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External Counterpulsation Reduces Beat-to-Beat Blood
Pressure Variability When Augmenting Blood Pressure and
Cerebral Blood Flow in Ischemic Stroke

.k
fieXiTcl)irgl]* Background and Purpose External counterpulsation (ECP) is a noninvasive method used
] to enhance cerebral perfusion by elevating the blood pressure in ischemic stroke. However, the
Wenhua Lin response of the beat-to-beat blood pressure variability (BPV) in ischemic stroke patients dur-
Jinghao Han ing ECP remains unknown.
Xiangyan Chen Methods We enrolled recent ischemic stroke patients and healthy controls. Changes in the
Thomas Wai Hong Leung blood flow velocities in bilateral middle cerebral arteries and the continuous beat-to-beat blood
Yannie Oi Yan Soo pressure before, during, and after ECP were monitored. Power spectral analysis revealed that

the BPV included oscillations at very low frequency (VLEF; <0.04 Hz), low frequency (LF; 0.04-
0.15 Hz), and high frequency (HF; 0.15-0.40 Hz), and the total power spectral density (TP;

Department of Medicine & Therapeutics, <0.40 Hz) and LF/HF ratio were calculated.
The Chinese University of Hong Kong,

Hong Kong, China

Lawrence Ka Sing Wong

Results We found that ECP significantly increased the systolic and diastolic blood pressures
in both stroke patients and controls. ECP decreased markedly the systolic and diastolic BPV's
at VLF and LF and the TP, and the diastolic BPV at HF when compared with baseline. The de-
creases in diastolic and systolic BPV reached 37.56% and 23.20%, respectively, at VLF, 21.15%
and 12.19% at LE, 8.76% and 16.59% at HE, and 31.92% and 23.62% for the total TP in stroke
patients, which did not differ from those in healthy controls. The change in flow velocity on the
contralateral side was positively correlated with the total TP systolic BPV change induced by
ECP (r=0.312, p=0.035).

Conclusions ECP reduces the beat-to-beat BPV when increasing the blood pressure and ce-
rebral blood flow velocity in ischemic stroke patients. ECP might be able to improve the clin-
ical outcome by decreasing the beat-to-beat BPV in stroke patients, and this should be ex-
plored further in future studies.

Key Words blood pressure, blood pressure variability, cerebral hemodynamics,
external counterpulsation, ischemic stroke.
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stroke. Therefore, controlling the BPV in patients following
stroke may be an effective way to improve their prognosis.

External counterpulsation (ECP) is a noninvasive and well-
established method for treating ischemic heart disease.” " It
involves applying electrocardiography-triggered diastolic pres-
sure to the lower extremities by means of air-filled cuffs. This
diastolic augmentation of the blood flow and the simultane-
ous decrease in the systolic afterload increases the blood flow
to vital organs such as the heart, brain, and kidneys.*"> Our pi-
lot study showed that ECP is feasible for improving the clini-
cal neurological deficit in ischemic stroke patients with large-
artery disease.”” We recently found that ECP may improve the
cerebral perfusion and collateral blood supply in ischemic
stroke by augmenting the BP and cerebral blood flow veloc-
ity (CBFV)."” However, the effect of ECP on BPV in ischemic
stroke remains unknown. The relationship between cerebral
augmentation effects and BPV changes induced by ECP have
also not been investigated previously. We therefore conduct-
ed this study in order to examine the effect of ECP on beat-
to-beat BPV and the correlation between the cerebral aug-
mentation effects and beat-to-beat BPV changes induced
by ECP in patients with recent ischemic stroke.

METHODS

Subjects

Patients with a good temporal acoustic window admitted
within 14 days of stroke onset at Prince of Wales Hospital in
Hong Kong between November 2007 and August 2011 were
included in this study. Stroke was diagnosed according to
the definition of the World Health Organization, and isch-
emia was confirmed by computed tomography or magnetic
resonance imaging. All patients were examined by transcra-
nial Doppler ultrasonography (TCD), duplex ultrasound, or
magnetic resonance angiography. Intracranial or extracrani-
al large-artery stenosis was diagnosed using standard pro-
tocols.'*"” All of the recruited patients presented with unilat-
eral infarction. Patients with the following characteristics were
excluded: evidence of cardioembolic stroke such as atrial fi-
brillation and rheumatic heart disease; evidence of hemor-
rhage on brain computed tomography; evidence of arterio-
venous malformation, arteriovenous fistula, or aneurysm;
history of intracerebral hemorrhage, brain tumor, or malig-
nancy; sustained hypertension [systolic BP (SBP) >180 mm
Hg or diastolic BP (DBP) >100 mm Hg]; severe symptomatic
peripheral vascular disease; evidence of coexisting systemic
diseases of renal failure (creatinine >300 umol/L), cirrhosis,
or thrombocytopenia (platelet count <100,000/mm?); severe
dementia or psychosis; or pregnancy. Fourteen volunteers
aged =45 years without a history of cerebrovascular events or
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risk factors were recruited as healthy controls. Each healthy
controls underwent TCD and carotid duplex ultrasonogra-
phy to rule out large-artery stenosis disease.

ECP TCD Monitoring

ECP was performed using an enhanced ECP system (model
number MC2, Vamed Medical Instrument Company, Foshan,
China). The treatment pressure of ECP was 150 mm Hg. This
ECP system includes three pairs of pneumonic cuffs that are
applied to the calves, lower thighs, and upper thighs. The
electrocardiograph triggers cuff inflation sequentially from
the distal to proximal regions during diastole, and releases the
cuff pressure before the start of systole. The standard dura-
tion of ECP is generally several weeks (5 daily 1-hour sessions
each week for 7 weeks, giving a total of 35 sessions), based
on empirical data from a study in China.'* TCD monitoring
of CBFV in bilateral middle cerebral arteries (MCA) was per-
formed before, during, and after ECP using an ST3 TCD sys-
tem (Spencer Technologies, Seattle, WA, USA). A 2-MHz
pulsed Doppler probe insonated the MCA through the tempo-
ral window at a depth of 50-65 mm on each side. In order to
ensure reliable values of CBFV during ECP despite the possi-
ble presence of movement artifacts, we first optimized the
individual TCD signal by selecting an insonation depth of
50-65 mm. After optimizing the Doppler signal, the probes
were attached to the skull at a fixed angle using an adjustable
headband. The standard duration of ECP therapy is 35 hours
(7 weeks), and since this study was focused investigating he-
modynamic changes during ECP, we recorded the blood
flow velocity in the MCA before and during ECP for 3 min-
utes each. Immediately after ECP treatment stopped, we re-
corded a further 3 minutes of MCA blood flow changes."

Measurement of BPV
The beat-to-beat BP and respiration were recorded contin-
uously (Task Force Monitor 3040i, CNSystems Medizintech-
nik, Graz, Austria) during the period of TCD monitoring.
The BP was measured through finger cuffs on the index fin-
gers and the middle fingers of the left hand, with a cuft of the
appropriate size (small, medium, or large) chosen based on
the hand size. The BP was measured in the supine position
with the respiration at a target frequency of 15 cycles per min-
ute to minimize bias due to differences in breathing patterns
between individuals. The BP and respiratory signals were
first edited automatically, then sampled digitally and trans-
ferred from the Task Force Monitor 3040i system to a com-
puter for analysis of the beat-to-beat BPV using power spec-
tral methods.

For spectral analysis, histograms of the SBP and DBP for
sinus beats were computed and digitized at 10 samples per
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second. Autoregressive modeling was used to construct fre-
quency-domain spectrograms of the BPV."” The BPV in-
cluded oscillations at very low frequency (VLF; <0.04 Hz),
low frequency (LF; 0.04-0.15 Hz), and high frequency (HF;
0.15-0.40 Hz), and the total power spectral density (TP; <0.40
Hz) and LF/HF ratio*® were calculated. Evidence is present-
ed that myogenic vascular function, the renin-angiotensin
system (RAS), and endothelium-derived nitric oxide all af-
fect BPV at VLE'™" whereas the LF BPV has previously been
demonstrated to reflect changes in sympathetic activity.** In
addition, the HF BPV is mainly influenced by changes in
cardiac output, and the LF/HF ratio has been validated as a
marker of sympathetic vascular activity.'®

Data analysis

The mean flow velocity in the MCA was automatically re-
corded by the TCD system as the mean value of the area un-
der the envelope curve during a complete cardiac cycle. TCD
data of stroke patients were analyzed based on the side ipsi-
lateral to the infarct or on the contralateral side, while TCD
data of healthy controls were analyzed based on the left or
right cerebral side. The cerebral augmentation index (CAI)
was used to evaluate the augmentation effect of ECP, which
was calculated as the increase in the percentage mean flow
velocity during ECP compared with baseline. Normally dis-
tributed continuous data are presented as mean®SD values,
while category data are presented as number and percent-
age values. Differences between two groups were detected
using the two-tailed Student’s t-test or the nonparametric test

Table 1. Baseline characteristics

as appropriate. All statistical analyses were performed with
SPSS (version 19.0; SPSS Inc., Chicago, IL, USA). Differences
with a probability value of p<0.05 were considered signifi-
cant.

Ethical approval

This study was approved by the local medical ethics commit-
tee (Joint CUHK-NTEC Clinical Research Ethics Commit-
tee). Written informed consent was obtained from all study
participants prior to enrollment.

RESULTS

Baseline characteristics

Forty-six patients with ischemic stroke (41 males; age 64.30%
11.07 years) and a good temporal acoustic window, and 14
healthy controls (6 males; age 59.3612.24 years) agreed to
undergo ECP TCD monitoring. All of the patients had a uni-
lateral infarct in the anterior circulation territory. The sex
distribution differed significantly between the two groups
(p=0.001), and stroke patients were older than the healthy
controls (p=0.006). All of the patients underwent measure-
ments on the first session of ECP treatment, with a mean
interval from the stroke onset of 4.91 days. The stroke pa-
tients had moderate neurological deficits, with a mean ad-
mission score of 6 on the National Institutes of Health Stroke
Scale. The other baseline characteristics of the stroke patients
are given in Table 1.

Parameter Stroke patients (7=46) Healthy controls (n=14) p
Gender (male/female) 41/5 6/8 0.001
Age (mean=+SD), years 64.30%+11.07 59.36+2.24 0.006
Interval from stroke onset to examination (mean+SD), days 491+297 NA
Admission NIHSS score (mean£SD) 5.57+4.49 NA
Hypertension, n (%) 39 (84.78) 0(0)
Diabetes, n (%) 20 (43.48) 0(0)
Hyperlipidemia, n (%) 27 (58.70) 0(0)
Previous stroke, n (%) 12 (26.10) 0(0)
Smoker, n (%) 26 (56.52) 0(0)
Drinker, n (%) 7 (15.22) 0(0)
Intracranial large-artery disease, n (%) 32 (69.60) 0(0)
Extracranial large-artery disease, n (%) 2 (4.30) 0(0)
Anterior circulation infarct, n (%) 46 (100.0) NA
Large-artery disease, n (%) 37 (80.40) NA
Small-vessel disease, n (%) 8 (17.40) NA
Undetermined, n (%) 1(2.20) NA

Smoker and drinker categories include both ex- and current smokers and drinkers.

NA: not applicable, NIHSS: National Institutes of Health Stroke Scale.

310 J Clin Neurol 2016;12(3):308-315



Blood flow velocity changes on both sides

The MCA mean flow velocities of stroke patients increased
markedly under ECP both on the side ipsilateral to the in-
farct and on the contralateral side compared with baseline
(p<0.001). In contrast, the mean flow velocities in healthy
controls did not differ between the right and left sides at
baseline and during ECP (p=0.777). Therefore, the flow ve-
locities of healthy controls on both sides were averaged. The
mean flow velocities in healthy controls were not changed
by ECP (p=0.147). The CAI of patients was 4.63% on the ip-
silateral side and 4.3% on the contralateral side, which were
significantly higher than the values for healthy controls
(mean -0.94%; p=0.005 and p<0.001, respectively) (Table 2).

BP changes

The SBP and DBP increased significantly during ECP com-
pared with baseline in both stroke patients and healthy con-
trols. After ECP, the SBP and DBP of stroke patients differed
significantly from baseline, but only the SBP of healthy con-
trols remained higher than baseline. The percentage increase
in BP during ECP was comparable in stroke patients and
healthy controls (Table 3).

In both stroke patients and healthy controls, the BPV at
VLF and LF and the total TP, and the diastolic BPV at HF
decreased markedly during ECP compared with baseline in
addition to LF/HF ratio. The decreases in diastolic and sys-
tolic BPV reached 37.56% and 23.20%, respectively, at VLE
21.15% and 12.19% at LFE, 8.76% and 16.59% at HF, and
31.92% and 23.62% for TP in stroke patients, which did not

Table 2. CAl'in healthy controls and stroke patients
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differ from the corresponding values in healthy controls.
However, the systolic LF/HF ratio increased during ECP,
reaching almost 20% in stroke patients as well as in healthy
controls. After ECP, the BPV at VLF and LF and the TP and
systolic BPV at HF in both groups remained lower than base-
line. There were significant differences in the decrease after
ECP from baseline in the diastolic BPV of LF (p=0.012), TP
(p=0.031), and the systolic BPV of LF (p=0.002), HF (p< 0.001)
and the TP (p=0.005) between the stroke patients and healthy
controls (Table 4 and 5).

Correlation between CAI and BPV changes during
ECP from baseline

In the stroke patients, during ECP, the CAI on the ipsilateral
side presented a borderline significant trend of a positive
correlation with an HF diastolic change in BPV (r=0.283,
p=0.057) (Fig. 1A). The CAI on the contralateral side was
positively correlated with systolic BP TP change (r=0.312,
p=0.035) (Fig. 1B). The CAI on the contralateral side showed
a borderline significant trend of a negative correlation with
the LF/HF SBP change (r=-0.281, p=0.059) (Fig. 1C). In
healthy controls, there was no significant correlation between
CAI and any changes in the BPV parameters during ECP
from baseline.

DISCUSSION

This study first found that ECP reduced the beat-to-beat
BPV in stroke patients and healthy controls. The cerebro-

Velocity Healthy controls Stroke patients (ipsilateral side) Stroke patients (contralateral side)
Baseline, cm/s 57.20£13.61 52.78+21.23 51.84+15.93
ECP, cm/s 56.55113.13 54.85+21.21 53.90£15.89
p (baseline vs. ECP) 0.147 <0.001 <0.001
CAl, % -0.944+3.95 4.63+6.59" 4.32+4.44%

*p<0.05 relative to control.
CAl: cerebral augmentation index, ECP: external counterpulsation.

Table 3. BP changes

Stroke patients Healthy controls

Parameter

SBP DBP SBP DBP
Baseline BP, mm Hg 130.22%£17.42 85.87114.74 116.43+15.38 77.58+7.91
BP during ECP, mm Hg 137.761+18.58 92.36%15.11 121.70+£14.93 84.17111.62
p (baseline vs. during ECP) <0.001 <0.001 0.001 0.001
Increase in BP during ECP from baseline, % 5.90%5.54 8.06+9.10 4731430 8.2817.76
BP after ECP 136.35+20.52 88.86114.69 132.48114.86 79.14£12.90
p (baseline vs. after ECP) <0.001 0.006 <0.001 0.513
Increase in BP after ECP from baseline, % 4.78+8.14* 3.9318.18 14.36%8.70 1.79£1.35

*p<0.05 relative to control.

BP: blood pressure, DBP: diastolic blood pressure, ECP: external counterpulsation, SBP: systolic blood pressure.

www.thejen.com 311



- J C N ECP Reduces BPV in Stroke

Aduanbai) moj AJan :{7A ‘Alisuap [el303ds Jamod [B10) 1] '2inssaid poojq J1j03ISAS 1dgsS ‘Adusnbaiy moj i4] ‘Aduanbaly ybiy 4 'uones|ndiazunod [euIxa :d)3 ‘Adljiqeliea ainssaid poojq Adg
"JUIIASEQ PUB 4T 4334 UIMIQ buniedwiod :,d 'suljaseq pue 43 buunp usamiaq buiedwod :,d '|013u0d 03 3AnejR) S00>d,

'sanjea (3bueJ) uedw e eleq

(19'22'9€¥L-) L'l 6700 (YO'L '€€0) 290 (€¥'08 'z6'SL-) 0€'€T /00 (GL'L '8€10) 590 (€6'0'2€0) G0 N0IS )
(99°€0L '05°'5¢-) €805 LEE0 (88'L'6L0)CL'L (£1°0G '38°9) £8CC 9/80 (tTT'€90) €€l (L£'1'95°0) £60 |043u0)y 495 3HAT
«(CSTT-"15'19-) 997~ L000>  (€8'6L '8L'9) £90L (v£0L-'L6°€E-) TI'EC- L000>  (1£2€'099) 2GSl (L0'S¥ '06'6) L8l A0S sl
(€6'SS- '£8'GL-) €L°LL- 1000 (£5°6'2LT) €9F (6L¥C- 'vS8E-) PrlE- 1000 (OLze'98Y) 0c€l  (6€€Y 'CL8)BL'EL  |043UO)

«(C9'L-"96'Ly-) Tr'Te- 100'0> (L¥e'Lz’L) 96'L (ev'6-'86'92-) 6G'9L- L00'0> (FOF 'v1'1)98'L (859 '8¥'L) 82T A0S B W g 4H
(0€'6%-'98°0L-) LT'6S- 0L00 (6271 '£%0) 080 (69°€z-"£8°1€-) TO°LC- LEED (P97 '350) €€°1 (009 '06°0) 08'L |0)Juo)
«(026-'08'LS-) ¥6'6C- L00'0> (686 'vL'L) L' (L6'0'6¥'8C-) 6L°CL- €100 (og'8'0L'z) G€'S (¥€'6'2€7) 60'S A0AS g
(G6'SY-'06'LL-) 6865~ 1100 (rzs'erl)Sle (0z'L-'€lL'8€-) 90'8C- £000 (£691 '6€7C) 089 (G0'8L '18°€) 65°L [043u0)
(¢6'0C- '85°69-) ST'ES- L000>  (LT€l'vTT) 8E'S (QL's-'£LSy-) 0T'€T- L000>  (¥E€TT'€Y'E) 0L'9 (c8'6C '29Y) evLL A0NS B Wi 485 47
(0E¥9- '28'G8-) 98°€L- 1000 (cl'e'8£0)05L (GE'9- '¥E9Y-) LG OV~ 8000 ouiL'ool) 2% (1€0T'867C) LLS |013u6)

(/) Sui3seq woiy 437 4214e buey) . dd3 Py (0/) Sui3seq woiy 433 burnp buey) A dd3 Juljaseq spalqng  433aweled Adg

Syualied 240415 pue Sj0J3U0d AYIeaY Ul 4gS 40 Adg °S 2]qel

‘ASuanbai) moj AJan :{TA ‘Alisuap [el303ds Jamod |e103 1] Aduanbal) moj 47 Adusnbaiy ybiy i4H 'Uoiesindialunod [BUIIX3 14T '2inssaid pooq J1joselp :dgq ‘Adjiqeriea ainssaid poojq Adg
"JUIIASEQ PUB 4T 434 UaMIQ buniedwiod :,d 'Suljaseq pue 43 buunp usamiaq buriedwod :,d '|03uod 03 3AleRI S00>d,

'San|eA Humcm: ueaw aie ele

(88°€L'6L°CL-) 60T 0clo (S0'L '0¥'0) €90 (£8'8L %L TL-) 1¥8l 430 (Gl'L'e#0) 920 (86'0'6£0) 050 S0AS )
(€506 'G6'S¥-) £8°0C 9200 (tTT'190) LTL (8615 '56'9) €¥'LC LC/L0 (65 '£90) ¥¥'L (¥8°1'09°0) GL'L [013U0) 490 3T
«(¥9'SL-'S£'65-) SG'Ly- L00'0> (0£0L '¥€) 9t'S (Gt'8L- 'vE€'8E-) C6'LE- L000>  (60°£L'90°€)¥Z8  (0€/T'€TY) ¥L'6 S0AS e e |
(7+'8%- '€9'8/-) 08'€9- 7000 (lov'L£1) 08T (8%'8- ¢L Ly-) LELE- ¢l00 (8471 'L€€) 189  (OF'€C'STE) 8T8 |013u0)
(LE'1S'S9°€C-) 56'C 0¥80 (L6'L '€5°0) 90'L (czcv'8L12-)9L'8- 7100 (05°L '8%°0) 820 (G0'C '€¥0) L0 S0AS 6 Wt "4 41
(OL'LL '¥8¥S-) LL'6- 9000 (0L '8T°0) 9%°0 (FT'L-'8lce") 8LYC- 6000 (9T'L '€20) 850 (00'C '82°0) 89°0 |0]Juo)
«(8%'C-'97°65-) 9¢'L¢E- 100'0> (eoe'eol) ¥6'L (OL'L-'v6'6€-) Gl'Le- 1000 (lzs'9o'l) €Le Ot'z'ziL)eTe S0AS B Wi 480 11
(GE'0t- '60'84-) 6565~ 0100 (09T 'sL0) €Tl (OL+-'5€7CE-) Ly ve- 7¢00 (el'e'sel)¥6e  (€6CL'TL L) L9F [03U0)
(L0'9Z- '88'LL-) ¥S'8S- 100'0> (G99'/zl)€ElT (6v°0C- '¥O'L¥-) 95'L€E- 100'0> (L66'L¥'L) LTy (LT8L'C6'l) OF'G A0AS
bH ww '4gd 417
(00zy-'€098-) 9L'LL- £00°0 (STL 'v¥°0) 0L0 (€8°2'5€'95-) CO'Ly- 0200 (6€%'99°0) £8C  (08'8-'€8°0) OF'E |o/3u0)
(/) Sui3seq wioiy 433 4214e buey) . dd3 Uy (0/) Sui3seq woiy 433 burnp buey) W dd3 Juljaseg s}a(qng  Ja3owesed Adg

Syualied 330415 pue Sj0s3u0d AYijeay Ul dgd 4o Adg ¥ 319el

312 J Clin Neurol 2016;12(3):308-315



moas JCN NG

o

2000
15.00
10.00 SO

5.00

0.00

-5.00

T 3000 T 2000
T 2000 1 o o = P
= =
= £ 1000
o o
2 1000 2
] S 5001
5 5
=1 1 =1
s 000 S 000]
8 ~1000 8 500
A 0000 000 10000 20000 B

8000 -6000 -40.00 -2000 000

) Cerebral augmentation index ipsilateral

2000 20000

000 20000 40000 60000 800.001000.00

Fig. 1. Correlation between CAl and BPV changes during ECP from baseline. A: Correlation between CAl on the ipsilateral side and the percentage
decrease in the HF DBP during ECP from baseline. B: Correlation between CAl on the contralateral side and the percentage decrease in TP of the
SBP during ECP from baseline. C: Correlation between CAl on the contralateral side and the percentage decrease in LF/HF of the SBP during ECP
from baseline. CAl: cerebral augmentation index, DBP: diastolic blood pressure, ECP: external counterpulsation, HF: high frequency, LF: low frequen-

cy, SBP: systolic blood pressure.

vascular reactivity in response to the ECP intervention sta-
bilized within 1 minute.® Therefore, we performed open-la-
bel ECP treatment for 3 minutes and monitored real-time
changes in cerebral blood flow in this study. ECP increased
the mean MCA flow velocities on both cerebral sides in isch-
emic stroke patients, but it did not change the flow velocities
in healthy controls, although BP was elevated, which is con-
sistent with our previous studies.”® In addition, the CAI on
the ipsilateral and contralateral sides showed a borderline
significant trend of a positive correlation with HF diastolic
BPV changes and the TP of systolic BPV change during ECP
from baseline, respectively.

ECP treatment usually takes 35 hours (in daily 1-hour ses-
sions) and lasts for 7 weeks. The most-common adverse ef-
fects of ECP are pain in the legs and lower back, hematuria,
and skin abrasion. The Multicenter Study of Enhanced Exter-
nal Counterpulsation (MUST-EECP) trial found that most
patients tolerated ECP treatment well and were free from lim-
iting side effects.”' The potential risks of increasing BP during
acute stroke may include intracerebral hemorrhage and ag-
gravation of edema. Sustained severe hypertension in our ex-
clusion criteria and real-time BP monitoring during ECP are
helpful for reducing the risks of these hypertension-related
events. All patients tolerated the ECP treatment well and were
free of limiting side effects in our study.

The cerebral hemodynamic changes induced by ECP in
our study might be partially attributable to the effect of ECP
on the collateral circulation. We are aware of two main ways
to enhance the collateral perfusion: 1) opening or expand-
ing the existing vessels, and 2) forming new vessels. Several
studies found that ECP could increase the arterial wall shear
stress via different pathophysiological processes.”** Such
changes in the release of shear-dependent vasomediators as
well as augmentation of the arterial pressure may help to open
the existing collateral channels, which is the simplest way
to increase the collateral perfusion. On the other hand, an

increase in shear stress induced by ECP may influence an-
giogenesis, which may in turn also improve the collateral per-
fusion. Further analysis of the acquired imaging data will re-
quire animal experiments, which may provide evidence for
which cerebral collateral channel is more important during
the ECP procedure in ischemic stroke patients.

The SBP and DBP increased significantly compared with
baseline in both healthy controls and patients. These results
are mostly consistent with previous investigations. Shimizu
et al.** showed that ECP increases the venous return and car-
diac output during ECP in addition to causing diastolic aug-
mentation and systolic unloading. Meanwhile, our results
further confirmed that ECP provides diastolic augmentation
and systolic unloading through enhancing venous return by
squeezing the venous system.”

Fluctuations in the arterial pressure occur across diverse
timescales, ranging from beat-to-beat to day-to-day vari-
abilities. All of these variabilities are associated with a mul-
titude of overlapping and interacting physiological process-
es.”® To the best of our knowledge, beat-to-beat or minute-
to-minute variability quantifies physiological mechanisms
operating within this timescale, such as the cardiac cycle
(e.g., approx. =1 Hz), respiratory frequency (e.g., HE, 0.15-0.4
Hz), sympathetic/baroreflex modulation (e.g., LE, 0.04-0.15
Hz), and myogenic activity (e.g., VLE, 0.004-0.04 Hz)."**** In
our study, most of the beat-to-beat BPV parameters decreased
during ECP in both healthy controls and ischemic stroke pa-
tients including the BP at VLE LF, and HE the TP of the DBP
in the healthy controls, and the TP in the patients.

A complicated mechanism might underlie the decreased
BPV induced by ECP. Kern et al.”**' showed that ECP-in-
duced increases in blood flow translate into enhanced en-
dothelial shear stress, which represents a major stimulus for
endothelial nitric oxide release and vasodilation.”** Shear
stress also modulates the release of endothelin-1, since sus-
tained exposure of the endothelium to low levels of shear
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stress stimulates endothelin-1 release, whereas longer expo-
sure to higher shear stress levels is associated with a reduc-
tion of endothelial endothelin-1 release.**** On the other
hand, there is increasing evidence for rapid beat-to-beat os-
cillations of BP being attributable to the interplay of different
cardiovascular control systems, including the baroreceptor
reflex, the RAS, the vascular myogenic response, and the
release of nitric oxide from the endothelium.' We specu-
late that the decreased beat-to-beat BPV induced by ECP is
attributable to the enhancement of endothelial function and
the release of nitric oxide.

The different components of BPV parameters could be
controlled by different mechanisms, as illustrated above.
Stauss'® reported that BPV was lower in stroke-prone hyper-
tensive rats than in stroke-resistant hypertensive rats, reflec-
tive of reduced cerebrovascular myogenic function that usu-
ally protects the brain from hemorrhagic stroke. Some
investigations have suggested that LF variability influences
the arterial pressure in acute orthostatic intolerance, which is
associated with enhanced vasomotor activity mediated by
variations in sympathetic activity."* BPV at HF is mainly in-
fluenced by changes in cardiac output.*® This is consistent
with the main mechanism of ECP being able to change the
cardiac output to enhance the cerebral perfusion. ECP could
affect neurohormonal systems to decrease BPV in stroke pa-
tients, and thus improve the clinical progress of stroke pa-
tients receiving ECP treatment.

We found that the CAI on both sides showed a borderline
significant trend of a positive correlation with certain BPV
parameters. The autonomic system is damaged in stroke
patients, which leads to impaired arterial baroreflex function,
changes in humoral factors, and changes in ventilatory pa-
rameters."™” Increased BPV is a marker of autonomic dys-
function. This might indicate that BPV is an important de-
terminant affecting the cerebral blood flow and perfusion to
the ischemic penumbra.” Our recent study demonstrated
that the cerebral augmentation effect of ECP as measured
by the CAI in ischemic stroke patients operates via the path-
way of impaired cerebral autoregulation rather than by the
well-established vasoreactivity to breath-holding.* The posi-
tive correlation may reflect the association between the au-
tonomic dysfunction and impaired cerebral autoregulation
that follows ischemic stroke. ECP could ameliorate impaired
cerebral autoregulation by decreasing the beat-to-beat BPV
in stroke patients.

This study was subject to several limitations. First, the
sample was relatively small. Second, the differences in the age
and sex distributions between healthy controls and stroke
patients may have contributed to their distinct hemodynam-
ic responses to ECP. However, we mainly observed changes
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in CAI and BPV within individuals in the two groups. In this
study we recruited more male participants, because the prev-
alence of stroke in China is higher in men than in women,”
and female subjects are more likely to have an insufficient bi-
lateral temporal bone window for insonation due to the low
density of the temporal bone.” Third, the beat-to-beat BPV
during ECP was monitored for only 3 minutes instead of ap-
plying the standard 35 daily 1-hour ECP treatment sessions.
The effect of applying more ECP sessions on the beat-to-
beat BPV in ischemic stroke remains unknown; we intend to
explore this point in further studies. Stronger evidence for
an increased BP during ECP could be obtained if an aortic
root arterial pressure line or a peripheral arterial pressure line
is used. Our study focused on the hemodynamic effects of
ECP on BPV, which is an important factor in the progression
of stroke, and the functional outcomes of the ECP-treated
patients were not considered. However, there is an ongoing
randomized controlled trial at our center involving conven-
tional medical treatments of stroke patients as controls to
investigate the effects of ECP on ischemic stroke patients.
The results for functional outcomes from that study will be
more convincing. Lastly, the BPV was assessed using 3-min-
ute beat-to-beat monitoring instead of hour-to-hour or day-
to-day measurements; however, the beat-to-beat and day-to-
day BPVs reportedly have similar physiological correlates.*'
In conclusion, ECP increases BP and the cerebral blood
flow but decreases the beat-to-beat BPV in patients with isch-
emic stroke. ECP can ameliorate impaired cerebral autoregu-
lation by decreasing the beat-to-beat BPV in stroke patients.
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