Demographic profile and baseline cardio vascular parameters in T2DM patient and healthy group

Parameter T2DM patients (n = 20) Healthy subjects (n = 20) p
Age (years) 4504 +5.10 43 +394 0.17
Weight (kg) 6945 + 1299 6167 £10.87 006
Height (cm) 16716 +7.77 16393 £ 4.05 on
Systolic blood pressure (mmHg) 133.09 + 13.65 122.8 £ 1295 0.019°
Diastolic blood pressure (mmHg) 89.28 + 804 8850+ 911 077
Heart rate (per minute) 8232 +11.24 7060 + 932 0.009*
HbAlC 803+ 1.88 532+040 0.001°
FBS 124.82 + 2548 79.77 £ 704 0.001°

Values are presented as mean + standard deviation.

T2DM, type 2 diabetes mellitus; HbAlc, glycated hemoglobin; FBS, fasting blood sugar.

®p-values are significant.

Table 2. Baseline PPG parameters in T2DM patient and healthy group

Parameter T2DM patients (n = 20) Healthy subjects (n = 20) p
Crest time (ms) 17495 + 36 41 176.55 £ 43.30 09
Peak amplitude (au) 0.05+0.02 004 +001 0.08
Peak to peak interval (ms) 078+ 0.09 0.79+0.09 0.7
Upstroke-slope (@us™) 098 +0.39 084 +0.19 0.15
Pulse transit time (ms) 0.38 +£0.05 0.39+0.03 0.51

Values are presented as mean + standard deviation.
au-arbitrary unit, aus - arbitrary unit per second.

PPG, photoplethysmography; T2DM, type 2 diabetes mellitus.

®p-values are significant.
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All data were checked for conforming to a Gaussian distri-
bution and reported as mean + standard-deviation values.
The data distribution was checked using the omnibus nor-
mality test from D'Agostino and Pearson, which revealed a
normal distribution (p >0.05). Repeated-measures analysis
of variance was used for both groups to compare significant
trends of the PPG measurements during and after the CST
(1-5 minutes) with respect to baseline. The independent
t-test were used to compare the baseline and responses in
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PPG measurements during the CST between the groups.
The significance criterion was set at p <0.05. All statistical
analyses were performed using SPSS Software version 21.0
(IBM Corporation, Armonk, NY, USA)."?

RESULTS

After screening of 30 patients with T2DM, 20 were finally

Table 3. Comparison of baseline and CST response of PPG parameters in T2DM patient group

Parameters Baseline During 1 minute 3 minutes 5 minutes
Crest time (ms) 17495 + 3642 210.83 + 108.86 206.54 + 4866 17753 £3496 18166 +42.55
p-value 0137 0.002° 0.110 0184
Peak amplitude (au) 006 +0.03 003 £0.01 005+003 0.06+0.03 0.06+0.03
p-value 0.0071° 0.0071° 0.876 0966
PPI (ms) 0.79+£0.09 0.82+0.18 085+0N 0.80+0M 08001
p-value 0.396 0.002° 0.226 0.190
Upstroke-slope (aus™) 099+0.39 070012 0.84+0.26 097 +0.39 097 +038
p-value 0.002° 0.003° 0392 0.527
PTT (ms) 039+0.05 042 +007 042 £0.06 040+ 005 039 +005
p-value 0.0071? 00071 0017 0.045°
Values are presented as mean + standard deviation.
au-arbitrary unit, aus - arbitrary unit per second.
CST, cold stress test; PPG, photoplethysmography; T2DM, type 2 diabetic mellitus; PPI, peak to peak interval; PTT, pulse transit time.
*p-values is significant <0.05.
Table 4. Comparison of baseline and CST response of PPG parameters in healthy subject group
Parameters Baseline During 1 minute 3 minutes 5 minutes
Crest time (ms) 176.55 + 4331 27593 £ 18717 240.80 £ 99.77 178.22 + 49.64 177.85 £ 43.69
p-value 0.029° 0.008? 0.812 0.824
Peak amplitude (au) 004 £002 0.03+0.02 0.04£001 0.04 £0.02 0.04 £0.02
p-value 0.001° 0.265 0.539 0.542
PPI (ms) 0.80+0.10 098 +0.38 0914018 0824009 0.82+0.09
p-value 0.034° 0003 0.155 0.144
Upstroke-slope (aus™ 0.85+0.20 067013 0.75+0.15 0.82+0.18 083+0.20
p-value 00071° 0003 0.122 0.337
PTT (ms) 040+003 043+004 044 +0.04 040+0.04 039+003
p-value 0.001° 0.001° 0.269 0079
Values are presented as mean + standard deviation.
au-arbitrary unit, aus - arbitrary unit per second.
CST, cold stress test; PPG, photoplethysmography; PPI, peak to peak interval; PTT, pulse transit time.
®p-values are significant when comparison of recovery response to baseline.
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included after confirming their adherence to the exclusion
criteria and consent, while 20 healthy age- and sex-matched
subjects were also recruited. PPG and ECG signals recorded
during the experimental protocol are shown in Fig. 1.

Table 1 lists the demographic profile and baseline cardio-
vascular parameters of the patients with T2DM and healthy
subjects. The patients with T2DM and healthy subjects had
comparable age, weight, and sex, while the systolic BP and
heart rate were significantly higher in the patients with
T2DM. Table 2 lists the baseline PPG parameters of the pa-
tients with T2DM and healthy subjects, for which there were
no significant differences.

Table 3 compares the responses of the PPG parameters
in the patients with T2DM between baseline and during
the CST. There was a significant decrease in peak amplitude
immediately after immersing the hand in cold water, and it
remained low throughout the CST (0.06 + 0.03 vs. 0.03 + 0.01
au, p = 0.001). PTT was significantly increased from baseline
to during the CST (0.39 £ 0.05 vs. 042 + 0.07 ms, p = 0.001);
the upstroke phase changed significantly during and after
1 minute of recovery. Other PPG parameters such as CT and
PPI did not differ significantly between baseline and during
the CST.

Table 4 compares the responses of the PPG parameters in
the healthy subjects between baseline and during the CST.
There was a significant decrease in peak amplitude immedi-
ately after immersing the hand in cold water (0.04 + 0.02 vs.
0.03 +0.02 au, p = 0.001), and also in upstroke phase (0.85 +
0.20 vs. 067 + 0.13 aus ™', p = 0.001). There were significant
increases in CT (176.55 £ 4331 vs. 27593 + 187.17 ms, p =
0.029), PPI (0.80 = 0.10 vs. 0.98 + 0.38 ms, p = 0.034), and PTT
(040 + 0.03 vs. 043 £ 0.04 ms, p = 0.001) between baseline
and during the CST.

The intergroup comparison between patients with T2DM
and healthy subjects revealed a slow recovery trend toward
baseline after the CST in patients with T2DM. The peak
amplitudes of the patients increased significantly (p = 0.04)
during the recovery period as compared with the healthy
subjects. There was also a significant increase (p = 0.02)
in the PPI recovery trend toward baseline after the CST in
healthy subjects as compared with patients with T2DM.

36 https://doi.org/10.14253/acn.2023.25.1.32
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DISCUSSION

The baseline BP and heart rate were significantly higher
in the patients in our study than in the healthy subjects,
suggestive of an increased autonomic sympathetic drive.
Long-standing diabetes leads to micro- and macrolevel
dysfunction in multiple organ systems. A severely compro-
mised vascular autonomic nervous system may present
with decreased BP response in the CST. As disease duration
increases with uncontrolled factors such as glycated hemo-
globin (HbA1c) and lipid profile, a diminished response of
sympathetic reactivity may occur.!

BP and heart rate were also quantified during and after
the CST, and were found to be significantly higher in the
patients than in the healthy subjects. This was due to the in-
creased direct drive of the heart by the sympathetic system,
which is evidence of sympathetic nervous system activa-
tion."?

Simultaneous recordings of pulse volume indicated a
significant decrease in peak amplitude and the PPG signal
slope due to cold-stress-mediated sympathetic activation
and the vasoconstriction response in both study groups.
The decrease in both parameters was greater in the patients,
reflecting their increased sympathetic nervous system activ-
ity. A significant decrease in the amplitude and slope of PPG
signals during the CST was attributed to the vasoconstriction
response produced by sympathetic stimulation.'* Our results
indicated a slower recovery trend toward the baseline in pa-
tients with T2DM than in healthy subjects, which was mani-
fested as an increased vascular constriction response to the
sympathetic stimulation that was observed in the significant
increase in baseline heart rate. This suggests that patients
with T2DM have increased sympathetic tone in their blood
vessels. The PPl recovery trend indicated significant chang-
es in healthy subjects that suggested normal autonomic
control as compared with the patients with T2DM. This may
have been due to endothelial damage caused by a higher
HbA1c level, which is found in patients with T2DM, resulting
in stiffer arteries as compared with healthy subjects.

Baseline PTT did not differ significantly between the pa-
tient with T2DM and the healthy subjects. However, the
pulse-wave velocity is significantly higher in patients with
diabetes than in healthy subjects.’

The main limitation of our study was that only a small
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number of patients with T2DM was included. However, our
exclusion criteria were very stringent, and the patients re-
cruited were from a general heterogeneous group without
any past history of autonomic deficits or cardiovascular dis-
orders.

Measuring changes in pulse-volume parameters during
the CST has been previously attempted in healthy sub-
jects but not in patients with T2DM. Our study performed
a detailed pulse-wave analysis and assessed differences
in changes in PPG measurements between patients with
T2DM and healthy subjects. The study results indicated re-
duced vascular reactivity in patients with T2DM, which was
independently shown by the responses of PPG amplitude
and PPI.

Our preliminary study suggests that the combined re-
sponses of pulse-volume parameters such as amplitude and
PPI can be used to objectively quantify early vasculopathy in
patients with T2DM through sympathetic reactivity to cold
stress. Early diagnosis of vascular dysfunction can decrease
the end organ damage and can reduce complications asso-
ciated with diabetes.
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