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Heart Rate Variability Analysis
A Useful Tool to Assess Poststroke Cardiac Dysautonomia

Victor Constantinescu, MD, PhD,* Daniela Matei, MD, PhD,t
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Background: Neurogenic heart syndrome represents a phenomenon
often encountered in clinical practice after ischemic stroke. Further
poststroke cardiovascular complications are possibly related to cardiac
autonomic dysregulation. Multiple Trigonometric Regressive Spectral
(MTRS) analysis of the heart rate variability (HRV) allows a precise
evaluation of cardiovascular modulation under different conditions.

Objectives: This research aims to evaluate the impact of the middle
cerebral artery (MCA) ischemic stroke on cardiac autonomic function,
using the MTRS analysis of HRV, during sympathetic and para-
sympathetic activation tests.

Methods: The authors analyzed HRV parameters in 20 patients who
had a right and 20 who had a left MCA ischemic stroke, under rest
condition and during autonomic activation tests (deep breathing and
standing tests). Data were compared with 20 age-matched and sex-
matched healthy controls.

Results: Patients who had a right MCA ischemic stroke presente
decreased vagal modulation of the heart rate compared with he

controls and patients who had a left MCA ischemic stroke, insesti
state and during autonomic activation tests. Decreased root m¢a
of the successive differences, pNN50, high frequen
frequency normalized units values (P <0.05)
frequency/high frequency ratio (P <0.05) in respi
autonomic activation tests in patients who ha
indicate a sympathetic predominance in the cont
parasympathetic activation test did not chadge the
ance in this group of patients.

pathovagal bal-

Conclusions: The autonomic nervo ‘epresents an attractive
target for the therapeutic approach. As A ischemic stroke, especially
in the right hemisphere, seems to causgysignificant long-lasting auto-
nomic dysregulation, implementing early pharmacological or non-
pharmacological intervention for autonomic restoration may improve
the outcome of patients who had an ischemic stroke.
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Cardiac disease is a risk factor for ischemic stroke! and
cardiovascular complications represent the second leading
cause of poststroke death.” The bidirectional relationship,
however, has been less explored. Recent evidence shows that
brain ischemia can conversgly alter cardiovascular and auto-
nomic function.>-

eatment possibilities in the acute
ve gvolved during the last decades,

primary and s ntion strategies play an essential role in
reducing lon erelated mortality. Monitoring car-
diov: in patients with acute ischemic stroke is
imy e of the increased risk of secondary vascular events,

arrthythmias, myocardial infarction, uncontrolled
nsion, and cardiogenic shock.® Less obvious are the
layed consequences of ischemic stroke on cardiovascular function.
aforementioned cardiovascular complications are related to
bances of the autonomic nervous system, arisen secondary to
the cerebral lesion. In this context, understanding the underlying
mechanisms responsible for autonomic dysregulation together with a
quantification of autonomic cardiac dysfunction represents a neces-
sary step in managing patients who had a stroke, bringing new
perspectives on the therapeutic approach of these patients.

There is considerable evidence regarding the role of forebrain
lateralization in cardiovascular autonomic regulation in patients with
ischemic stroke.” Certain specialized cerebral structures, such as the
insular cortex, are actively involved in this bidirectional brain-heart
axis mediation with an immediate impact on the cardiocirculatory
parameters, thus influencing the patients’ clinical outcome. Damage
to the insular cortex, a complex structure supplied by the middle
cerebral artery (MCA), is associated with a more pronounced
autonomic imbalance leading to life-threatening arrhythmias and
sudden death.”

Complex systems present a temporal variation of bio-
logical processes, characterizing the biological rhythms.® The
analysis of biological rhythms may serve as an important tool
for unraveling the pathophysiology of different diseases,
including cerebrovascular pathology. Heart rate variability
(HRYV) illustrates the ability of the heart to adapt to different
hemodynamic and external environmental changes, or in
response to certain pathologic conditions, outlining the auto-
nomic cardiac control. There is a close relationship between
sympathetic hyperactivation and reduced cardiac vagal modu-
lation associated with low HRYV, involving a higher risk of
cardiac arrhythmia and sudden death.” Some studies reported a
decrease in HRV in patients who had a stroke, not only in the
acute phase but also present up to 6 months after the acute
cerebrovascular event.!0-12

Riidiger and colleagues proposed an algorithm to detect
physiological oscillations of the heart rate on the basis of R
wave to R wave (RR) intervals measurements from the ECG
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recordings—the trigonometric regressive spectral analysis.!3
The HRV parameters are often analyzed by Fourier Transform.
The mathematical approach using trigonometric regressions
excluded the RR intervals equidistance issue, arising with the
method of Fourier Transform, whereas the heart rate is irregular
with a high degree of beat to beat variability.

The dynamic assessment of HRV by Multiple Trigono-
metric Regressive Spectral (MTRS) analysis allows a precise
evaluation of cardiovascular modulation under different con-
ditions, as the local data segments required for MTRS analysis
can be as short as 20 seconds.!*

OBJECTIVES

This research aims to evaluate the impact of the MCA ische-
mic stroke on cardiac autonomic function, during sympathetic and
parasympathetic activation tests, using MTRS analysis of HRV. The
hypothesis is that right MCA ischemic stroke leads to sympathetic
hyperactivation, less present in left MCA ischemic stroke and absent
in controls, underlined by MTRS analysis of HRV.

METHODS

We evaluated a group of 40 patients who had an ischemic
stroke, which was divided into 2 subgroups: the first subgroup of 20
patients (12 men and 8 women, mean age 62.5+9.6 years) with
ischemic stroke in the right MCA territory and the second subgroup
of 20 patients (10 men and 10 women, mean age 63.5+7.5 years)
with ischemic stroke located in the left MCA territory. The features
of this group of patients were compared with a control group
consisting of 20 healthy volunteers (8 men and 12 women, mean
age 56.2+2.7 years), without cardiovascular or cerebrovasc
disorders. The patients were recruited from the Neurology Dep:
ment and were evaluated 3 months after the acute 1schemlc S
The study protocol was approved by the local ethics com
all subjects provided written informed consent before mcl
study was carried out in accordance with the Helsink

Patients were included in the study accotd
lowing criteria: right-handed subjects, older t
examination evocative for stroke, evidence

ischemic stroke on imagistic investigations, single ischemic
lesion, cardiologic assessment before being included in the study.

Patients presenting the following comorbidities were
excluded: moderate or severe valvular dysfunction, heart fail-
ure, cardiac arrhythmia present upon the current admission,
history of myocardial infarction, febrile status, hypoxic status,
impaired consciousness or hemodynamic decompensation
during admission, dementia, severe renal insufficiency, diabetes
mellitus, or other already diagnosed metabolic pathology with
present polyneuropathy.

Some of the patients enrolled in our study were taking
specific medication for their associated pathologies, such as
statins or fenofibrate for dyslipidemia, antiplatelet agents,
antihypertensive treatment. Patients under beta-blockers, anti-
cholinergic drugs, or amiodarone were excluded. The control
group was not under medical treatment. The autonomic control
over heart rate in patients who had a stroke and healthy vol-
unteers was evaluated under standardized conditions. The ECG
recordings were performed according to the following criteria:
in the afternoon (4 to 6 PM), after 30 minutes of the supine
position, in a quiet roo onstant temperature of 22°C, in
the absence of prior, ort or ingestion of caffeinated
or alcoholic bever ourgibefore the test. The evaluation

s all the patients and the healthy
~minute ECG recording in the each of

BIOPAC acquisition system was used for collecting and

ssing biological signals, converting biologic parameters to

ric data. AcqKnowledge software, version 3.9.1.6, per-
mitted to refine the data, detecting, measuring, and analyzing
the recorded signal.

The data gathered were subsequently processed using
MTRS software version 7.3.2.0 (UniversititsKlinikum, Zentrum
fiir Klinische Neurowissenschaften, Dresden, Germany). This
software assesses the HRV time domain and frequency domain
parameters, on the basis of the trigonometric regressive analysis.

TABLE 1. HRV Parameters for th

Left MCA Ischemic Stroke Control Group

Parameter RS ST RS DB ST RS DB ST
RMSSD (ms)

Mean 15.26 17.97 11.98 26.40 31.77 23.79 32.26 38.99 27.82

SD 6.06 9.75 4.49 17.95 19.29 16.61 16.65 22.09 17.31
HF (rel. values)

Mean 23.83 21.59 16.48 32.13 37.35 22.85 32.28 31.54 25.71

SD 10.97 10.04 7.37 14.00 13.49 13.74 12.86 10.42 8.74
LF (rel. values)

Mean 51.94 52.59 58.12 41.92 38.25 50.39 48.13 50.66 56.81

SD 12.91 10.79 8.98 13.82 14.40 14.36 12.71 11.39 10.95
VLF

Mean 14.37 17.57 18.54 12.93 11.23 15.47 9.73 9.15 11.22

SD 6.87 7.96 6.94 7.63 4.88 8.71 3.57 3.54 431
LF/HF

Mean 447 4.63 7.62 2.72 241 4.44 241 2.44 3.83

SD 3.20 4.02 6.08 2.29 2.27 2.71 1.35 1.38 2.28
HFnu

Mean 27.38 25.28 19.73 36.23 41.41 26.28 35.55 34.84 28.54

SD 11.90 10.83 8.67 14.14 14.36 14.44 13.89 11.51 8.84

DB indicates deep breathing test; HF, high frequency; HFnu, high frequency normalized unit; LF, low frequency; MCA, middle cerebral artery; RMSSD, root mean

square of the successive differences; RS, resting state; ST, standing test; VLF, very low frequency.
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All oscillations of the biosignals are analyzed using the following
condition: Y, (RRI(t(i)) — Reg((i)))2 = > minimum, with RRI(t(i))
being the original RR intervals and Reg(t(i)) = A* sin (wt(i) + ¢(1))
being a trigonometric function of the parameters A (amplitude),
o (frequency), and ¢ (phase shift).!* We used the same local data
segment settings of 30 seconds for each recording, with a mini-
mum variance reduction of 1%, a shift of the local data segment of
1 and delta frequency 0.006 Hz.

Time and frequency domain HRV parameters were ana-
lyzed from the ECG recordings in the 3 conditions mentioned
above (resting state and the 2 autonomic activation tests).

Time-domain RMSSD parameter (root mean square of the
successive differences) describes the vagal influence on the heart
rate.” pNN50 represents another time domain parameter, reflect-
ing the ratio between NN50 (number of RR intervals considered
normal-successive “NN” with differences >50ms between
them) and the total number of RR intervals, being expressed in
percentages. It characterizes the vagal control on the heart rate.”

Heart rhythm oscillations may be categorized into 4 primary
frequency bands: ultra-low frequency, very low frequency, low
frequency (LF), and high frequency (HF). Respiration modulates
the vagal activity and contributes to the HF component of the
spectra, ranging from 0.15 to 0.4 Hz."> LF component (0.04 to
0.15Hz) is thought to be the combined sympathetic and vagal
response to arterial baroreceptors.'® The LF and HF values may
also be calculated in normalized units (LFnu, HFnu), defining the
relative values of each frequency spectrum reported to the total
spectral power, from which the very low frequency component was
excluded from the calculation as it is considered to be influenced
by thermoregulation mechanisms and renin-angiotensin system
activity. LF/HF ratio describes the sympathovagal balance.”

Data were analyzed using GraphPad Prism version 8.
(GraphPad Software Inc.). The results of descriptive stati

S

TABLE 2. Differences in HRV Parameters Be

Mann-Whitney Test (P- e) Groups
Right vs. Righ CA
Left MCA  Isch chemic Kruskal-
HRV Ischemic  Strok Stroke vs.  Wallis
Parameter Stroke Contr Controls Test
RMSSD (RS) 0.021 <0.001 0.182 0.002
RMSSD (DB) 0.004 <0.001 0.301 0.001
RMSSD (ST) <0.001 <0.001 0.461 <0.001
pNNS50 (RS) 0.037 <0.001 0.062 0.001
pNNS50 (DB) 0.002 <0.001 0.139 <0.001
pNN50 (ST) <0.001 <0.001 0.380 <0.001
HF (RS) 0.059 0.040 0.883 0.072
HF (DB) <0.001 0.006 0.211 0.001
HF (ST) 0.157 0.001 0.129 0.008
HFnu (RS) 0.040 0.040 0.738 0.056
HFnu (DB) 0.001 0.019 0.157 0.002
HFnu (ST) 0.201 0.005 0.141 0.020
LF (RS) 0.013 0.383 0.108 0.041
LF (DB) 0.001 0.511 0.006 0.003
LF (ST) 0.081 0.583 0.288 0.214
LF/HF (RS) 0.043 0.015 0.722 0.037
LF/HF (DB) 0.015 0.026 0.383 0.022
LF/HF (ST) 0.046 0.002 0.596 0.013

DB indicates deep breathing test; HF, high frequency; HFnu, high-frequency
normalized unit; LF, low frequency; MCA, middle cerebral artery; RMSSD, root
mean square of the successive differences; RS, resting state; ST, standing test.
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FIGURE 1. RMSSD values for stroke patients and controls during
tests. Values are depicted as mean with standard deviation. DB
indicates deep breathing test; RMSSD, root mean square of the
successive differences; RS, resting state; ST, standing test.

were reported as mean
sideration the smal
difficult. When thea
met, we appliedsa

groups, the Mann-Whitney test was applied.
en different autonomic tests in the same group
d applying the Wilcoxon matched-pairs signed-

ard deviation. Taking into con-
, series normalization is very
f normal distribution was not
gametric test. Analysis of the 3 groups
d using the Kruskal-Wallis test. When

%nktest. The significance was met when P <0.05.
RESULTS

Patients who had a right MCA ischemic stroke displayed a
decreased parasympathetic control of the heart rate in resting
state, illustrated by lower values of RMSSD, pNNS50, HF, and
HFnu parameters, compared with left MCA ischemic stroke
group and the healthy control group (Tables 1, 2). After auto-
nomic activation tests, patients who had a right MCA ischemic
stroke maintained lower values of the parasympathetic specific
parameters mentioned above, compared with the left MCA
ischemic stroke group and the control group (Figs. 1, 2). The
same characteristics of the sympathovagal balance were
observed after the activation tests when analyzing the LF/HF
ratio, indicating increased sympathetic activity in the patients
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FIGURE 2. HF values for stroke patients and controls during tests.
Values are depicted as mean with standard deviation. DB indicates
deep breathing test; HF, high frequency; RS, resting state; ST,
standing test.
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Patients who had a left MCA ischemic stroke presented a

TABLE 3. Differences in HRV Parameters Between Tests for Stroke decrease of the parasympathetic specific parameters RMSSD,

Patients pNNSO0, HF, HFnu after the standing test and an increase of the
Wilcoxon Matched-Pairs LF/HF ratio (Fig. 4), indicating a sympathetic activation in
Signed-Rank Test (P-value) accordance to the autonomic test (Table 3). Higher values of
. . RMSSD and pNN50 compared with resting state indicate a
Autf)non.mc Right M,CA Left MC.A regular vagal activation response after deep breathing test.
Activation Ischemic Ischemic
HRYV Parameter Tests Stroke Stroke
RMSSD RS vs. DB 0.189 0.013* DISCUSSION
RS vs. ST 0.005* 0.132 Our results indicated a decreased vagal modulation of the
DB vs. ST <0.001* <0.001* heart rate in patients who had a right MCA ischemic stroke
PNN30 RS vs. DB 0.552 0.015* compared with healthy controls. The standing test determined
gg vs. ST 0.151 0.611 sympathetic activation in both groups of patients and in healthy
vs. ST 0.052 0.014* . .
HE RS vs. DB 0756 0202 controls. During the deep breathing test, we observed an atte-
RS vs. ST 0.006* 0.001* nuated parasympathetic activation response in patients who had
DB vs. ST 0.010%* <0.001%* aright MCA ischemic stroke. Reductions in time and frequency
HFnu RS vs. DB 0.927 0.330 domain HRV parameter values, as observed in our study for
RS vs. ST 0.004%* <0.001* patients who had a right MCA ischemic stroke, are consistently
DB vs. ST 0.017* <0.001* associated with increased riSk of stroke.!” These data strongly
LF IESS Vv§. ETB ggég 8882* indicate that ischemic k& has an important influence on
vs. : . : . N . .
DB vs. ST 0,053 0.003* cz;rdlac flgllctlon elm is y mediated through alterations
LF/HF RS vs. DB 0.589 0.819 ot sympathovaga .
RS vs. ST 0.005% 0.002% Cerebral olving the central network of the
DB vs. ST <0.001* <0.001* autonomic cq induce downstream effects on spinal
cord autonomic nerves, determining HRV
DB indicates deep breathing test; HF, high frequency; HFnu, high-frequency charfges.'® Pr@yious research has already shown a neural source

normalized unit; LF, low frequency; MCA, middle cerebral artery; RMSSD, root of
mean square of the successive differences; RS, resting state; ST, standing test.
*#P <0.05.

es in patients who had a ischemic stroke.!”
I spectral power of RR intervals from the HRV
alysis is reduced in patients who had a stroke compared with
ex-matched controls.”® Cardiac parasympathetic neural
ity is particularly affected after stroke, determining a shift
who had a right MCA ischemic stroke. There was no signifiéant in the sympathovagal balance. In patients with sympathetic

difference between the left MCA ischemic stroke group, hyperactivity, the risk for cardiac complications is higher in the
control group (Table 2). period immediately after cerebral infarction.”! Some studies

Comparing the values of the time and freq n reported that cardiac sympathetic control on the heart rate was
parameters RMSSD, pNN50, HF, HFnu, or the enhanced within 5 days of stroke symptoms onset, but similar
right MCA ischemic stroke group, between 1g8ti ate and the findings were described by other authors for longer
2 autonomic activation tests, we observ ent sym-  periods.”>>* Decreased vagal modulation and sympathetic

able 3). The hyperactivity can be underlined both during the resting con-
e a significant dition and after exercises specific to the motor recovery,
group of patients including sympathetic and parasympathetic activation activities,
as a potential source of cardiovascular complications.

pathetic activation response after standing
parasympathetic activation testgdid nothi
change in the sympathovagal b. 1
(Fig. 3).
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FIGURE 3. RMSSD, HF, and LF/HF values during tests for patients who had a right MCA stroke. Values are depicted as mean with
standard deviation. DB indicates deep breathing test; HF, high frequency; LF, low frequency; MCA, middle cerebral artery; RMSSD, root
mean square of the successive differences; RS, resting state; ST, standing test.
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FIGURE 4. RMSSD, HF and LF/HF values during tests for patients who had a left MCA stroke. Values are depicted as mean with standard
deviation. DB indicates deep breathing test; HF, high frequency; LF, low frequency; MCA, middle,cerebral artery; RMSSD, root mean
square of the successive differences; RS, resting state; ST, standing test.

The originality of our study consists mainly of applying the
MTRS analysis of the HRV in patients who had an ischemic
stroke, whereas, most commonly, a power spectral analysis of
HRYV was performed in previous studies through the Fast Fourier
Transform. Unlike the Fast Fourier Transform, MTRS analysis
does not need interpolation on nonequidistant RR intervals'®>!# and
can be successfully applied to analyze shorter local data segments.

The influence of cerebral structures on the autonomic
nervous system activity relies on several factors: the topograp\
of the brain lesion, the hemispheric lateralization, and
functional remodeling of the cerebral structures, describedyas
brain plasticity, depending on the type of aggression.

There is still controversy about hemispheric lateraliz
involvement of specific cortical structures in gen

anatomic asymmetries of the central nervous
In right MCA infarction with insular

noticed.2”-28 Moreover, increase
reduced circadian variability in
QTc, and recurrent cardiac arrhytht
right MCA ischemic stroke.?® Other'§tudies revealed a higher risk
of cardiac complications and increased long-term mortality in left
hemisphere brain infarction, particularly in the left insular ische-
mic stroke.’®3! The sympathetic hyperactivity was described as
an independent risk factor of long-term unfavorable cardio and
cerebrovascular outcome.??>2 In our study, we found a decreased
vagal modulation of the heart rate and enhanced sympathetic tone
in patients who had a right MCA ischemic stroke compared with
left MCA ischemic stroke. These findings were in line with
previous results from our studies when HRV was analyzed using
the Fourier Transform,33-34

Our study is limited by the low number of participants
which may decrease the statistical power. Further studies on
larger groups are needed to confirm and strengthen these results.

The autonomic nervous system is becoming an attractive
target for the therapeutic approach. Current options that may
amplify the vagal component of the nervous system have
already been exploited in patients with heart failure or
epilepsy.3>3¢ The widening of the spectrum of indications of
cerebrovascular diseases can be analyzed.

Evaluating autonomic modulation may improve the out-
come of patients who had an ischemic stroke by implementing

e, prolongation of
were identified following

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

ic stroke to identify possible dysfunction of the
ion of the autonomic cardiovascular activity.
ic dysfunction can predict poor outcome in
tients who had an ischemic stroke. HRV analysis together
clinical evaluation (eg, NIHSS score and blood pressure
urements), other cardiovascular biomarkers such as tro-
ponin, proBNP, QT interval, hormonal markers (catechol-
amines, other steroids), and imagistic data depicting the right
insular involvement, can contribute, through interdisciplinary
consensus, to the development of a prognostic score relevant in
current practice. Such a score would help identify patients who
had a stroke at risk of cardiac complications.

CONCLUSIONS

Our research brings new perspectives on personalized
therapeutic approaches and integrated management of patients
who had a stroke presenting an alteration of the sympathovagal
balance.

We propose MTRS analysis of the HRV as a useful tool to
assess the autonomic control on the heart rate using short local
data segments to prevent fatal cardiac events in patients who
had an ischemic stroke.

ACKNOWLEDGMENT

The support of Dr Heinz Riidiger for providing the MTRS
software and the constructive cooperation of the participants in
this study is gratefully acknowledged.

REFERENCES

1. Kamel H, Healey JS. Cardioembolic stroke. Circ Res. 2017;120:
514-526.

2. Yoshimura S, Toyoda K, Ohara T, et al. Takotsubo cardiomyop-
athy in acute ischemic stroke. Ann Neurol. 2008;64:547-554.

3. Samuels MA. The brain-heart connection. Circulation. 2007;116:77-84.

4. Kumar S, Selim MH, Caplan LR. Medical complications after
stroke. Lancet Neurol. 2010;9:105-118.

5. Soros P, Hachinski V. Cardiovascular and neurological causes of
sudden death after ischaemic stroke. Lancet Neurol. 2012;11:179-188.

www.theneurologist.org | 53

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.



Constantinescu et al

The Neurologist * Volume 25, Number 3, May 2020

6.

7.

20.

54 | www.theneurologist.org

. Lees T, Shad-Kaneez F, Simpson AM, et al. Heart rate

. Korpelainen JT, Sotaniemi KA, Huikuri HV, et al.

. Korpelainen JT, Sotaniemi KA, Maikikall s

Chen Z, Venkat P, Seyfried D, et al. Brain-heart interaction: cardiac
complications after stroke. Circ Res. 2017;121:451-468.

Ozdemir O, Hachinski V. Brain lateralization and sudden death: its
role in the neurogenic heart syndrome. J Neurol Sci. 2008;268:
6-11.

. Ziemssen T, Reimann M, Gasch J, et al. Trigonometric regressive

spectral analysis: an innovative tool for evaluating the autonomic
nervous system. J Neural Transm. 2013;120(suppl 1):S27-S33.

. Task Force of the European Society of Cardiology and the North

American Society of Pacing and Electrophysiology. Heart rate
variability: standards of measurement, physiological interpretation,
and clinical use. Circulation. 1996;93:1043-1065.

. Mikikallio AM, Mikikallio TH, Korpelainen JT, et al. Heart

rate dynamics predict poststroke mortality. Neurology. 2004;62:
1822-1826.

. Montano N, Gnecchi-Ruscone T, Porta A, et al. Presence of

vasomotor and respiratory rhythms in the discharge of single
medullary neurons involved in the regulation of cardiovascular
system. J Auton Nerv Syst. 1996;57:116-122.

. Lanfranchi PA, Somers VK. Arterial baroreflex function and

cardiovascular variability: interactions and implications. Am J
Physiol Regul Integr Comp Physiol. 2002;283:R815-R826.

. Rudiger H, Klinghammer L, Scheuch K. The trigonometric

regressive spectral analysis—a method for mapping of beat-to-beat
recorded cardiovascular parameters on to frequency domain in
comparison with Fourier transformation. Comput Methods Pro-
grams Biomed. 1999;58:1-15.

. Li K, Riidiger H, Haase R, et al. An innovative technique to assess

spontaneous baroreflex sensitivity with short data segments:
multiple trigonometric regressive spectral analysis. Front Physiol.
2018:9:10.

. Billman GE. The LF/HF ratio does not accurately measure cardiac

sympatho-vagal balance. Front Physiol. 2013;4:26.

. Papaioannou V, Pneumatikos I, Maglaveras N. Association of h

rate variability and inflammatory response in patients with cardioval
cular diseases: current strengths and limitations. Front Physiol. 2043,
4:174.

as a biomarker for predicting stroke, post-stroke complic
functionality. Biomark Insights. 2018;13:11772713187,

variability as a manifestation of autonomic dys! iong
brain infarction. Stroke. 1996;27:2059-2063.

al. Dynamic
behavior of heart rate in ischemic troke. 1999;30:
1008-1013.
Barron SA, Rogovski Z, He

cerebral hemisphere infarction. S

mic consequences of
e. 1994;25:113-116.

21.

22.

23.

24.

25.

26.

217.

28.

29.

34.

35.

36.

#Constantinescu V, Matei D, Cuciureanu D,

Colivicchi F, Bassi A, Santini M, et al. Prognostic implications
of right-sided insular damage, cardiac autonomic derangement,
and arrhythmias after acute ischemic stroke. Stroke. 2005;36:
1710-1715.

Strittmatter M, Meyer S, Fischer C, et al. Location-dependent
patterns in cardio-autonomic dysfunction in ischaemic stroke. Eur
Neurol. 2003;50:30-38.

Giubilei F, Strano S, Lino S, et al. Autonomic nervous activity
during sleep in middle cerebral artery infarction. Cerebrovasc Dis.
1998;8:118-123.

Korpelainen JT, Sotaniemi KA, Huikuri HV, et al. Circadian
rhythm of heart rate variability is reversibly abolished in ischemic
stroke. Stroke. 1997;28:2150-2154.

Oppenheimer S. Cerebrogenic cardiac arrhythmias: cortical later-
alization and clinical significance. Clin Auton Res. 2006;16:6—11.
Reich DA, Govindan RB, Whitehead MT, et al. The effect of
unilateral stroke on autonomic function in the term newborn.
Pediatr Res. 2019;85:830-834.

Tokgozoglu SL, Batur MK, Topcuoglu MA, et al. Effects of stroke
localization on cardiac autonomic balance and sudden death.
Stroke. 1999;30:1307-1311.
Naver HK, Blomstrand
variability after right-sided s
Sander D, Klingelhofer

, Wallin BG. Reduced heart rate
oke. Stroke. 1996;27:247-251.
anges of circadian blood pressure

. Sander D, Winbeck K, Klingelhofer J, et al. Prognostic relevance of

athological sympathetic activation after acute thromboembolic
roke. Neurology. 2001;57:833-838.

et al. Cortical
modulation of cardiac autonomic activity in ischemic stroke
patients. Acta Neurol Belg. 2016;116:473-480.

Constantinescu V, Matei D, Costache V, et al. Linear and nonlinear
parameters of heart rate variability in ischemic stroke patients.
Neurol Neurochir Pol. 2018;52:194-206.

Premchand RK, Sharma K, Mittal S, et al. Autonomic regulation
therapy via left or right cervical vagus nerve stimulation in patients
with chronic heart failure: results of the ANTHEM-HF trial. J Card
Fail. 2014;20:808-816.

Englot DJ, Chang EF, Auguste KI. Vagus nerve stimulation for
epilepsy: a meta-analysis of efficacy and predictors of response. J
Neurosurg. 2011;115:1248-1255.

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.





