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Objectives — Intra-aortic counterpulsation is the most frequently used
cardiac assist device. However, there are only few studies of the effects
of counterpulsation on cerebral blood flow and these report conflicting
outcomes. The new enhanced external counterpulsation (EECP)
technique reproduces non-invasively the effects of intra-aortic
counterpulsation. In this study, we evaluated effects of EECP on blood
pressure (BP) and on cerebral flow velocity (CBFV). Subjects and
methods — Twenty-three healthy controls and 15 atherosclerotic
patients each underwent a 5-min session of EECP. Before, during and
after EECP we monitored heart rate, beat-to-beat radial artery BP and
CBFYV. Results - EECP induced a second increase in BP and CBFV
during diastole with a significant increase of mean BP and a decrease of
systolic BP in patients and controls. Mean CBFYV increased in both
groups during the first 5 s of EECP. After 3 min of EECP, diastolic
CBFYV was still higher than at baseline, but systolic CBVF was lower
than at baseline; mean CBFV was as low as before EECP in the
patients and lower than the baseline values in the controls. Three
minutes after ending EECP, mean and systolic BP were lower in the
patients than the corresponding baseline values. Otherwise, CBFV and
BP values did not differ from baseline in patients and

controls. Conclusion — Cerebral autoregulation ensures the constancy
of cerebral blood flow even though EECP creates marked systemic
changes. In the patients, the decrease of BP after EECP with
maintained CBFYV indicates an improved BP-CBFYV relation and a
more economic autoregulation.
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For more than three decades, intra-aortic counter-
pulsation (intra-aortic balloon pumping, TABP)
has been used to improve coronary perfusion in
patients with acute cardiac failure. The effects of
IABP are based on the intermittent inflation of a
balloon in the descending aorta at the beginning of
diastole and deflation at the end of diastole. The
hemodynamic effects of IABP are an increase of
diastolic blood flow to the organs and a reduction
in cardiac afterload. The device is mainly used to
support coronary circulation and to improve
outcome of patients in cardiogenic shock.
Counterpulsation also has been used for the
treatment of cerebrovascular diseases. Animal
studies demonstrated a benefit of IABP in ischemic
strokes or cerebral vasospasm. (1, 2). Several
clinical case reports illustrated the potential use-

fulness of intra-aortic counterpulsation in patients
suffering from cerebral vasospasm after subarach-
noidal hemorrhage or from post-procedural hypo-
tension following carotid stenting (3-6). Yet, most
probably because of the increased risks associated
with this invasive method there are only a few
published studies. Furthermore, data on the effect
of counterpulsation on cerebral perfusion are
inconsistent (Table 1). Some studies show an
increase of cerebral blood flow of up to 56% (7),
while others show a decrease of as much as 12%
(8). We assume that the mechanisms of cerebral
autoregulation ensure constancy of cerebral blood
flow during counterpulsation despite the augmen-
ted diastolic pressure.

Enhanced external counterpulsation (EECP) is a
new method that can reproduce the diastolic
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Table 1 Studies on cerebral blood flow (CBF} during IABP

Authors Study design

Change of CBF

Gee et al. (8)

Tranmer et al. (1)
Applebaum et al. {15)
Nussbaum et al. (2)
Waesley and Morgan (22}

Bhayana et al. {7) Animal model of cardiogenic shock {10 dogs}

Pneumoplethysmographic assessment of ocular biood flow {56 patients)

Measurement of CBF in a canine stroke model with microsphere technique {six dogs)
Duplex scanning of common carotid artery {14 patients)

Measurement of CBF in a cerebral vasospasm model with microsphere technique {10 dogs)
Measurement in a canine resuscitation model (seven dogs)

11.6% decrease (P < 0.005)
No significant change {+4.0%)
Ne significant change {+3.2%)
18.9% increase (P < 0.6001}
31.3% increase (P < 0.05)
56% increase (P < 0.05)

augmentation of intra-aortic counterpulsation in a
non-invasive manner. According to the study of
Taguchi et al. (9), external counterpulsation has
rather similar effects on diastolic blood pressure
(BP) and systemic vascular resistance as intra-
aortic counterpulsation. The authors showed that
diastolic BP increased by 36% after 1 h of IABP
and by 33% after 1 h of EECP. Systolic systemic
vascular resistance decreased by 18% after 1 h of
IABP and by 20% after 1 h of EECP. Also, heart
rate showed no change during 1 h of both proce-
dures.

EECP produces the retrograde pulse wave via
pressure to the lower limbs during diastole. Clin-
ically, EECP is used as a new therapeutic option
for patients with angina pectoris (10). There are
two studies of blood flow changes in the carotid
arteries during EECP suggesting an enhancement
of perfusion (11, 12). To date, however, there are
no studies evaluating whether cerebral blood flow
increases as a consequence of increased carotid
artery blood flow or remains constant because of
autoregulatory mechanisms.

In the present study, we tested whether EECP
induces any change of flow velocities in the middle
cerebral artery (MCA) using transcranial Doppler
sonography in healthy volunteers. Moreover, we
studied whether effects of EECP on cerebral blood
flow are different in patients with atherosclerosis
from those in young healthy controls.

Subjects and methods
Subjects

Twenty-three healthy volunteers with no history of
cardiovascular or neurological disease (mean age:
27.9 + 4.0 years) and 15 patients (mean age:
64.0 + 7.3 years) with severe atherosclerosis
(inclusion criteria: at least one coronary artery
stenosis with need for intervention and at least two
atherosclerotic risk factors) participated in the
study. Hypertension (five patients), diabetes mell-
itus (eight patients), smoking (eight patients),
overweight (10 patients) and hypercholesterolemia
(12 patients) were considered as atherosclerotic risk
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factors. Informed consent was obtained from all
study participants according to the declaration of
Helsinki.

Method

EECP operates by applying electrocardiogram-
triggered diastolic pressure of approximately
250 mmHg to the vascular bed of the calves,
thighs, and buttocks by means of three air-filled
cuffs (Vasomedical Inc., Westbury, NY, USA;
Fig. 1). Finger-plethysmography is used to record
the response of BP to EECP and to optimize the
augmentation of BP during diastole by adjusting
the time delay between the R-wave of the electro-
cardiogram and the onset of counterpulsation
pressure (13).

We assessed the mean, systolic and augmented
diastolic cerebral blood flow velocity (CBFV) of
the MCA by means of transcranial Doppler
sonography (MultiDop X4™ DWL, Sipplingen,
Germany). A 2-MHz pulsed Doppler probe inson-
ated the MCA through the temporal window
above the zygometic arch at a depth of 35-
55 mm. The probe was held in a stable position
by means of an adjustable headband and a
positioning system. The cerebrovascular resistance
index was calculated under resting conditions.

Figure 1. Enhanced external counterpulsation device (Vaso-
medical Inc., Westbury, NY, USA).



Values were derived from the ratio of the difference
between systolic and diastolic blood flow velocities
divided by systolic blood flow velocity.

Heart rate and mean, systolic and augmented
diastolic beat-to-beat radial artery BP were recor-
ded by means of applanation tonometry (Colin
Pilot™, San Antonio, TX, USA). The tonometer
consisted of an array of 31 equally spaced piezo-
resistive pressure transducers, an automated posi-
tioning system, and signal conditioning and
intermittent calibration by oscillometric cuff meas-
urement of brachial artery BP (14). A wrist support
and supporting strap assured positional stability of
the tonometer. Mean arterial BP was calculated by
measuring the area under each pulse curve. Mean
BP was taken as that BP that divided the area
under curve in two equal portions above and below
this value.

Respiratory frequency and tidal volume were
monitored with a two-belt chest-abdomen induct-
ance plethysmograph after calibration (Respitrace
Calibrator™, Ambulatory Monitoring, Inc., Ards-
ley, NY, USA).

After a resting period of at least 30 min,
biosignals were averaged for 90 s at baseline in
supine position. After onset of EECP, signals were
averaged during the first 5 s of counterpulsation to
assess the initial hemodynamic response to the
stimulation. After 3 min of EECP, we monitored
biosignals for another 90 s. Finally, 90 s of biosig-
nals were recorded after EECP had been termin-
ated for 3 min to assess responses after recovery.
Study participants were asked to breathe at a paced
frequency of 12 cycles per minute during the entire
recording.

Statistical method

During the four periods of analysis, we calculated
averaged values of mean, systolic and augmented
diastolic flow velocities and BP. The two-sided
Friedman test was used to analyze differences
between averaged values taken at baseline, during
the first 5 s of EECP, during 90 s of EECP, 3 min
after EECP onset, and during 90 s averaged after

"3 min of recovery. The two-sided Mann-Whitney
U-test was applied to compare data of the athero-
sclerotic patients to those of the controls during the
four recording phases. The level of significance was
set at P < 0.05.

Results

EECP generated a characteristic second increase in
BP and CBFV waves during diastole. Fig. 2 gives
an example of the diastolic augmentation of every

Changes of CBFV during EECP

Figure 2. Transcranial Doppler sonography of middle cerebral
artery with and without EECP. To demonstrate differences
between EECP-augmented pulse waves and baseline pulse
wave, counterpulsation is only carried out during every second
heart beat (s, systole; d, diastole; a, augmentation by EECP).

second pulse wave due to EECP applied after every
second heart beat. .

At baseline, heart rate, BP and CBFV values
did not differ between patients and controls,
although mean BP was somewhat higher in the
patients than in the controls (86.4 & 20.0 versus
83.4 £ 10.2 mmHg, ns) while mean CBFV was
lower in the patients than in the controls
(46.7 £ 11.5 versus 55.0 & 18.5 cm/s, ns). At base-
line, the cerebrovascular resistance index was
significantly higher in patients than in controls
(0.57 £ 0.09 versus 0.50 £ 0.07, P < 0.05).

Healthy controls

During the first 5s of EECP, mean BP of the
controls was significantly higher than at baseline
(P < 0.001). EECP induced a peak augmented
diastolic BP of 114.1 + 9.7 mmHg (Table 2). In
contrast, systolic BP decreased from 1254 £ 11.8
at baseline to 120.9 & 13.0 mmHg after EECP
onset (P < 0.001). After an adaptation of 3 min
EECP, mean BP was significantly lower than
during the first 5s of EECP (89.5 + 8.8 versus
86.2 + 9.8 mmHg, P < 0.01), but still signifi-
cantly higher than at baseline (83.4 £ 10.2 versus
86.2 = 9.8 mmHg, P < 0.05). In contrast, systolic
BP averaged after 3 min of EECP was not only
lower than the corresponding values during the
first 5 s of EECP, but also significantly lower than
at baseline.

After 3 min of recovery, BP values averaged
over 90 s did not differ from baseline values, and
mean BP was significantly lower than during EECP
(81.5 £ 9.2 versus 86.2 & 9.8 mmHg, P < 0.01,
Fig. 3).

Mean CBVF increased significantly from
55.0 £ 18.5 cm/s at baseline to 60.0 & 17.2 cmy/s
during the initial 5 s of EECP. The peak augmen-
ted diastolic CBFV was 67.8 & 16.0 cm/s. Systolic
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Table 2 Heart rate, blood pressure {BP} and cerebral blood flow velocities {CBFV) in the middle cerebral artery before, during and after EECP

Parameter Group At rest Initial EECP After 3 min of EECP Three minutes after EECP
Heart rate {bpm) Controls 727 £ 80 725 + 108 756 + 86 67.0 + 6.6™
Patients 69.7 + 9.4 734 + 93 736 £ 91 69.7 + 9.9*
Systolic BP {mmHg) Controls 1254 + 116 1209 + 139 1164 + 135 1221 %132
Patients 1279 + 287 126.3 + 331 1242 + 35.2 1195 + 339
Peak augmented diastolic BP {mmHg) Controls 1141 £ 97 114.7 £ 133
Patients 1029 + 24.1 100.4 £ 23.9
Enddiastolic BP {mmHg) Controls 65.1 + 11.0 67.0 + 83 633 + 111 65.0 & 125
Patients 66.5 & 16.6 681 + 122 67.2 £ 175 62.4 + 201
Mean BP (mmHg) Controls 83.4 4+ 102 895 + 8.8 862 1938 815 &£ 92*
Patients 86.4 & 200 936 + 226 924 + 241 822 + 220"
Systolic CBVF {cmy/s) Controls 758 £ 223 737 £ 230 649 & 189 706 £ 217
Patients 734 4 205 718 £ 210 69.6 + 219 781 £ 29.1*
Peak augmented diastolic CBFV (cm/s} Controls 67.8 + 180 61.0 £ 15.0
Patients 55.2 & 15.6 514+ 11.9
Enddiastotic CBFV {cm/s) Controls 378 4128 396 4 104 335+ 118 36.2 +113
Patients 309 4 85 321+ 80 0+£77 3N24£79
Mean CBFV {cm/s) Controls 55.0 & 185 600 + 17.2 50.1 + 17.0 50.4 & 15.3
Patients 467 + 115 515 £ 124 70+ 18 46.0 + 1.3

Bold numbers indicate a significant difference from baseline values. ltalic numbers indicate a significant difference between patients and controls. Asterisk indicates a

significant difference between values averaged after recovery and after 3 min of EECP.

mmHg
150
=@ Healthy subjects —%— CAD-patients
1251
pressure
100
Mean blood
....................................... pressure
75 H 1 H ]
Atrest initial 3-5 min After
EECP EECP EECP

Figure 3. Impact of EECP on blood pressure (in mmHg).

CBFYV did not change during the first 5 s of EECP.
After an adaptation of 3 min EECP, mean as well
as systolic CBFV averaged over 90 s were lower
than during the initial 5 s of EECP and also lower
than baseline values. Three minutes after the end of
EECP, systolic CBFV increased again and was
significantly higher than during EECP (70.6 £ 21.7
versus 64.9 £ 18.9 cm/fs, P < 0.001). Mean and
systolic CBFV averaged after recovery did not
differ from baseline values (Fig. 4).

Atheroscleratic patients

Mean BP of the patients increased significantly
during the first 5seconds of EECP from
86.4 + 200 to 93.6 +22.6 mmHg (P < 0.01),
while systolic BP did not differ from baseline
values. The peak augmented diastolic BP was
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Figure 4. Impact of EECP on blood flow velocities in the
middle cerebral artery (in cm/s).

102.9 + 24.1 mmHg. After 3 min of EECP, values
averaged for 90s were higher for mean BP
(86.4 £ 20.0 versus 92.4 £ 24.1 mmHg, P < 0.01)
than at baseline, while systolic BP did not differ
significantly from baseline values.

Three minutes after the end of EECP, systolic
BP (127.9 +29.7 wversus 119.5 + 33.9 mmHg,
P < 0.05) and mean BP (86.4 + 20.0 versus
82.3 + 22.0 mmHg, P < 0.05) were significantly
lower than at baseline. Mean BP was also lower than
the corresponding values during EECP (92.4 + 24.1
versus82.2 + 22.0 mmHg, P < 0.01), whilesystolic
BP did not differ from values during EECP (Fig. 3).

Mean CBFYV increased from 46.7 + 11.5 cm/s at
baseline to 51.5 + 12.4 cm/s (P < 0.01) during the
initial 5 s of EECP. Systolic CBFV did not change
during this period. After the adaptation of 3 min



EECP, mean CBFV no longer differed from

baseline values (46.7 £ 11.5 versus 47.0 £
11.8 cm/s, ns) although there was an EECP
induced augmentation of diastolic CBFV

(51.4 £ 11.9 cm/s); systolic CBFV was signifi-
cantly lower than at rest (73.4 & 20.5 versus
69.6 + 21.9 cm/s, P < 0.01).

Three minutes after the end of EECP, mean
CBFYV did not differ from values during EECP,
while systolic CBFV was significantly higher than
during EECP (69.6 &+ 21.9 versus 78.1 & 29.1 cm/s,
P < 0.05, Fig. 4).

Difference in response to EECP between patients and controls

The peak augmented diastolic BP (114.7 4+ 13.3
versus 100.4 £+ 23.9 mmHg, P < 0.05) and the
peak augmented diastolic CBFV (61.0 4+ 15.0
versus 51.4 + 11.9 ecm/s, P < 0.05) were signifi-
cantly higher in the controls than in the patients.
At baseline and during EECP, end-diastolic BP
and end-diastolic CBFV values did not differ
between both groups.

Discussion

This study shows that EECP induces changes in BP
and CBFV in both, healthy controls and athero-
sclerotic patients. However, there are significant
differences between the responses of patients and
controls. In patients and the controls, mean BP
increases immediately after onset of EECP. After
an adaptation period of 3 min, mean BP of the
controls normalizes and no longer differs from
values at baseline despite counterpulsation. In
contrast, mean BP of the atherosclerotic patients
is still increased. Only after recovery from the
stimulus, mean BP values of the patients return to
baseline values as in the controls. In the controls,
systolic BP, the main input signal of the baroreflex
loop and of cerebral autoregulation decreases
immediately after onset of EECP and even falls
to values lower than baseline values after adapta-
tion. In the patients, there is no such decrease of
systolic BP during EECP. We assume that mean
BP remains elevated in the patients even after
adaptation and that systolic BP does not show
major changes from baseline during EECP because
of a higher resistance and rigidity of the athero-
sclerotic vascular bed. In our study, the increase of
the mean BP after adaptation to EECP was 6.9%
in the patients. Rosenbaum et al. (15) measured a
similar increase of mean BP of 6.8% in a group of
16 atherosclerotic patients treated with TABP.

In the patients, augmentation of BP during
diastole was significantly less pronounced than in

Changes of CBFV during EECP

the volunteers. It is known that the blood volume
in the lower extremities is less in elderly patients
than in young healthy persons because the mass of
leg muscles is significantly lower in older persons
than in younger persons (16, 17). Consequently,
the vascular bed supplying the muscles is smaller
and the volume pumped from the lower extremities
to the trunk and head during counterpulsation is
significantly smaller in the patients than in the
younger controls resulting in a lower augmentation
of BP in the patients (18).

EECP induces an immediate significant increase
in mean CBFV and lowers systolic CBFV after
3 min of counterpulsation in both, controls and
atherosclerotic patients. Transcranial Doppler
monitoring of CBFV reveals a second diastolic
peak flow in the MCA during EECP (Fig. 2). After
the 3 min of adaptation, mean and systolic CBFV
are significantly lower than at baseline in the
controls. In the patients, only systolic CBFV is
lower than at baseline. These data demonstrate
that the cerebral autoregulation guarantees the
constancy of cerebral perfusion during EECP in
healthy controls as well as in patients with athero-
sclerosis after an adaptation period. The differenc-
es in change of mean CBVF could be attributed
either to a more pronounced vascular autoregula-
tion in the younger control group or to the reduced
elasticity of the cerebral vessels in the older group
of atherosclerotic patients. This assumption is
supported by our finding of significantly higher
values of the cerebrovascular resistance index in
the patients than in the healthy controls.

Interestingly, mean CBFV remained constant
after recovery despite a significant decrease of
mean BP in the atherosclerotic patients. This
phenomenon can be explained by a reduction of
intracerebral resistance of small vessels down-
stream to the insonated MCA segment and indi-
cates an improvement of cerebral perfusion after
stimulus of EECP with a more economic and
physiologic relation between cerebral blood flow
and systemic BP.

The mechanisms accounting for this increased
CBVF after EECP are not well understood. How-
ever, it has been shown in atherosclerotic patients
that EECP downregulates vasoconstrictive sub-
stances like endothelin 1 or angiotensin II (19, 20).
Furthermore, there is evidence that counterpulsa-
tion induces an increase of short-acting vasodila-
tory factors such as nitric oxide (20). We assume
that these hormonal effects contribute to the
mechanism that increases systolic CBFV after
EECP.

Similar to our findings, Applebaum et al.
(21) reported an increase of diastolic blood flow
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velocity and a decrease of systolic blood flow
velocity in the common carotid artery during IABP
in a study of 14 patients with coronary artery
disease. As in our study, the mean blood flow
velocity did not change significantly.

Such preserved regulatory response cannot be
found under conditions of disturbed autoregula-
tion, e.g. in cardiogenic shock or ischemic tissue. In
two canine studies, IABP was used for therapy of
experimental cardiogenic shock. There, Bhayana
et al. (7) measured cerebral blood flow in 13 dogs
by radioactive microspheres and found an increase
of cerebral blood flow by 56%. Wesley et al. (22)
used the same radioactive microsphere technique in
seven dogs and described an increase of cerebral
blood flow by 31%. From these studies, it can be
concluded that counterpulsation increases cerebral
blood flow under conditions of impaired autoreg-
ulation in cardiogenic shock. These results are in
agreement with our previous study of the effects of
2 h of EECP in five patients with retinal infarction
after occlusion of a branch of the retinal artery.
The ischemic and therefore poorly autoregulated
retinal area demonstrated a 26% increase in
perfusion after 2 h of EECP, whereas perfusion
in the non-ischemic retinal area remained
unchanged (23).

Limitations

The study was a comparison of circulatory param-
eters between an older group of atherosclerotic
patients and younger healthy controls undergoing
EECP. Numerous studies have shown an effect of
age on cerebrovascular reactivity to various stimuli
(24).

EECP was applied only once, and parameters
were only measured during and shortly after
(3 min) stopping EECP. This study did not attempt
to assess long-term effects of EECP.

We cannot rule out that the atherosclerosis
might have altered baroreceptor sensitivity in the
patients. Baroreflex sensitivity decreases in patients
with long-standing atherosclerosis. Changes of
baroreflex sensitivity might also contribute to the
different BP and CBFV responses seen in the
atherosclerotic patients (25).

Conclusion

Our data demonstrate that intact cerebral autoreg-
ulation ensures the constancy of cerebral blood
flow during EECP-augmented diastolic blood flow.
This autoregulatory process can not only be
observed in healthy young volunteers but also in
older and atherosclerotic patients. EECP therapy
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of patients with atherosclerotic diseases does not
seem to be associated with a risk of cerebral
hyperperfusion.

Immediately after EECP, there is a better
coefficient between cerebral blood flow and sys-
temic BP in the atherosclerotic patients. Our results
encourage further studies evaluating whether
EECP has longer effects on CBFV.
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