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Impact of Enhanced External Counterpulsation

on Peripheral Circulation

Dierk Werner, MD,* Fabian Michalk, MD,† Burkhard Hinz, PhD,‡ Ulrike Werner, PhD,‡
Jens-Uwe Voigt, MD,† and Werner G. Daniel, MD†, Schwerin; Erlangen-Nuremberg,
Germany

Enhanced external counterpulsation (EECP) is a noninvasive counterpulsation technique that

reduces angina and improves exercise capacity in patients with coronary artery disease.

Diastolic coronary perfusion is augmented by pneumatic compression of 3 sets of cuffs

wrapped around the lower extremities. Although central hemodynamic changes are well inves-

tigated, almost no data exist about the changes of peripheral circulation during EECP. In this

study, 12 patients with angina and angiographic evidence of coronary artery disease were

treated for 1 hour with EECP. In these patients, peripheral artery disease was excluded by

duplex sonography. The patients rested 1 hour before EECP in supine position, and they

remained in that position for 1 hour after the procedure. Changes of flow volumes and flow

pattern of the posterior tibial artery and the brachial artery were measured by sonography at

the end of all 3 periods. Furthermore, we measured the concentration of circulating prostanoids

at these 3 time points. Averaged flow volume of the posterior tibial artery decreased to 69%

± 23% (P < .05) during EECP and increased to 133% ± 34% (P < .05) of baseline 1 hour after

the procedure. In contrast, the averaged flow volume of the brachial artery increased by 9% ±

4% (P < .05) during EECP and returned to baseline values after EECP. The flow pattern of the

posterior tibial artery showed a second early diastolic antegrade flow caused by the cuff

inflation and a reverse end-diastolic flow after the deflation of the cuffs. These flow changes

caused an increase of the pulsatility index by Gosling (397% during EECP), returning to baseline

values in the recovery period. Plasma concentrations of circulating prostanoids showed no

significant change during EECP. Thus, pedal flow volume decreased to approximately two

thirds of baseline during EECP followed by reactive hyperemia even 1 hour after the procedure;

however, this decreased perfusion triggered no change of the prostacyclin/thromboxane ratio

and was well tolerated by all investigated patients. The observed 4-fold increase of the periph-

eral pulsatility index supports the thesis of increase of shear-stress–related improvement of

endothelial function during EECP.

Introduction

Enhanced external counterpulsation (EECP) has
been developed as an additional noninvasive
therapeutic option for angina pectoris. In the
Multicenter Study on Enhanced External
Counterpulsation, the method has been shown
to decrease anginal episodes and to extend time
to exercise-induced ischemia in patients with
stable angina.1 Furthermore, EECP appears to
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be safe and effective in the treatment of angina
in patients with impaired systolic function.2 EECP
received Food and Drug Administration approval
for stable and unstable angina, myocardial
infarction, and cardiogenic shock in 1995. The
procedure is preferably used to manage angina in
medically refractory patients who are not candi-
dates for conventional coronary revasculariza-
tion. At the University of Pittsburgh, the
International EECP Patient Registry was founded
in 1998. Currently, more than 5000 patients
from more than 100 study centers, mainly in the
United States are enrolled in the registry.3 The
data of that registry confirmed the safety and
symptomatic efficiency of the therapy.

EECP operates by electrocardiogram-triggered
diastolic inflation and deflation of cuffs wrapped
around the lower extremities. In this way, EECP
augments diastolic arterial blood pressure, increases
diastolic blood flow in the coronary, cerebral, and
renal arteries,4 and stimulates diuresis and natri-
uresis.5 In contrast to intra-aortic balloon counter-
pulsation (IABP), EECP is a noninvasive procedure.
Until today, a high rate of peripheral vascular prob-
lems occurs during IABP. A recent study reported a
rate of 10% of cardiosurgical patients suffering from
peripheral problems after IABP-like bleedings, dis-
sections, and critical limb ischemia.6 Despite its
external application, EECP uses the peripheral
arterial blood volume to augment the perfusion
of the inner organs. In contrast to many clinical
studies evaluating the symptomatic effect of this
procedure, only a single study measured the
effects of EECP on peripheral circulation.7 In
that study, Cai et al investigated the effect of
external counterpulsation in volunteers and in a
small group of dogs using different
inflation/deflation patterns. The study demon-
strated an increase in antegrade and retrograde
flow velocities in the legs. Furthermore, they
reported a dependency of the net forward blood
flow on the period of cuff inflation.

In this study, we asked for the peripheral
flow changes under daily conditions, that is, in
patients suffering from angina using the EECP
inflation/deflation time points as recommended
to get maximal diastolic augmentation.8 Both
possible processes during EECP—increase of
endothelial shear stress as well as lower limb
ischemia—could alternate the prostacyclin syn-
thesis;9,10 therefore, we investigated the impact
of EECP on the concentration of circulating
prostanoids. Shear-stress–induced improvement
of endothelial function is regarded as one
possible mode of action of EECP.11 Thus, we

measured the flow-mediated vasodilation
(FDM) of the brachial artery to evaluate any
acute change of endothelial function caused by
the increased pulsatility during EECP.

Subjects and Methods

Twelve consecutive patients with coronary
artery disease (61 ± 10 years, 3 female) partic-
ipated in the study. Inclusion criteria for
patients with clinically manifest coronary artery
disease were angina pectoris symptoms, the
angiographic evidence of hemodynamically rel-
evant stenosis of at least 1 major coronary
artery, and at least 2 of the cardiovascular risk
factors, arterial hypertension, diabetes mellitus,
smoking, hypercholesterolemia, and obesity, as
defined by a body mass index of at least 30
kg/m2. All participants abstained from smoking
on the day of investigation. Oral nitrate therapy
was discontinued for 24 hours. Peripheral
artery disease was excluded by duplex sonog-
raphy of the lower extremities. Informed con-
sent was obtained from all study participants
according to the declaration of Helsinki.

After 1 hour of rest in supine position, all
patients were treated with EECP for 1 hour. The
EECP machine (Enhanced External Counter-
pulsation, Vasomedical Inc., Westbury, NY)
operated with a diastolic pressure of 250 to 300
mm Hg. Finger plethysmography was used to
maximize diastolic augmentation by early infla-
tion and late deflation of the cuffs. The patients
remained in supine position for 1 hour after
EECP.

Flow velocities and vessel diameter of the
posterior tibial artery were measured with a
15-MHz ultrasound probe (HP 5500) at the end
of all 3 study periods (rest, EECP, recovery).
Generally, ultrasound investigations are com-
plicated by many artefacts from the movement
of the patients by the counterpulsation
machine. The posterior tibial artery allows the
detection of stable ultrasound signals while the
ankle of the patient is fixed by a second investi-
gator. The relative changes of flow volume were
calculated from mean flow velocity and arter-
ial diameter. Baseline flow volume was consid-
ered to be 100%. The formula of Gosling and
King was used for calculation of the pulsatility
index (maximal systolic velocity + maximal
diastolic velocity/mean velocity).12
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FMD was performed according to the guide-
lines of the International Brachial Artery
Reactivity Task Force.13 The brachial artery was
assessed by a high-resolution ultrasound probe
(15 MHz) in a temperature-controlled room. A
cuff at the upper arm was inflated with
suprasystolic pressure for 5 minutes. The diam-
eter of the brachial artery was measured at
baseline and 1 minute after cuff deflation.

Blood samples were taken at the end of
the 3 study periods. Thereafter, circulating
prostanoids were measured in the serum of
the patients: 6-keto-prostaglandin F1α (stable
metabolite of prostacyclin), thromboxane B2

(stable metabolite of thromboxane A2), and
prostaglandin E2. These prostanoids were
determined with a commercial kit (Cayman
Chemical Company, Ann Arbor, Mich) for
enzyme immunoassay.

Results

The procedure was well tolerated by all
patients. None complained of any discomfort of
the lower extremities. Stable ultrasound signal

could be detected from the posterior tibial
artery of all patients during the EECP when the
ankle was fixed by a second investigator.

The flow velocities showed a very specific
change during EECP. The systolic antegrade flow
was followed by a sharp increase of early dias-
tolic antegrade flow velocity caused by the cuff
inflation. The end of diastole was characterized
by a significant reverse flow after the deflation of
the cuffs. Figure 1 shows the typical flow profile
in the posterior tibial artery during EECP. These
changes caused an approximately 4-fold increase
of pulsatility index. Flow pattern and pulsatility
index returned to baseline values after EECP.

The arterial diameter of the posterior tibial
artery showed no significant change during
EECP. In contrast, the posterior tibial artery was
significantly dilated during the recovery period.
During EECP, a significant decrease of pedal
flow volume was observed. Reactive hyperemia
was still found 1 hour after EECP. The posterior
tibial artery was still significantly dilated and
the flow volume increased (Table I).

Despite the significant changes in pulsatil-
ity and peripheral flow, no relevant changes of
6-keto-prostaglandin F1α, thromboxane B2, or
prostaglandin E2 occurred during or after EECP
(Table II).
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Figure 1. Flow pattern in the posterior tibial artery during EECP (A, systolic forward flow; B,
early diastolic flow during cuff inflation; C, diastolic flow while cuffs are inflated; D, late-diastolic
backward flow during cuff deflation).
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The flow pattern in the brachial artery
showed a second antegrade diastolic peak dur-
ing EECP. The diameter of the brachial artery
was not significantly affected by the counter-
pulsation procedure. The mean change of flow
volume increased by 9% ± 4% (P < .05) during
EECP and returned to baseline values after
EECP. Before EECP, FDM was approximately
6%, indicating an impaired endothelial function
in these patients with symptomatic coronary
artery disease. One hour of EECP caused a small
but not significant increase of FMD (Table III).

Values during recovery also showed no change
compared with baseline values.

Discussion

Symptomatic peripheral artery disease is consid-
ered as precaution for EECP treatment; however,
until now, no peripheral flow measurements
exist in patients with symptomatic coronary
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Table I. EECP-caused changes of diameter, flow velocity, and flow volume in the posterior tibial artery.

Measurement Diameter Mean Flow Flow Volume Compared Pulsatility Index
After 1 Hour (mm) Velocity (cm/s) With Baseline (%) (Gosling)

In supine position 1.9 ± 0.2 14.4 ± 8.1 100 (baseline) 6.9 ± 1.4
before EECP

EECP 1.8 ± 0.1 11.9 ± 13.5 69.2 ± 23.2* 27.4 ± 9.6*

In supine position 2.1 ± 0.1** 17.7 ± 15.3 133.1 ± 34.2*/** 6.3 ± 1.7**
after EECP

*P < .05 compared with baseline; **P < .05 compared with EECP.

Table II. EECP-caused changes of plasma concentrations of prostanoids.

Measurement 6-Keto-Prostaglandin Thromboxane Prostaglandin
After 1 Hour F1α (ng/mL) B2 (ng/mL) E2 (ng/mL)

In supine position 0.61 ± 0.32 22 ± 5 10 ± 2
before EECP

EECP 0.64 ± 0.50 24 ± 4 9 ± 2

In supine position 0.62 ± 0.57 23 ± 7 13 ± 8
after EECP

Table III. Impact of EECP on flow-mediated vasodilation of brachial artery.

Flow-
Measurement Basal Diameter of Diameter After Mediated 
After 1 Hour Brachial Artery (mm) Hyperemia (mm) Dilation (%)

In supine position 3.8 ± 0.6 4.0 ± 0.5 6.3 ± 5.3
before EECP

EECP 3.8 ± 0.5 4.0 ± 0.4 7.2 ± 5.0

In supine position 3.8 ± 0.6 3.9 ± 0.5 5.7 ± 4.3
after EECP
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artery disease. Thus, we conducted this study
and demonstrated a significant reduction of
pedal flow, as well as an extensive hyperemia
after the procedure. Pedal flow volume was
reduced by approximately one third of the flow
volume during EECP; however, this reduced
perfusion was well tolerated for 1 hour in the
investigated patients with excluded peripheral
artery disease. In line with this finding, data of
176 patients and volunteers from several of our
own studies, as well as the MUST-EECP, indi-
cated no clinical problem of peripheral ischemia
during the EECP.1,14 Furthermore, the decreased
perfusion during EECP did not trigger any
change of the 6-keto-prostaglandin F1α/throm-
boxane B2 ratio. This result is in line with an
investigation of intra-aortic counterpulsation in
dogs.15 Hoover et al found no significant differ-
ence of venous prostacyclin and thromboxane
B2 values between the treated animals and the
sham group.

Besides possible clinical side effects for
patients with severe peripheral artery disease,
it has to be considered that these patients are
characterized by reduced arterial vascular vol-
ume and reduced muscle mass of the lower
extremities. These problems may prevent effec-
tive external counterpulsation.16,17 In our own
study, we investigated the effects of age and
atherosclerosis on maximal diastolic augmenta-
tion during EECP.18 We compared diastolic aug-
mentation in healthy young volunteers (mean
age, 28 ± 4 years) and patients with coronary
artery disease and at least 2 atherosclerotic risk
factors (mean age, 64 ± 7 years) using the same
timing and inflation pressure. The peak aug-
mented diastolic blood pressure was 115 ± 13
mm Hg in the healthy controls and 100 ± 24
mm Hg in the patients with atherosclerosis (P <
.05); however, there is still a controversy if the
amount of diastolic augmentation influences
the antianginal effect of EECP.16,17,19

The reduced peripheral flow during EECP
may have similar physiologic effects like walking
therapy in patients with symptomatic peripheral
artery disease. Cai et al demonstrated in a dog
model that 1 hour of EECP can increase the
patency of collateral branches of femoral artery.7
A decrease of peripheral vascular resistance after
EECP was described by Lawson et al.20 They
observed in patients with angina and unimproved
radionuclide myocardial perfusion imaging after a
course of 35 hours of EECP a slight increase in
exercise duration time with a significant decrease
of maximal double product (maximal heart

rate × maximal systolic blood pressure).
Cardiac drug therapy was held constant during
the study, suggesting that EECP caused a
decrease in peripheral vascular resistance. This
initial finding was later supported by several
studies reporting an improvement of diastolic
augmentation and consequently an improved
vascular compliance during the course of
EECP.17,19

The changes of peripheral flow pattern during
EECP were also characterized by increasing pul-
satility. The pulsatility index of the posterior tibial
artery showed a 4-fold increase. Generally, EECP
yields to a second diastolic pulse wave in all arte-
rial vessels.4 By this way, EECP increases shear
stress and flow pulsatility. After the single inter-
vention, we observed only a slight, nonsignificant
increase of FMD; however, Shechter et al studied
the FMD after the usual scheme of 35 hours of
EECP therapy.11 They found an increase from
3.0% to 8.2% (P < .01), indicating improvement
of endothelial function as a possible mode of
action of EECP.

Conclusion

This study showed that the pedal blood flow
decreases to two thirds of resting values during
EECP accompanied by reactive hyperemia after
the procedure; however, data from many dif-
ferent clinical studies demonstrate that EECP
does not bear any risk of clinical relevant
peripheral ischemia in patients without mani-
fest peripheral artery disease. Furthermore, cir-
culating prostanoids as markers of peripheral
ischemia showed no change during EECP. Flow
pattern of the posterior tibial artery was char-
acterized by a 4-fold increase of their pulsatility
index supporting the hypothesis of increased
shear stress during EECP.
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