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Abstract

Background—External counterpulsation (ECP) increases perfusion to a variety of organs, and
may be helpful for acute stroke.

Methods—This was a single-blinded, prospective, randomized controlled feasibility and safety
trial of ECP for acute middle cerebral artery (MCA) ischemic stroke, in which 23 patients
presenting within 48 hours of symptom onset were randomized into one hour of either 1) ECP at a
pressure up to 300mmHg (“full-pressure”), while determining the highest tolerable pressure that
would augment MCA mean flow velocity (MFV) by 15%, or 2) ECP at 75mmHg (“sham-
pressure”). Transcranial Doppler MCA flow velocities and NIH Stroke Scale (NIHSS) scores were
checked before, during, and after ECP, and outcomes were assessed at 30 days after
randomization.

Results—While procedures were feasible to implement, there was a frequent inability to
augment MFV by 15% despite maximal pressures in full-pressure patients, whereas in sham-
pressure patients, MFV frequently increased due to increases in PSV and EDV. In both groups,
starting ECP was often associated with contemporaneous improvements in NIHSS stroke scores.
There were no between group differences in NIHSS, modified Rankin Scores and Barthel Indices,
and no device or treatment-related serious adverse events, deaths, intracerebral hemorrhages, or
episodes of acute neuro-worsening.

Conclusions—ECP was safe and feasible to apply in acute ischemic stroke. It was associated
with unanticipated effects on flow velocity, and contemporaneous improvements in NIHSS score
regardless of pressure used, with a possibility that even very low ECP pressures were
physiologically active. Further study is warranted.

Keywords
external counterpulsation; ischemic stroke; transcranial Doppler; cerebral blood flow velocity

Introduction

External counterpulsation (ECP) increases blood flow in organs such as the brain, eye,
kidney, skin and liverl: 2 3.4 and improves outcome in heart disease®7, and has potential
as a perfusion-optimization treatment for ischemic stroke. It has been approved for use in
ischemic heart disease and congestive heart failure, and utilizes electrocardiogram-triggered
inflations of cuffs to apply pressures ranging from 75 — 300 mmHg sequentially to the lower
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extremities and buttocks, inducing retrograde aortic blood flow and increased diastolic blood
flow?3. 8.9, 10 ECP augmented mean flow velocity (MFV) on transcranial Doppler (TCD) in
a study in five healthy human volunteers!?, and - used as a 14-week long regimen of daily
one-hour treatments - was feasible, safe, and improved functional outcome in subacute
ischemic stroke patients!2. The utility of ECP as an acute treatment for ischemic stroke
remains unestablished, however. The Counterpulsation to Upgrade Forward Flow in Stroke
(CUFFS) trial was designed to evaluate the safety and feasibility of instituting a one-hour
treatment of ECP in adult stroke patients presenting within 48 hours of onset of a middle
cerebral artery (MCA) stroke, while exploring its impacts on MCA flow velocity and acute
neurological deficit.

Materials and Methods

Study Design

CUFFS was a prospective, randomized, controlled, single (patient) blinded study in which
adults with acute strokes were randomly assigned to either full-pressure or sham-pressure
ECP. TCD was performed prior to, during and immediately after ECP to assess changes in
MCA flow velocity, with NIHSS evaluated at the same time-points. Subsequent NIHSS
scores were obtained during each patient’s hospital stay and again at 30 days post-
randomization, with adverse events (AEs) and serious adverse events (SAEs) monitored out
to 2 days and 30 days post-randomization, respectively. The study was performed at three
urban comprehensive stroke centers, and all study procedures were supported by a U.S.
Food and Drug Administration investigational device exemption and approved by the
Institutional Review Boards (IRBs) at each of the participating sites.

Procedures and assessments

Screening, enrollment and randomization—We enrolled awake patients 18 years of
age and older with acute MCA distribution strokes!3 so as to optimize the uniformity and
interpretation of results (since having a relatively narrower distribution of potential deficits
would allow more robust comparison between treatment groups). Inclusion criteria were an
ability to initiate ECP within 48 hours of stroke onset, with no acute reperfusion therapy or
other experimental therapy planned. Exclusion criteria included rapidly resolving symptoms;
an NIHSS > 22; current or prior intracranial hemorrhage; brain tumor or abscess; a
presentation consistent with subarachnoid hemorrhage; vascular anomalies such as known or
suspected aortic dissection, aneurysm, or other anomaly of the heart or great vessels; cardiac
issues such as non-trivial aortic regurgitation, symptomatic valvular heart disease, acute
symptomatic congestive heart failure, or a known left ventricular ejection fraction < 30%;
issues that would interfere with ECP triggering such as a pacemaker, rapid atrial fibrillation,
or frequent PVCs; conditions that might be affected by or limit repeated cuff inflations, such
as known collagen vascular disease, significant obesity, a history of significant chronic low
back pain, ongoing lumbar radiculopathy, symptomatic lower extremity peripheral vascular
occlusive disease, phlebitis, stasis ulcer, severe varicosities, or a diagnosis of deep vein
thrombosis (DVT) within the past month; known coagulopathy such as thrombocytopenia
with platelet count < 100K, or an INR > 2.0; blood pressure > 180/100 despite treatment;
and an inadequate temporal window for TCD imaging.
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Written consent was prior to initiating study procedures. After enrollment but before
randomization, all patients underwent duplex ultrasound scanning of the lower extremities to
rule out DVT, along with an assessment of temporal window adequacy for TCD; patients
meeting these criteria were randomly assigned to one of two treatment arms: 1) full-pressure
ECP or 2) sham-pressure ECP, in a 1:1 allocation ratio using random permuted block
treatment assignment, stratified by stroke severity and site. The randomization plan was
created and developed by the trial biostatistician and was implemented centrally in real time
using an online database. Since this was a safety trial, group assignment — though concealed
from study subjects - was not concealed from study personnel.

Intervention and assessments immediately prior to, during, and immediately
after ECP—Depending on his or her randomization assignment, each patient underwent
one of two treatments regimens using the ViaCare™ ECP system made by Scottcare Inc
(Cleveland, OH): (1) one hour of ECP at full pressure, which was applied in a tiered, dose-
escalating manner, starting at 200mmHg and increasing up to 300mmHg as measured by the
device, or (2) one hour of ECP at a sham pressure of 75mmHg, replicating the sham
pressure used in a seminal trial of ECP for ischemic heart disease®. Paired assessments of
TCD velocities and an NIHSS score were made within the hour before starting ECP, twice
again during ECP (at 10 and 40 minutes), and immediately after an hour of ECP. A 2MHz
probe was used at a constant angle and depth of insonation to determine peak systolic
velocity (PSV), end-diastolic velocity (EDV), as well as an additional velocity peak during
ECP, the peak diastolic augmented velocity (PDAV); MFVs were calculated based of these
values using our previously published methods!!. Since subjects’ legs were wrapped in
cyclically inflating cuffs while on ECP, we based comparisons between off-ECP and on-
ECP neurological deficit on a “conditional” NIHSS score, which excluded patient’s leg-
exam findings. All other NIHSS comparisons were performed on scores calculated in the
standard fashion. Tolerability was assessed continuously, and pre-treatment blood pressure,
pulse, respiratory rate, and SpO, were recorded immediately before and after ECP.

In full-pressure patients, if the TCD assessment 10 minutes into treatment did not reveal at
least a 15% augmentation in MFV from pre-ECP, the pressure was increased from 200
mmHg to 300mg Hg, and subsequent assessments made as per protocol. Otherwise, the
pressure was routinely increased to 300mg Hg halfway through the hour. If at any time a
patient did not tolerate a pressure, it was decreased in 25mmHg-increments until tolerable.

Subacute assessments—~Patients were followed through to hospital discharge. An
NIHSS assessment and a non-contrast CT of the brain were performed at 24 hours after ECP
treatment. Another NIHSS assessment was conducted at 7 days post-randomization, or at
discharge, whichever was earlier. At 30 days, the patient underwent a general exam, a final
NIHSS score, modified Rankin Scale (mRS)14 and Barthel Index (B1)!° determinations, and
a blinding assessment. Adverse events (AES) were monitored out to 48 hours, and serious
adverse events (SAEs) were monitored out to 30 days.
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Outcome measures

Primary outcome measures: Tolerance, feasibility and safety—The first primary
outcome measure was tolerability and feasibility. Tolerance was defined as the absence of
any indications to stop the procedure or reduce the pressure to a non-therapeutic level.
Feasibility was defined in the full-pressure group as the sustained (at least 30 minutes)
tolerance of any pressure capable of causing a 15% augmentation of MFV in 90% of
subjects, and defined in the sham-pressure group as the sustained tolerance of the sham
pressure in all subjects.

Safety was evaluated by the incidence of serious adverse events or acute neurological
deterioration in relation to the study device and/or procedures at 30 days, the incidence of
acute symptomatic hemorrhage on repeat imaging at 24 hours, the incidence of all adverse
events in the first 48 hours, and mortality at 30 days. Acute neurological deterioration —
which was captured as a serious adverse event - was defined as a >4-point increase on the
NIHSS, or a =2-point decline in level of consciousness item 1a on the NIHSS, or a new
neurological deficit, or clinically significant worsening of motor function lasting more than
8 hours and attributable to a neurological entity. Symptomatic intracranial hemorrhage was
defined as new hemorrhage on CT that was associated with acute neurological
deterioration16.17,

Secondary outcome measures—Several exploratory efficacy endpoints were also
evaluated, including improvement in NIHSS during ECP, immediately post-ECP, at 7 days
and 30 days post-randomization, as well as mRS and Bl at 30 days post-stroke.

Statistical methods

All analyses were based on the intent-to-treat population and included all randomized
participants. Baseline differences between the two treatment groups were assessed using
Fisher’s Exact tests for categorical variables and Wilcoxon Rank-sum tests for continuous
variables. Rates of adverse events (AES), serious adverse events (SAEs), acute neurological
deterioration, acute symptomatic hemorrhage and deaths between the two treatment groups
were compared using Fisher Exact tests. Acute change in NIHSS from baseline, Barthel
Index at 30 days post-stroke (categorized as a score of <95 vs 95-100) and Modified Rankin
Scale at 30 days post-stroke (categorized as 0-1 vs 2—6) were compared between treatment
groups using Fisher’s Exact tests. Acute ECP associated changes in vital signs and TCD
flow velocities as well as ECP-associated effects on neurological deficit and secondary
outcome measures at each time point were analyzed using Wilcoxon Rank-sum tests.
Correlations between changes in acute-phase conditional NIHSS and augmentation of MFV
on TCD were analyzed using Spearman’s correlation coefficients. The significance level for
all comparisons was set at p<0.05 and all statistical testing were two-sided. Since this was a
feasibility and tolerability study, no adjustments for multiple comparisons were made in
these analyses. The statistical software R (http://www.r-project.org) was used for all
statistical analyses.
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Results

Participants and baseline characteristics

Twenty-three subjects were enrolled, 13 in the full-pressure arm and 10 in the sham-pressure
arm, with no differences between full-pressure and sham-pressure groups in terms of age,
sex, weight, cardiovascular and cerebrovascular co-morbidity and risk, vital signs, or
baseline neurological deficit or neurological injury parameters (Table 1).

Feasibility and tolerability

The study procedures during the acute phase of ECP treatment proved feasible to
implement. Two of the 23 subjects (one patient each in each group) were unable to tolerate
the procedure for the hour; one patient in the sham-pressure group asked to have the ECP
procedure stopped due to the noise of the machine, and one patient in the full-pressure group
asked to have it stopped due to discomfort. The remaining patients in both groups tolerated a
full hour of ECP without significant issue. All the remaining 12 patients in the full-pressure
group tolerated a 200mmHg starting pressure, and 11/12 subsequently tolerated a pressure
that was either maximal at 300mmHg or high-enough to cause a >15% augmentation in
MVF; 3/12 required the pressure to be increased early due to lack of MCA MFV
augmentation at 10 minutes. While ECP was feasible to implement, our feasibility endpoint
was affected by the fact that, despite use of maximal 300 mm Hg pressures, MCA MFV
could not be augmented in 6/13 (46%) of full pressure patients.

Acute ECP treatment phase findings

There were no statistically significant differences between sham-pressure and full-pressure
groups with regards to the median MAP immediately before treatment was started (105
mmHg [IQR, 101-111] versus 105 mmHg [IQR, 94-116], respectively), or immediately
after ECP treatment was stopped (109 mmHg [IQR, 107-116] versus 100 mmHg [IQR, 94—
113], respectively).

There were no statistically significant differences between groups in PSV and EDV at 30-
minutes immediately prior to ECP, during ECP, or in the 20 minutes immediately after ECP.
There was an unexpected trend in the direction of change in PSV and EDV (Table 2) that
occurred in each group with ECP: In the full-pressure treatment group, the overall trend was
a decrease in both PSV and EDV upon ECP initiation — a phenomenon more noticeable with
higher pressures (Figure 1), whereas in the sham-pressure group, the overall trend was an
increase in both PSV and EDV upon ECP initiation. Accordingly, calculated MFVs tended
to decrease in full-pressure patients, even at maximal pressures, whereas they tended to
increase in sham-pressure patients.

Effects on neurological deficit and secondary outcome measures

There were no significant differences between full-pressure and sham-pressure groups with
regards to acute change in NIHSS while on ECP, NIHSS at 7 days and 30 days, or modified
Rankin Score and Barthel Index scores at 30 days. However, we frequently encountered
acute improvements in NIHSS scores as well as subtle improvements in non-NIHSS item
neurological deficits upon starting ECP (Figure 2). These effects were not exclusive to one
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study group; in fact, 70% of sham-pressure patients and 38% of full-pressure patients had an
improvement in conditional NIHSS of = 2 points within 20 or 50 minutes of ECP initiation
(p = 0.2138). There were no statistically significant differences between the sham- and full-
pressure groups with regards to overall changes in NIHSS. In sham-pressure patients, there
was a strong correlation between the degree of MFV augmentation and the degree of change
in conditional NIHSS between pre-ECP and NIHSS taken at 20-minutes into ECP
(Spearman rho of 0.7059, p 0.0336), whereas there was no relationship found in full-
pressure patients (Spearman rho of 0.2388, p 0.4548).

Three of the sham-pressure patients and one of the full-pressure patients were lost to follow
up at 30 days. There were no statistically significant differences between the two groups in
Bl scores of 95-100 (5/7 [71%] versus 8/12 [67%]; p >0.9999), mRS of 0 or 1 (4/7 [57%]
versus 6/12 [50%]; p >0.9999), or median NIHSS score (3.5 [IQR, 0.25-5.75] versus 2
[IQR, 1-3]; p = 0.7063).

No lower extremity DVTs were found on pre-randomization venous duplex exams. No
participants had acute neuro-worsening while on ECP, acute treatment-related worsening, or
symptomatic intracerebral hemorrhage on repeat imaging at 24 hours. There were no deaths
reported out to 30 days.

There were three serious adverse events (SAESs) in the study, all of which occurred in the
same patient. This patient was in the full-pressure ECP group and had no SAEs during the
initial hospital stay, but subsequently had a one-day re-admission for a COPD exacerbation
and two re-admissions for transient ischemic attacks within the 30 day follow-up period.
None of these SAEs were felt to be device related.

There were 15 AEs noted in 8 (80%) of 10 sham patients, and 26 AEs noted in 12 (92%) of
13 individual patients in the full-pressure group (p= 0.5596). The majority of AEs were
mild, and there was only one device-related AE, in a full-pressure patient, “urgency to
urinate.” There were no reported events involving thigh or leg pain, back pain, bruising, or
dermatological issues.

Discussion

In this trial we found that external counterpulsation (ECP) was safe, well tolerated, and
feasible to apply as an intervention in acute ischemic stroke, but was associated with
unanticipated increases in flow velocity even at low inflation pressures, and with acute
improvements in neurological deficits that did not correlate with the pressure used. Our
study subjects were relatively younger and had milder deficits than those seen in other
stroke trials, which may have reflected a known predisposition for younger and milder
patients to show up later and outside the treatment windows for standard therapies'8. The
younger age and lower median NIHSS scores in this study may have an impacted an
assessment of safety of ECP in older and more severely affected patients, but it reflects the
practical reality of patients who show up outside the window for typical reperfusion
therapies. Prior considerations for the use of ECP for stroke have mirrored the treatment
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regimen seen for chronic cardiac angina, in that it is typically administered in several times a
week for up to seven weeks, incorporating therapeutic mechanisms of ECP-induced
endovascular secondary messaging, upregulated angiogenesis and development of
collaterals!®. Lin and colleagues evaluated a multi-day ECP treatment regimen in subacute
ischemic stroke patients with large cerebral artery occlusive disease, starting treatment a
mean of 6.18 days after stroke onset in a rehabilitative paradigm, and found that it was
feasible, safe, and resulted in augmentation of flow velocities and reduction in NIHSS
scores?0. In this study, we administered a treatment at a median of just under 19 hours from
stroke onset, in a more acute time-frame. Our study is the first to evaluate safety,
tolerability, and feasibility of ECP treatment in acute ischemic stroke patients this early from
stroke onset.

We chose to evaluate the safety and feasibility of a one-time treatment to reflect a potential
clinical application of ECP in stroke, as an acute “penumbral-rescue” treatment, pending
spontaneous recanalization or reperfusion therapy. There are clinical data to suggest that a
transient augmentation of perfusion has the potential to be beneficial. Alexandrov and
colleagues reported that, in patients with acute proximal MCA ischemic strokes given a
bolus of tissue plasminogen activator (t-PA), those who recanalized transiently but then re-
occluded within two hours fared better that those who never re-canalized at all, with good
outcomes at 3 months (defined as an mRS score of 0 to 1) in 33% and 8%, respectively (p <
0.05)21. A more direct inference as to the salutary effects of a transient augmentation of
perfusion can be found in the experience published by Meier, in which a regimen of three, 1-
hour long treatments of pressor therapy with boluses of epinephrine in acute stroke patients
increased survival to 21 days (62.2% vs. 36.4%:; p < 0.02)22. We chose to target a 15%
augmentation of flow velocity because it was associated with a =2 point improvement in
NIHSS in a majority (83%) of patients with symptomatic vasospasm from subarachnoid
hemorrhage in which an intra-aortic device (Neuroflo™) was used to augment perfusion?3,

We encountered counterintuitive but theoretically explainable effects from ECP on TCD
MFVs. First, we could rarely attain the protocol-stipulated 15% increase in mean flow
velocity in full-pressure patients, despite maximizing ECP pressures. This conundrum is
reflected in findings from another study by Lin and colleagues published after our study had
started, in which increasing pressures of ECP in stroke patients with large artery disease did
not result in comparable increases in MCA TCD blood flow velocities?*. A possible reason,
given ECPs known effects on systemic vascular resistance, is a re-distributive reduction in
arterial blood volume by ECP during diastole such that less blood was left available for
forward flow during systole. Alternatively, there may have been downstream autoregulatory
vasoconstriction during ECP that inhibited cerebral blood flow25. A second finding was that
initiation of sham ECP at a low pressure that did not affect PDAV was associated with
elevations in PSV and EDV (and therefore increased mean TCD flow velocity) in most of
these patients. One consideration is elevated sympathetic tone and blood pressure from an
acute stress reaction, 2% 27. 28 due to the never-before-experienced noise and dynamism of
ECP; however, this is made unlikely by the fact that blood pressures at screening and then
before and after ECP were neither statistically nor clinically different from each other. An
alternative explanation is that low sham pressures may have preferentially compressed more
compliant, lower-pressure venous capacitance vessels in the legs without affecting the less
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compliant and higher-pressure arterial vasculature, causing an increased venous return and
cardiac preload?®, and ultimately improved stroke volume, cardiac output and cerebral blood
flow during systole (all without discernable diastolic pressure effects). Due to the non-
invasive nature of the trial, we did not capture continuous changes in blood pressure using
an arterial line, which would have enabled a clearer understanding of both sham and active
ECP affects during the treatment.

While this study was neither designed nor powered as an efficacy study, we did find that
initiating ECP was associated with acute, concurrent improvements in neurological deficit in
both sham and active treatment patients, and across study sites. Investigator bias was
unlikely, since these findings were documented in both groups; additionally, placebo effect
is also unlikely, because a blinding assessment done at 30 days revealed no correlation
between what patients actually received and what they thought they received. It is possible
that ECP had a physiological effect in both arms of the study, through different mechanisms.
While the exact cause of these findings remains unclear, they inspire future work to uncover
the hemodynamics of ECP therapy in acute ischemic stroke.

This study has several limitations that primarily affect the secondary outcome measures
used. First, it was a safety and feasibility study, and the small sample size may have
precluded our ability to detect more subtle physiological effects. Secondly, there were some
patients lost to 30-day follow up, which may have obscured our ability to fully detect all
safety issues; however, the majority of physiologically-relevant safety data were captured
prior to hospital discharge. A third limitation was the use of TCD to measure blood flow
augmentation, which we chose for the capability to measure real-time changes in cerebral
blood flow during a dynamic intervention. TCD is only a surrogate measure for CBF. This
being said, some more definitive assessments of CBF — such as perfusion-weighted MRI or
xenon-CT — would have essentially been impossible to do while ECP was ongoing. In
addition, since emergent vascular imaging was not routine for delayed stroke patients not
undergoing reperfusion therapy at all of our sites at the time of the study, and because we
wanted to evaluate the implementation of ECP as an empirically-administered therapy (even
something that might one day be administered in an ambulance), we did not mandate
vascular imaging prior to ECP. Vascular imaging might have lent additional insight into to
potential ECP-induced alterations in blood flow that were in play.

Conclusions

Use of ECP is safe and feasible to implement in patients presenting within 48 hours of onset
of acute ischemic stroke. Our study brings up the possibility that ECP even at low pressures
might have a physiological effect in stroke. Future work to the evaluate the utility of ECP
for acute stroke should explore development of sham methods that are unlikely to contribute
to flow augmentation, the use of optimized of real-time cerebral blood flow and arterial
blood pressure monitoring methods, and — as investigation migrates towards an evaluation of
efficacy - the use of vascular and perfusion imaging to potentially select patients with
augmentable collateral blood flow and salvageable perfusion deficits, and to evaluate
treatment effects.
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Figure 1.
Representative TCD spectra from one of the full-pressure patients over time, revealing a

tendency for peak systolic velocity (PSV) and end-diastolic velocity (EDV) to drift
downward as a concomitant ECP-induced augmentation of flow velocity during diastole
developed, and then reverse upon ECP being stopped.
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Figure 2.

NIHSS (NIH Stroke Scale) score profiles of study subjects receiving ECP. ECP was
frequently associated with an acute improvement in an NIHSS score that had remained
relatively stable from screening to just before starting ECP (PRE-ECP). There was no
statistically significant difference between groups with regards to this phenomenon. Each
line represents an individual subject. SHAM pressure, sham-pressure patients; FULL
pressure, full-pressure patients.
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Baseline characteristics

Table 1

Demographics:
Age (median, IQR)
Gender (Female, n(%))
Weight (median, IQR)

Cardiovascular and cerebrovascular co-morbidity ((n (%))):

Hypertension
Diabetes
Hyperlipidemia
Cardiac Arrhythmias
EKG abnormal
Prior stroke or TIA
Pre-treatment vitals (median (IQR)):
Systolic Blood pressure
Diastolic Blood Pressure
Heart rate
Temperature
Respiratory rate
Oxygen saturation
Neurological injury parameters:
NIHSS score (median (IQR))
Pre-morbid mRS of 0 (n(%))
Stroke-onset-to-treatment time (min) (median (IQR))
Acute stroke evident on CT n(%)
Loss of grey-white distinction on CT n(%)

Hyperdense artery sign on CT n(%)

Sham-pressure

57 (55,60)
2 (20%)
81 (71, 84)

9 (90%)
3 (30%)
5 (50%)
1 (10%)
2 (20%)
3 (30%)

148 (132, 160)
81 (75,86)

73 (60, 80)

37 (36,37)

18 (17, 20)

98 (98,100)

7(5.10)
9 (90%)
2011 (1885, 2673)
5 (50%)
3 (30%)
2 (20%)

Full-pressure

57 (50,66)
6 (46.2%)
88 (68,96)

10 (76.9%)
4 (30.8%)
10 (76.9%)
1(7.7%)
1(7.7%)

6 (46.2%)

155 (140, 168)
74 (63,85)

70 (67, 80)

36 (36, 37)

20 (18, 20)
100 (97,100)

6(3.8)

9 (70%)

1700 (1426,2025)
9 (69.2%)
3(23.1%)
1(7.7%)

p-value

0.926
0.379
0.664

0.604
>0.999
0.221
>0.999
0.560
0.669

0.515
0.350
0.534
0.400
0.651
0.792

0.639
NS
0.343
0.417
>0.999
0.560
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