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Dynamics of heart rate variability analysed through nonlinear
and linear dynamics is already impaired in young type 1
diabetic subjects
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Abstract Background: Autonomic diabetic neuropathy is one of the most common complications of type 1 diabetes
mellitus, and studies using heart rate variability to investigate these individuals have shown inconclusive results
regarding autonomic nervous system activation. Azms: To investigate the dynamics of heart rate in young subjects
with type 1 diabetes mellitus through nonlinear and linear methods of heart rate variability. Methods: We evaluated
20 subjects with type 1 diabetes mellitus and 23 healthy control subjects. We obtained the following nonlinear
indices from the recurrence plot: recurrence rate (REC), determinism (DET), and Shanon entropy (ES), and we
analysed indices in the frequency (LF and HF in ms2 and normalised units — nu — and LF/HF ratio) and time
domains (SDNN and RMSSD), through analysis of 1000 R—R intervals, captured by a heart rate monitor. Resu/zs:
There were reduced values (p < 0.05) for individuals with type 1 diabetes mellitus compared with healthy subjects
in the following indices: DET, REC, ES, RMSSD, SDNN, LF (ms2), and HF (ms2). In relation to the recurrence
plot, subjects with type 1 diabetes mellitus demonstrated lower recurrence and greater variation in their plot, inter-
group and intra-group, respectively. Conclusion: Young subjects with type 1 diabetes mellitus have autonomic
nervous system behaviour that tends to randomness compared with healthy young subjects. Moreover, this beha-
viour is related to reduced sympathetic and parasympathetic activity of the autonomic nervous system.
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nervous system, providing new elements on how

IABETES MELLITUS AFFECTS 387 MILLION PEOPLE
Daround the world; in Brazil, 9 million people
above 18 years of age have this disease,
and 10% of them have type 1 diabetes mellitus.
Autonomic diabetic neuropathy is one of the most
common complications of type 1 diabetes and
generally impairs the cardiovascular system, resulting
in autonomic neuropathy,' significantly influencing
the mortality rate of diabetic patients.”
In this context, we highlight the importance of
studies that assess the dynamics of the autonomic
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neuropathies are developed and how they can change
the sympathetic and parasympathetic systems.’

A method that is widely used to assess cardiac
autonomic modulation is the analysis of heart rate
variability.” Heart rate variability describes the
oscillations of the intervals between consecutive heart
beats (R—R intervatls)&8 and it provides information
on the diagnosis and prognosis of several diseases.”
Analysis of heart rate variability can be performed by
linear methods, which include the indices in the time
and frequency domains, and by nonlinear methods
based on chaos theory.’

Studies using heart rate variability that investi-
gated type 1 diabetes mellitus by linear methods

Downloaded from https://www.cambridge.org/core. UNESP, on 24 Apr 2019 at 14:13:30, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/5104795111500270X


mailto:naiara_bs@live.com
http://crossmark.crossref.org/dialog/?doi=10.1017/S104795111500270X&domain=pdf
https://doi.org/10.1017/S104795111500270X
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

1384

showed that this population may exhibit reduced
modulation of the autonomic nervous system on both
systems™ '" or only one system.'>'? Studies using
nonlinear methods to investigate type 1 diabetes
mellitus are scarce and have provided inconclusive
results, indicating loss of complexity of the auto-
nomic nervous system only in some indices.'> ™

It is known that the nonlinear behaviour is pre-
valent in the human systems, and the study of heart
rate variability by nonlinear methods has gained
increasing interest, as the recurrence plot.17

The recurrence plot is a graphical representation of
recurrence in a dynamic system and it evaluates the
complexity of a system.'®"? The plot allows a quali-
tative analysis through vertical, horizontal, and
diagonal variables and it also allows a quantitative
analysis by means of its indices,'® thus enabling a more
sensitive analysis of cardiac autonomic regulation.

In this sense, studying the nonlinear behaviour,
which is more representative of the physiological beha-
viour of individuals, can lead to a better understanding
of the influence of the autonomic nervous system on type
1 diabetes mellitus subjects and assist in the assessment
and risk stratification of these patients. Therefore, better
and specific treatment plans can be designed depending
on autonomic nervous system action.

Thus, we aimed to evaluate the cardiac autonomic
modulation of type 1 diabetes mellitus subjects at
rest through qualitative and quantitative analyses of
the recurrence plot.

Materials and methods

Study population

We analysed data from 43 young adult volunteers of
both sexes who were divided into two groups: control
and type 1 diabetes mellitus groups. We chose type I
diabetes patients for this study because of the lower
prevalence of co-morbidities associated with type 1
diabetes mellitus compared with type 2 diabetes
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mellitus, because co-morbidities of type 2 diabetes
mellitus could influence autonomic nervous system
modulation.

The type 1 diabetes mellitus group was composed of
20 volunteers diagnosed with type 1 diabetes mellitus,
the time of diseases was 9.8 & 4.97 years, and the control
group consisted of 23 healthy volunteers. Table 1
contains the characterisation of the groups studied.

The inclusion criteria for selection were as follows:
individuals who did not use drugs that influence
cardiac autonomic regulation — such as B-blockers
and adrenergic agonists — those who did not have
cardio-respiratory diseases, and those who were
non-smokers and did not consume alcohol. We
excluded from the study volunteers who did not
comply with the recommendations for performing
the experimental procedure and those who had a
series with more than 95% sinus rhythm.

All the study procedures were approved by the
Ethics Committee in Research of our Institution
(47/2011), and we followed the rules established by
the 466/2012 Resolution of The National Health
Council. The volunteers were fully informed about
the procedures and objectives of this study, and all of
them signed a consent form.

Procedures

Data were collected in our sound-proof
laboratory. The temperature (23.87 £ 2.54°C)
and humidity (54.22 £8.51%) were recorded by a
digital thermo-hygrometer (Incoterm, Rio Grande do
Sul, Brazil).

Initially, volunteers answered a questionnaire to
identify and obtain information on age, signs and
symptoms of type 1 diabetes mellitus, drug use, presence
of associated diseases, evaluation of physical activity time
performed in a week, measured through the IPAQ,”
and the age of disease onset among the volunteers. We
performed physical assessments — anthropometric

Table 1. Mean values, followed by their respective standard deviations of physical and clinical characteristics of the studied volunteer groups.

DMI1 (n=20) Control (n=23) p value
Age (years) 22.50+4.09 [18-30] 22.21+2.69 [18-30] 0.7882
Height (m) 1.69+£0.10 [1.54-1.93] 1.70+0.11 [1.51-1.93] 0.8636
Weight (kg) 74.57 £13.53 [59.40-110.20] 68.34 % 16.06 [44.40-100.00] 0.1927
BMI (kg/mz) 26.0615.32 [18.90-42.50] 23.33+3.86[17.80-31.90] 0.0560
WHR 0.78 £0.05 [0.67-0.87] 0.79£0.07 [0.65-0.93] 0.4586
HR (bpm) 81.20£9.47 [67-97] 75.30 £10.96 [60-76] 0.0684
SBP (mmHg) 108.50 £ 10.40 [90.00-130.00] 111.91 £12.74 [90.00-140.00] 0.3462
DBP (mmHg) 68.00 £8.94 [50.00-80.00] 73.04 £9.26 [60.00-100.00] 0.0777
PA weekly (minutes) 566.35 +686.31 [0.00-3080.00] 623.91 £552.01 [65.00-2040.00] 0.4078

BMI =body mass index; bpm = beats per minute; DBP = diastolic blood pressure; DM1 = diabetes mellitus type 1; HR = heart rate; kg =kilograms;

m = metres; min = minute; mmHg = millimetres of mercury; PA = physical activity; SBP = systolic blood pressure; WHR = waist/hip circumference

Mean = standard deviation [minimum—maximum]
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measurement, heart rate and blood pressure at rest — and
subsequently cardiac autonomic regulation was
evaluated. All the procedures were conducted by a group
of trained researchers.

Physical assessment

We measured the weight and height of the partici-
pants to calculate body mass index, and we measured
waist circumference and hip circumference to obtain
the waist/hip ratio.

Body mass was measured using a digital scale (Welmy
R/ 200, Brazil) and height was measured using a
stadiometer (Sanny, Sao Paulo, Brazil). Using the weight
and height scores, body mass index was calculated usmg
the formula weight (kg)/height (metres) squared

To obtain the waist/hip ratio, we used a measuring
tape (Sanny) for the measurement of waist cir-
cumference — which was obtained by measuring the
smallest circumference between the lower costal
margin and the anterior superior iliac crest — and
hip circumference was obtained by measuring the
diameter at the trochanters. To obtain the waist/hip
ratio, the value of waist circumference was divided
by the value of hip circumference.”

Blood pressure was measured indirectly, using the
stethoscope (Littman, Saint Paul, Minnesota, United
States of America) and aneroid sphygmomanometer
(WelchAllyn — Tycos, New York, New York, United
States of America), on the left arm of the volunteer
following the criteria established by the VI Brazilian
Guidelines on Hypertension blood.”

Heart rate was measured by palpation of the
brachial artery for one minute.

Autonomic assessment

Volunteers were instructed to avoid consuming
alcohol, caffeine and/or autonomic nervous system
stimulants such as coffee, tea, and chocolate® for
24 hours before evaluation. Data were collected
between 1 p.m. and 6 p.m. All the procedures neces-
sary for data collection were explained to the indivi-
duals, and the subjects were instructed to remain at
rest and not to talk during the data collection process.
After all the procedures of data collection were
explained to the volunteers, a strap that captures the
heart electrical activity was placed on the sternum and
the Polar S810i monitor was placed on the wrist (Polar
Electro, Kempele, Finland).®** The participants were
then placed supine on a stretcher where they remained
at rest for 30 minutes with spontaneous breathing.
The R-R intervals recorded by the portable validated
heart rate monitor Polar $810i"” — with a sampling rate
of 1000 Hz — were uploaded to the Polar Precision
Performance programme (v. 3.0; Polar Electro).
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The software enabled the visualisation of heart rate and
the extraction of a cardiac period (R—R interval) file in
downloadable “.txt” format. Following digital filtering
complemented with manual filtering for the elimina-
tion of premature ectopic beats and artefacts,”> 1000
R-R intervals were used for the data analysis. Only
series with more than 95% sinus rhythm was included
in the study.

For calculation of the indices, we used heart rate
variability Analysis software (Kubios HRV v.1.1 for
Windows; Biomedical Signal Analysis Group,
Department of Applied Physics, University of Kuo-
pio, Kuopio, Finland), whereas the nonlinear indices
derived from the recurrence plot were obtained by
Visual Recurrence Analysis — VRA (Visual Recur-
rence Analysis Software, by Eugene Kononov, United
States of America) software.

Analysis of heart vate variability indices

All the following analyses of heart rate variability
were conducted by a single researcher, and therefore
all of quantitative and qualitative indices.

Linear methods

To analyse heart rate variability in the frequency
domain, the low frequency (LF=0.04-0.15Hz,
sympathetic component) and high frequency (HF =
0.15-0.40 Hz, parasympathetic component) spectral
components were used in absolute (rns ) and nor-
malised units (nu), which represent a value relative to
each spectral component in relation to the total power
minus the very low frequency components, and the
ratio between these components (LF/HF). The spec-
tral analysis was calculated using the Fast Fourier
Transform algorithm.’

The analysis in the time domain was performed by
means of SDNN (standard deviation of normal-to-
normal R—R intervals; overall variability of heart rate)
and RMSSD (root-mean square of differences
between adjacent normal R-R mtervals in a time
interval, parasympathet1c modulat1on)

Nonlinear methods

The nonlinear indices evaluated were derived from
the recurrence plot. The following indices were
obtained: recurrence rate (REC), determinism (DET),
and Shannon entropy (ES), as well as the qualitative
analysis of the recurrence plot.

The recurrence plot is the visualisation of a square
matrix in which the elements of the matrix corre-
spond to the moments in which a state of a dynamic
system repeats — columns and rows correspond to a
particular couple of times. The recurrence plot reveals
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the moments when the trajectory in the phase space
of the dynamical system returns ag()proximately to the
same area in the phase space,” and it may be
quantitatively and qualitatively analysed.
Qualitative analysis was carried out by visualisa-
tion of the vertical, horizontal, and diagonal lines of
the recurrence plot. The diagonal lines reflect the
repeating sequence of states in the system, and the
horizontal and vertical lines result from a persistent
state during a time interval.?® In healthy individuals,
the recurrence plot has a diagonal square and is less
apparent, indicating higher heart rate variability,
whereas in subjects with cardiac abnormalities the
recurrence plot presents more apparent squares,
indicating the inherent frequency and low heart rate
variability related to an autonomic nervous system
recurrence. Furthermore, if the recurrence plot is
randomness it will show no structure and an uniform
distribution, and there will be no pattern identifiable
in the plot. Thus this plot is related to a autonomic
nervous system with randomness trend."”
Quantitative analysis of the recurrence plot enables
the extraction of three indices: REC, DET, and ES. The
REC is the ratio of all recurrent states (return points) for
all possible states, and therefore the probability of
recurrence of a particular state; it takes into account the
ratio of ones and zeros in the matrix of the recurrence
plot, measuring their return points. The DET is the
number of points present in the recurrent formation of
the diagonal lines over all the points of relapse and it is
related to the degree of predictability of the system."”
The ES is a measure that describes the irregularity,
complexity, or uncertainty of an experimental time
series, representing the energy expended to produce
work."? Mathematically, the calculation of ES signal is
negative — the higher the entropy value the more
information and greater adaptability to the environ-
ment.”” Thus, if ES is large, then the distribution is
flat — all the random patterns are distributed and the
series takes as much information as possible. On the
other hand, if small, there is likely a subset of patterns.”®

Mathematics series

. . . 2
Mathematical and linear random series were created”
in order to compare the patterns of behaviour of these
series with those obtained by the series of the
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volunteers in this study. The series obtained were also
analysed using the visual recurrence analysis software
to obtain the indices derived from the recurrence plot.

The random series were constructed in Excel using
the formula Random ()X 100, random values
between 0 and 100 were obtained after excluding the
decimal places. The linear series was obtained
through a series constructed with prime numbers
between 2 and 3800.%

Statistical analysis

Standard statistical methods were used for the
calculation of means, standard deviations, maximum
and minimum values, and confidence intervals of
95%. Normal Gaussian distribution of the data was
verified by the Shapiro—Wilk goodness-of-fit test
(z value >1.0). For parametric distribution, we
applied the Student t-test, and for non-parametric
distribution we applied the Mann—Whitney test.
Differences were considered significant when the
probability of a Type I error was lower than 5%
(p <0.05). The calculation of the study power with
the number of subjects analysed and significance level
of 5% (two-tailed test) confirmed a power higher than
80% to detect differences between the variables.

Results

Table 1 shows the characteristics of both the groups.
There were no significant differences between the
groups.

All the volunteers from the type 1 diabetes
mellitus group were insulin dependent. In addition,
three subjects (15%) used medication to control
blood pressure, three (15%) for thyroid disorders, two
(10%) for peripheral neuropathy symptoms, and two
(10%) used contraceptives. Regarding co-morbid-
ities, the control group included two volunteers
classified as obesity grade 1, and one subject in the
type 1 diabetes mellitus group was classified as
obesity grade 3.%!

Table 2 presents the values of the DET, REC, and
ES indices derived from recurrence plot quantitative
analysis. Smaller values of these indices were observed
for the type 1 diabetes mellitus group compared with
the control group (p <0.05).

Table 2. Mean values, followed by their respective standard deviations of DET, REC, and ES indices derived by RP for the studied groups.

DM1 Control p value
DET (%) 96.14 £ 1.56 [95.41-96.88] 97.1310.92 [96.73-97.53] 0.0145
REC (%) 19.65 £5.44 [17.10-22.20] 23.5614.68 [21.53-25.58] 0.0153
ES (bits) 4.0610.32 [3.92-4.20] 4.3110.29 [4.18-4.44] 0.0057

DET = determinism; DM1 = diabetes mellitus type 1; ES = Shannon entropy; REC = recurrence rate; RP = recurrence plot

Mean = standard deviation [95% CI|
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Regarding the qualitative analysis of recurrence
plot, representative samples of the groups are
presented in Figure 1. The selected recurrence plot of
the individuals presented the DET and REC values
closer to the average for their respective groups.

The recurrence plot of the healthy subjects
presented a pattern with more square and vertical and
horizontal lines apparent in comparison with the
diabetic recurrence plot, which showed the least
square lines. Furthermore, the intra-group analysis
showed that the control group recurrence plot
patterns were between individuals, which did not
occur in the diabetic subjects’ recurrence plot, which
showed greater variation.

Table 3 shows the results of the mathematical
models used to compare behaviour of the time
random and linear series with the average values of
the groups studied. It is worth noting that the aver-
age value of the type 1 diabetes mellitus group is
tending towards randomness when compared with
the average value of the control group.

Table 4 displays values of the heart rate variability
indices obtained in the time and frequency domams
We observed significantly increased values of LF (ms®),
HF (ms”), RMSSD, and SDNN in the control group.

Discussion

This study was carried out to evaluate nonlinear
dynamics of heart rate in young type 1 diabetic subjects

ll]ll 200 360 400 500 Gl{ﬂ 700 800 900 1000

Figure 1.
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through analysis of recurrence plots. Our results
indicate that young diabetic subjects demonstrate
reduced DET, REC, and ES indices compared with
healthy young control subjects, suggesting that this
group has a tendency to random cardiac autonomic
regulation behaviour. In other words, they present
impaired cardiac autonomic regulation.’® Recurrence
plot qualitative analysis showed that diabetic patients
had a pattern with less squares and apparent vertical
and horizontal lines, as well as greater figures of varia-
tion between individuals compared with the recurrence
plot of controls.

These findings were accompanied by reduced
sympathetic and parasympathetic regulation of the
heart in the type 1 diabetes mellitus group, observed
by heart rate variability linear indices analysis.

Using the REC, DET, and ES values obtained from
random linear mathematical series to compare the

Table 3. Values of REC, DET, and ES of the studied groups and
the mathematical models of time series: random, diabetic group,
control group, and linear.

REC DET ES
Random 6.20 87.10 2.88
Diabetics 19.65 96.14 4.06
Control 23.56 97.13 431
Linear 41.40 99.90 7.31

DET = determinism; ES = Shannon entropy; REC = recurrence rate

(b)
1000

e
(o8
d 7&0 800 360

‘a@n
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100 2&0 3&0 4&0 5&0

1000

(a) Recurrence plot of young healthy controls (REC: 26.35 and DET: 97.64), (b) recurrence plot of young diabetic individuals (REC:
17.69 and DET: 96.14). It is noticed that figure A has more squares and lines along the whole image, compared with figure B, and this
pattern is present in all the images of the control group; however, no image pattern is present in the type 1 diabetes mellitus group, in which the
number of lines and squares formed are different between the diabetes subjects.
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Table 4. Mean values, followed by the respective standard deviations of HRV indices obtained in the time and frequency domains of the

studied groups.

DM1 Control p value
RMSSD (ms) 35.36£17.63 [37.11-43.62] 51.14 +22.20 [41.54-60.75] 0.0145
SDNN (ms) 40.41 +16.25 [32.80-48.01] 66.39 +24.06 [55.98-76.80] 0.0002
LF (ms?) 608.50+577.05 [338.43-878.57] 1.196.50 £819.34 [842.19-1550.9] 0.0039
HF (ms’) 599.20 £ 530.85 [350.76-847.64] 1.115.80 £870.01 [739.54-1492.0] 0.0228
LF (un) 52.06+13.94 [45.53-58.59] 53.93 £13.77 [47.98-59.89] 0.6605
HF (un) 47.93£13.94 [41.40-54.46] 46.06£13.77 [40.10-52.01] 0.6605
LF/HF 1.341+1.01 [0.87-1.82] 1.43£1.04 [0.97-1.88] 0.3874

DM1 =diabetes mellitus type 1; HF = high frequency; HRV = heart rate variability; LF = low frequency; LE/HF = low and high frequency ratio;
RMSSD = root mean square of the sum of squares of differences between iRR adjacent; SDNN = standard deviation of all normal R—R intervals recorded

in a time interval
Mean * standard deviation [95% CI]

values found in all groups, we observed that the type
1 diabetes mellitus group had values close to random
series, suggesting that type 1 diabetes mellitus
subjects have a standard tendency towards random-
ness, which may explain the lower values of the DET
and REC indices reported in our study.

The presence of randomness produces unpredict-
able cardiac autonomic modulation behaviour,”" and
this random behaviour can influence, directly or
indirectly, the occurrence of complications of type 1
diabetes mellitus.

Unlike the results presented in our investigation, a
previous study evaluated heart rate variability in
healthy young subjects and type 1 diabetes mellitus
patients. The authors described higher values of DET
for individuals with type 1 diabetes mellitus, indi-
cating a reduced complexity in the control of heart
rate in the group with diabetic patients;'” however,
the methodology used in the mentioned study
included restriction of ANS stimulants for 12 hours
before evaluation, the heart rate variability analysis
was performed in the morning, and the authors did
not exclude smokers. These criteria are different from
that of our study, which may have influenced the
results and contributed to the differences in results.

Regarding ES, we observed higher values for heal-
thy subjects compared with diabetic individuals. The
ES reduction is related to sympathetic—vagal imbal-
ance, which can predict depressed global modulation
of heart rate as well as pathological conditions such as
malignant cardiac arrhythmias, heart attack, and even
sudden death,”® indicating that patients with type 1
diabetes are more prone to such conditions.

For the recurrence plot qualitative analysis of the
type 1 diabetes mellitus group, we reported a pattern
graph with lower recurrence, which was against the
lowest values for DET and REC indices observed in
the qualitative analysis of this group. Volunteers in
this group also showed a pattern of more diverse

recurrence plot figures, indicating autonomic
regulation of the heart with greater variation.

The index that evaluates global modulation of heart
rate, the SDNN index,” was reduced in the type 1
diabetes mellitus group, suggesting that these
individuals have reduced overall regulation of the
heart, which is an indicator of abnormal function and
insufficient adaptation of the cardiac autonomic reg-
ulation.””? This finding may indicate a high predictor
of mortality, possibly due to heart attack, atrium
fibrillation, other cardiac arrhythmias, congestive
heart failure, and ischaemic heart disease.*>?

In agreement with this result, a study with 17
type 1 diabetes mellitus patients, aged between 12
and 30 years, reported decreased SDNN index in
these individuals."” In contrast, Trunkvalterova
et al'’ analysed the SDNN index in 14 type 1 dia-
betes mellitus patients (mean age 22.3 + 1.2 years
old) and found no significant differences between the
control and the type 1 diabetes mellitus group. The
authors explain that the lack of differences may be
related to the small sample size used.

Our findings also indicate that the indices that
determine the parasympathetic (RMSSD and
HF ms?) and the sympathetic (LF ms?) modulation of
the heart were lower in the type 1 diabetes mellitus
group compared with the control group. This con-
dition can produce responses in subjects’ physiology
that are not efficient to induce alarm reactions and
considered as an increased risk of cardiovascular dis-
eases and significantly increased mortality rate. %
Similar results for the LF and HF indices in children
with type 1 diabetes melllitus aged between 8 and 12
years were also reported in the literature.'’

Our study presents some points that are note-
worthy. The different time of diagnosis among the
type 1 diabetes mellitus subjects and the presence of
obesity in both groups are limitations that should be
mentioned. Regarding obesity, although the type 1
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diabetes mellitus group presented two volunteers
classified as obesity grade 1 and 3, previous research
pointed out that this situation does not affect the
autonomic nervous system function.’®

In this context, it has been observed that the pre-
sence of type 1 diabetes mellitus causes major changes
in the cardiac autonomic modulation, and these
changes are already present in the young population,
which has no other typical complications triggered
by the type 1 diabetes mellitus. Change in the heart
rate variability dynamics is an important factor to be
prevented and treated, as its occurrence is associated
with a worse prognosis and quality of life,* and it may
influence the occurrence of various diseases such as
severe arrhythmias, dysfunction of the wvascular
atherosclerosis, stroke, and even sudden death.”’*®

Thus, it is understood that early identification of
cardiac autonomic changes is important, as the
treatment strategies can be prepared in a more direct
manner, and therefore prevent the onset or prevent
complications that this disease induces, creating a
better prognosis for type 1 diabetes mellitus.
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