ELMER
PRESS

’ '.) Check for updates‘

Orriginal Article

Cardiol Res. 2022;13(5):289-296

Carotid Artery Revascularization Improves Cardiac
Sympathetic Nerve Activity in Patients With
Carotid Artery Stenosis

Tsukasa Kato?, Wakana Sato?, Teruki Sato?, Hiroaki Shimizu®,
Hiroyuki Watanabe® ©

Abstract

Background: The carotid sinus baroreceptor reflex controls the neu-
ral regulation of blood pressure. Baroreceptor disorders due to carotid
sinus atherosclerosis have detrimental cardiovascular effects. This
study investigated the medium-term effects of carotid artery revascu-
larization (CAR) on sympathetic and cardiac function and systemic
blood pressure variability in patients with carotid artery stenosis.

Methods: This study included 21 consecutive patients (median age
70 years, 18 men) with carotid artery stenosis scheduled for CAR.
123] metaiodobenzylguanidine (MIBG) scintigraphy, echocardiogra-
phy, brain natriuretic peptide levels, 24-h Holter electrocardiography
(ECG), and ambulatory blood pressure monitoring assessed approxi-
mately 3 months postoperatively were compared to preoperative data.

Results: All 21 enrolled patients underwent CAR. Carotid artery
stenting was done in three patients with cardiovascular risk or ana-
tomical difficult for carotid endarterectomy. The mean common ca-
rotid artery end-diastolic velocity improved significantly (P < 0.01)
by 1.6-fold, from 10.8 + 3.2 to 16.1 + 7.1 cm/s. In 23 I-MIBG scintig-
raphy, the heart-to-mediastinum (H/M) count ratio was significantly
higher than preoperatively (from 2.66 + 0.48 to 2.86 + 0.56, P=0.03).
Holter ECG analysis revealed a significant decrease in the low-fre-
quency/high-frequency (LF/HF) ratio compared to preoperatively
(from 2.17 +1.20 to 1.62 £ 0.68, P =0.04). These findings suggest de-
creased myocardial sympathetic activation. In echocardiography, the
tissue Doppler-derived e’ increased, and E/e’ decreased significantly
(P < 0.05) from 11.7 £ 5.1 to 10.1 + 4.0, suggesting an improved
left ventricular diastolic capacity. The mean 24-h and nighttime blood
pressures were unchanged.
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Introduction

The carotid sinus baroreceptor (CSB) reflex controls the neural
regulation of blood pressure. When the CSB senses an increase
in blood pressure, a signal is propagated along afferent nerves
to the central nervous system and serves as negative feedback,
leading to bradycardia and hypotension. The molecular nature
of the CSB is ion channels at the nerve endings within the ar-
tery adventitia. The location enables external stimulation of
the CSB. In a study of conscious dogs, electrodes implanted
around both carotid sinuses and electrical activation of the
CSB using an externally adjustable pulse generator reduced
the mean arterial pressure and heart rate [1]. Recently, barore-
flex activation therapy (BAT) devices have been developed
for treating hypertension and heart failure [2]. Abraham et al
demonstrated that BAT significantly improved the quality of
life, exercise capacity, N-terminal pro-brain natriuretic peptide
(BNP) level, left ventricular ejection fraction (LVEF), and the
burden of heart failure hospitalization in patients with guide-
line-directed medical and device-treated New York Heart As-
sociation Class III heart failure [3].

Conversely, baroreceptor failure has detrimental effects on
the cardiovascular system. Rats with baroreceptor failure can-
not buffer the volume load and develop heart failure [4]. Ca-
rotid sinus atherosclerosis is one cause of baroreceptor failure.
Patients with carotid stenosis (CS) are at high risk for cerebro-
vascular events [5], and severe CS is a risk factor for stroke.
The treatment of CS includes medical therapy, carotid artery
stenting (CAS), and carotid endarterectomy (CEA). Studies
have shown the acute effects of carotid artery revascularization
(CAR), including CEA and CAS, in which CAR alters the me-
chanical properties of the arterial wall and affects carotid sinus
nerve activity and systemic blood pressure [6-8]. However, no
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Table 1. Patient Characteristics

N=21
Age (year) 69.5 +£6.8
Male gender, n (%) 18 (86)
Body mass index (kg/m?) 22.5+4.0
Hypertension, n (%) 17 (81)
Diabetes, n (%) 7 (33)
Dyslipidemia, n (%) 20 (95)
Smoking, n (%) 5(24)
Renal failure, n (%) 7 (33)
Sleep apnea syndrome, n (%) 0(0)
Laboratory data
Hb (g/dL) 123 (11.6 - 13.9)
Cre (mg/dL) 0.9(0.8-1.1)
TG (mg/dL) 106 (64.5 - 139.5)
HDL (mg/dL) 53 (42 -78)
LDL (mg/dL) 66 (48 - 88)
HbAlc (%) 5.6(54-6.2)
Medication
CCB 9 (43)
ACE-I/ARB 9 (43)
B-blocker 3 (14)
Diuretics 1(5)

Hb: hemoglobin; Cre: creatinine; TG: triglyceride; LDL: low-density lipo-
protein; HDL: high-density lipoprotein; HbA1c: hemoglobin A1c; CCB:
calcium channel blocker; ACE-I: angiotensin-converting enzyme inhibi-
tor; ARB: angiotensin receptor blocker.

study has evaluated its medium-term effects on cardiac sym-
pathetic nerve activity (CSNA) and the cardiovascular system.

This study investigated the medium-term effects of CAR
on sympathetic function, cardiac function, and blood pressure
variability in patients with CS.

Materials and Methods

Study patients and protocol

The study was approved by our ethics review board and was
conducted in compliance with the institutional ethical stand-
ards for studies of human subjects and the Declaration of Hel-
sinki. The study included 21 consecutive patients scheduled
for CAR at Akita University School of Medicine between De-
cember 2014 and August 2018. The patients were aged 69.5 +
6.8 years; there were 18 men (86%) and three women (14%)
with cardiovascular disease risk factors, such as hypertension
and diabetes. Three patients on beta-blockers, which can af-
fect cardiac autonomic activity, were included. Although sleep
apnea syndrome is commonly associated with increased sym-
pathetic nervous system activity, none of the patients were af-
fected. Table 1 shows the patient characteristics.

Figure 1 shows the study protocol. Before CAR, all pa-
tients underwent cerebral perfusion single-photon emission
computed tomography and carotid artery ultrasonography.
The surgery indications followed the 2009 Society for Stroke
Medicine guidelines. The assignment to either CAS or CEA
was not random. CAS was selected as an alternative therapy
in patients who were considered high risk for CEA [9]. Pa-
tients who consented to each examination underwent '?*iodine
metaiodobenzylguanidine ('2°I-MIBG) scintigraphy, Holter
electrocardiography (ECG), 24-h ambulatory blood pressure

From December 2014 through August 2015, 21 patients
scheduled for carotid revascularization at our institution

Hospitalization.

First 23]-MIBG scintigraphy, Holter ECG, ABPM, TTE, blood sampling.

CEA (n=18) or CAS (n=3) was performed

A

Hospital discharge, 3 month later
Follow up '2I-MIBG scintigraphy, Holter ECG, ABPM, TTE, blood sampling.

2 Some patients with uncompleted tests.

Figure 1. Patients and protocol. ECG: electrocardiography; '23-MIBG scintigraphy: iodine-123-metaiodobezylguanidine scintig-
raphy; ABPM: ambulatory blood pressure monitoring; TTE: transthoracic echocardiography; CEA: carotid endarterectomy; CAS:

carotid artery stenting.
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monitoring (ABPM), transthoracic echocardiography, and
BNP measurements immediately before CAR. Each examina-
tion was repeated approximately 3 months later to assess the
effects of CAR on CSNA and the cardiovascular system.

123]_.MIBG scintigraphy

MIBG, an analog of norepinephrine, is transported into the pre-
synaptic nerve terminals primarily by the sodium- and ATP-de-
pendent transporter uptake-1. MIBG is not degraded; instead, it
accumulates at nerve terminals. Labeling of MIBG with '3io-
dine allows visualization of its uptake into cardiomyocytes and
neurons. '2*I-MIBG scintigraphy is used extensively to obtain
diagnostic and prognostic information for patients with heart
failure [10-14]. In this study, '3 I-MIBG scintigraphy was used
as an index of the changes in CSNA caused by CAR. The 2I-
MIBG imaging method followed previous reports [11, 14]. Su-
pine patients were injected intravenously with '2I-MIBG (111
MBq). Static image data were acquired 15 min and 4 h after the
injection, in the anterior view using a y-camera (Symbia T2;
Siemens Healthcare, Malvern, PA, USA) equipped with a low-
middle energy general-purpose parallel-hole collimator. Static
images on a 256 x 256 matrix were collected with a 20% win-
dow centered on 159 keV, corresponding to the '2*I photopeak.
The heart-to-mediastinum count (H/M) ratio was determined
from the anterior planar delayed '*I-MIBG image following
the method of Merlet et al [15].

24-h Holter ECG

The analysis of heart rate variability and its low-frequency
(LF) and high-frequency (HF) components are commonly
used as an autonomic index and its relevance has been reported
[16]. The R-R series was resampled at 4 Hz by cubic spline
interpolation to obtain the time series of evenly spaced sam-
ples. The resampled signal was split into 50% overlapping ep-
ochs of 1,024 points that corresponded to 4.27 min of record-
ing. Linear trends were removed and a Hanning window was
applied to each epoch. The power spectra of all epochs were
computed using Fast Fourier Transform and ensemble aver-
aged. The LF and HF powers were computed as areas under
the averaged power spectrum at the corresponding frequency
bands. Total power (TP) was calculated as TP = LF + HF, and
the LF and HF spectra were normalized to TP (normalized LF
(nLF) = LF/TP; normalized HF (nHF) = HF/TP). The LF/HF
ratio was calculated.

Transthoracic echocardiography

Echocardiography was performed using an iE33 echocardiog-
raphy system (Phillips Medical Systems, Bothell, WA, USA).
LVEF, left ventricular mass index (LVMI), and diameter were
calculated from standard M-mode echocardiograms. Mitral in-
flow velocity was traced, and we derived the peak early (E)
and late (A) trans-mitral flow velocities and ratio of early to
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Table 2. Comparison of Common Carotid Artery Flow Before
and After Revascularization

Baseline After CAR P value
CCA-EDV (cm/s) 10.8£3.2 16.1+7.1 <0.01
CCA-EDV ratio 1.68 £0.54 1.2+0.14 <0.01

CAR: carotid artery revascularization; CCA: common carotid artery;
EDV: end-diastolic velocity.

late peak velocities (E/A). The early peak diastolic annular ve-
locity (e’) was determined from spectral pulsed-wave tissue
Doppler imaging recordings and the mitral E/e’ ratio was cal-
culated. The sample volume at the septal corner of the mitral
annulus was used for the apical four-chamber view.

24-h ABPM

The 24-h ABPM was performed according to the Japanese Cir-
culation Society (JCS) guidelines [17], with measurements at
10-min intervals during the day and 30-min intervals at night.
According to the conventional definition, we classified the di-
urnal variation in blood pressure into four types as follows: ex-
treme dippers if the nocturnal systolic blood pressure fall was
> 20%, dippers if the fall was > 10% but < 20%, non-dippers
if it was > 0% but < 10%, and risers if it was < 0% [17, 18].

Statistical analysis

Continuous variables with normal distributions are expressed
as the mean + standard deviation (SD). Variables with non-
normal distributions are expressed as the median (interquartile
range). Paired #-tests were used to compare the pre- and postop-
erative individual test data. A P value < 0.05 was considered to
indicate statistical significance. JMP ver.16.0.0 (SAS Institute,
Cary, NC, USA) and GraphPad PRISM ver. 7.03 (GraphPad,
San Diego, CA, USA) were used for the statistical analyses.

Results

All 21 enrolled patients underwent carotid revascularization.
CAS was selected for three patients with cardiovascular risk
or anatomical difficulty for CEA. The mean common carotid
artery end-diastolic velocity (CCA-EDV (cm/s)) improved
significantly by 1.6-fold (P < 0.01), from 10.8 = 3.2 to 16.1
+ 7.1 cm/s (Table 2). There was a significant increase in cer-
ebral blood flow compared to preoperatively. Figure 2 shows a
representative case with improved CSNA and left ventricular
diastolic capacity after CAR.

First, the pre- and postoperative changes in the H/M ratio
on 'ZI-MIBG scintigraphy and the LF/HF ratio and SD of the
N-N interval (SDNN) on the 24-h Holter ECG, which are in-
dicators of sympathetic activation, were reviewed. 2 I-MIBG
scintigraphy was performed on 15 patients and the H/M ratio
was significantly higher postoperatively than preoperatively

www.cardiologyres.org 291



Cardiac Effects of Carotid Revascularization Cardiol Res. 2022;13(5):289-296

Preoperative Postoperative

Baseline After CAR
H/M ratio 269 3.25
LF/HF ratio 1.04 0.65
SDNN (m/s) 155 169
Ele 12.3 74
e’ (cm/s) 6.0 11.5

Figure 2. Representative case of improvement in sympathetic function after CAR. A 57-year-old woman with general cardiovas-
cular risk factors, including hypertension and dyslipidemia was not taking beta-blockers. The H/M ratio on '23]-MIBG scintigraphy
was calculated by dividing the mean pixel value within the myocardium by the mean pixel value within the mediastinum, using
the region of interest (ROI) of the entire heart and the upper mediastinum on the planar image. Compared to pre-CAR, MIBG
uptake in the heart was higher than in the upper mediastinum, suggesting decreased sympathetic nerve activity. CAR: carotid ar-
tery revascularization; H/M: heart-to-mediastinum; 23I-MIBG: iodine-123-metaiodobezylguanidine; LF: low-frequency; HF: high-
frequency; SDNN: standard deviation of the N-N interval.

(from 2.66 + 0.48 to 2.86 + 0.56, P < 0.05) (Fig. 3a), suggest- 1.62 £+ 0.68, P < 0.04), while SDNN tended to increase com-
ing decreased myocardial sympathetic activation. Holter ECG pared to preoperatively, albeit not significantly (Fig. 3b).
performed on 15 patients revealed a significant decrease in the Echocardiography was performed in 17 patients and no
LF/HF ratio compared to preoperatively (from 2.17 + 1.20 to obvious changes in left ventricular end-diastolic diameter
a H/M ratio b LF/HF ratio SDNN
p<0.05 p<0.05 ns.
40 - r ) 5- T | [mis] T ]
05 ] % . 200
" % E 3
2.5
g S § ;
2.0 1 E 100 4
] 4
1.5 1 —

Baseline After CAR Baseline After CAR Baseline After CAR

Figure 3. Comparison of the H/M ratio on the '23] MIBG scintigraphy and LF/HF ratio and SDNN on 24-h Holter ECG pre- and
post-CAR. (a) The H/M ratio increased significantly from 2.66 + 0.48 preoperatively to 2.86 + 0.56 postoperatively (P < 0.05). (b)
The LF/HF ratio decreased significantly from 2.17 + 1.20 preoperatively to 1.62 + 0.68 postoperatively (P < 0.04). SDNN showed
no change. H/M: heart-to-mediastinum; '23|-MIBG: iodine-123-metaiodobezylguanidine; LF: low-frequency; HF: high-frequency;
SDNN: standard deviation of the N-N interval; CAR: carotid artery revascularization.
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Table 3. Comparison of Pre- and Postoperative Echocardio-
graphic Data and Laboratory Data

Table 4. Comparison of Pre- and Postoperative ABPM Data

Baseline e P value
Baseline After CAR P value CAR

Echocardiography Extreme-dipper?, n (%) 2(13) 2(13) 0.2

LVEF (%) 67.8+7.7 64.8+7.2 <0.05 Dipper®, n (%) 7 (47) 6 (40)

LVDd (mm) 46.5+4.7 45.2+4.3 0.6 Non-dipper®, n (%) 3 (20) 7 (47)

LVMI 128 + 62 127 + 54 0.38 Riserd, n (%) 3 (20) 0(0)

LAD (mm) 40.0+6.5 395+64 0.76 24-h BP (systole), mm Hg 126 +£21 133+£12 0.27

E/e’ 11.5+5.1 10.1+3.9 <0.05 24-h BP (diastole), mm Hg 70+12  74+8 0.17

e’ (cm/s) 59+1.9 63+1.8 0.17 Night-time BP (systole), mm Hg 12223 123+21 0.22
Laboratory data Night-time BP (diastole), mm Hg 67+13 69+10 0.71

BNP (pg/mL)  34.2+26.4 30.2+£25.7 0.48

CAR: carotid artery revascularization; LVEF: left ventricular ejection
fraction; LVDd: left ventricular diastolic diameter; LVMI: left ventricular
mass index; LAD: left atrial diameter.

(LVDd), left ventricular end-systolic diameter (LVDs), or the
LVMI were observed (Table 3). The LVEF decreased signifi-
cantly from 67.847.7% preoperatively to 64.8+7.2% (Fig. 4a).
However, the tissue Doppler-derived e’ increased and E/e’ de-
creased significantly from 11.7 + 5.1 to 10.1 + 4.0 (P < 0.05)
(Fig. 4b). These findings indicated improved left ventricular
diastolic capacity. BNP levels were measured in 16 patients,
but the values did not change significantly before and after
CAR (Table 3).

Finally, ABPM was performed in 16 patients. The mean
24-h and nighttime blood pressures were unchanged. Classi-
fying the patients according to their nocturnal systolic blood
pressure reduction pattern as extreme dipper, dipper, non-dip-
per, and riser, no significant change in the dipping pattern was
seen (Table 4).

LVEF
a
(%] p<0.05

80 1 r \

70 - §

60 -

—\
50 1 _—

40

Baseline After CAR

aExtreme-dipper: with = 20% nocturnal systolic blood pressure fall.
bDipper: with 2 10% but < 20% fall. °Non-dipper: with = 0% but < 10%
fall. dRiser: with < 0% fall. ABPM: ambulatory blood pressure monitor-
ing; CAR: carotid artery revascularization; BP: blood pressure.

Discussion

This study is the first to examine the medium-term effects of
CAR on CSNA and cardiac function in patients with carotid
artery stenosis. We found that the H/M ratio in '2’I-MIBG
myocardial scintigraphy was significantly increased, while the
LF/HF ratio in 24-h Holter ECG was significantly decreased,
suggesting that CAR decreased CSNA. In echocardiography,
E/e’ decreased significantly, which implies improved left ven-
tricular diastolic capacity. The 24-h mean and nocturnal blood
pressures did not improve in ABPM.

There have been many reports on the effects of CEA on
CSB activity [7, 19, 20]. CEA is thought to improve CSB ac-
tivity because removing pathologically thickened intima and
tunica media enhances the vessel wall extensibility. However,

Ele’
b
p <0.05
!
25 1 \
20
15 -
10 - ¢ ¢
5.

Baseline After CAR

Figure 4. Comparison of LVEF and E/e’ between pre- and post-CAR. (a) The LVEF decreased significantly from 67.8+7.7% pre-
operatively to 64.8+7.2% postoperatively (P < 0.05). (b) The E/e’ decreased significantly from 11.7 + 5.1 preoperatively to 10.1 +
4.0 postoperatively (P < 0.05). LVEF: left ventricular ejection fraction; CAR: carotid artery revascularization.
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the CSNA may be hyperactive due to damage to the carotid
sinus nerve during CEA and local edema in the early post-
operative period. However, these reports only show the in-
tra- and acute postoperative responses. Demirci et al inves-
tigated the effects of CEA and CAS on heart rate variability
and noted a decrease in LF/HF ratio in assessments up to 4
days after CAS [6]. They attributed this to several reasons,
including the fact that there is no risk of damaging the carot-
id sinus nerve with CAS, and that stent expansion increases
the tension on the carotid artery baroreceptors. However, the
medium-term effects of CAS are unclear because the carotid
artery baroreceptor tension may decrease as the arterial wall
reconstructs and atherosclerosis may progress after stenting.
Although only three CAS cases were enrolled in this study
and its effects cannot be evaluated statistically, all had an in-
creased H/M ratio or decreased LF/HF ratio. Therefore, we
expect that CAS has the potential to decrease CSNA, as well
as CEA. The novelty of our study was the combined use of
I23I_.MIBG scintigraphy to assess CSNA and the medium-
term effects of the procedure at 3 months postoperatively.
While use of the LF/HF ratio for direct assessment of CSNA
is controversial [21, 22], it is widely accepted as a meas-
ure of CSB reflex sensitivity and is an important indicator
of the effect of CAR on efficacy. Our results suggest that
CAR decreases CSNA by first removing the carotid plaque
just below the carotid sinus, which improves the carotid si-
nus wall extensibility, as reported previously [7]. In addition,
the proximal release of CS, such as in the common carotid
artery, increases the pulse pressure in the carotid sinus. The
increased cerebral blood flow due to revascularization may
also have an effect. Recent studies have shown that a de-
crease in cerebral blood flow activates the sympathetic nerv-
ous system in patients with orthostatic tachycardia syndrome
[23]. Paradoxically, an increase in cerebral blood flow may
inhibit the sympathetic nervous system.

In echocardiography, the LVEF decreased after CAR, but
within the normal range; the three patients with a reduction
of more than 10% had a hyper-contracted LVEF exceeding
70% preoperatively. Interestingly, we found that the e’ wave
increased and E/e’ decreased. E/e’ is not affected by LVEF and
correlates well with left atrial pressure, so it is considered help-
ful in diagnosing heart failure. The elevated E/e’ and decreased
e’ wave are also indicators of left ventricular diastolic dysfunc-
tion are used to assess the heart failure preserved ejection frac-
tion (HFpEF) [24, 25]. Seven patients enrolled in this study
had left ventricular diastolic dysfunction with E/e’ > 14.0 and
e’ < 7.0; surprisingly, six had E/e’ normalization after CAR.
HFpEF is associated with various pathological conditions
and is related to CSNA [26]. In hypertensive patients, cardiac
sympathetic hyperactivity may lead not only to elevated blood
pressure, but also to the development of left ventricular dias-
tolic dysfunction [27]. If CAR decreases CSNA, left ventricu-
lar diastolic dysfunction may be improved in HFpEF patients
with carotid artery stenosis.

In contrast, we did not find any beneficial effects of CAR
in lowering blood pressure. Unexpectedly, the mean 24-h
and nighttime blood pressures remained unchanged. Noctur-
nal systolic BP reduction pattern was also unaltered except
all three patients who were risers preoperatively changed to

294 Articles © The authors | Journal compilation © Cardiol Res and Elmer Press Inc™

dippers or non-dippers postoperatively. The results agree
with the previous report described by Demirci et al although
they limited the observation to acute phase (about 4 days), in
which they could not find the significant changes in systolic
and diastolic blood pressures after CAR despite a decrease in
the LF/HF ratio [6]. Possible explanations for the discrepan-
cy on the sympathoinhibitory effects of CAR between heart
and peripheral arteries are as follows. In the first place, the
blood pressure is controlled by not only CSB reflex but also
a variety of vasoactive substances including the renin-angi-
otensin-aldosterone system, antidiuretic hormone, and atrial
natriuretic peptide [28, 29], which might change and influence
blood pressure levels after CAR. Likewise, the previous study
mainly focused on the effects of BAT on ambulatory blood
pressure in patients with resistant hypertension has shown that
approximately half of the patients treated with BAT had no
decrease in ABPM [30]. These findings imply that different
regulatory factors other than CSB reflex involve in the blood
pressure control. It is interesting to follow up this point fur-
ther, but that is beyond the scope of this paper. Second, in our
study, the preoperative ABPM measurements were performed
under conditions of inpatient monitoring, while the follow-up
ABPM measurements were performed in an outpatient setting.
A variety of the environmental and lifestyle factors [31, 32],
including physical activities, salt intake, ambient temperature
and medication adherence in the outpatient setting may have
also affected blood pressure after CAR. At present, we have no
clear answer regarding this important issue. Further studies are
needed to determine the effects of CAR on mean and nocturnal
blood pressure.

Study limitations

This study had several limitations. First, relatively few sub-
jects were evaluated; therefore, the statistical validity of the
results may be low. Second, although the initial examinations
were performed in the hospital, the 3-month follow-up ex-
aminations were performed on an outpatient basis, which may
have affected the results, particularly for ABPM and Holter
ECG. In addition, the longer-term effects are unknown be-
cause follow-up after 3 months postoperatively was not pos-
sible in this study. Third, we did not examine the influence of
the environmental and lifestyle factors on blood pressure after
CAR. It was too complicated to be examined in detail here.

Conclusions

CAR in patients with CS may lead to medium-term improve-
ment in CSNA and left ventricular diastolic dysfunction.
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