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Purpose: Enhanced external counterpulsation (EECP) can improve carotid circulation in
patients with coronary artery disease. However, the response of carotid hemodynamic
parameters induced by EECP in patients with high cardiovascular risk factors remains
to be clarified. This study aimed to investigate the acute effect of EECP on the
hemodynamic parameters in the carotid arteries before, during, and immediately after
EECP in patients with hypertension, hyperlipidemia, and type 2 diabetes.

Methods: Eighty-three subjects were recruited into this study to receive 45-min EECP,
including patients with simple hypertension (n = 21), hyperlipidemia (n = 23), type 2
diabetes (n = 18), and healthy subjects (n = 21). Hemodynamic parameters in both
common carotid arteries (CCAs) were measured and calculated from Doppler ultrasound
images. Peak systolic velocity (PSV), end-diastolic velocity (EDV), mean inner diameter
(ID), systolic/diastolic flow velocity ratio (VS/VD), flow rate (FR), and resistance index (RI)
were monitored before, during, and immediately after 45-min EECP.

Results: EDV and VS/VD were significantly reduced, while RI of CCAs was significantly
increased among four groups during EECP (all P < 0.01). Additionally, the ID of CCAs
and the FR of left CCA increased in patients with hyperlipidemia during EECP (P < 0.05).
PSV of left CCA was reduced in patients with type 2 diabetes (P < 0.05). Moreover,
immediately after EECP, ID was significantly higher in patients with hyperlipidemia. The
RI of patients with hypertension and PSV and VS/VD of patients with type 2 diabetes
were significantly lower compared with baseline (all P < 0.05).

Conclusion: EECP created an acute reduction in EDV, PSV, and VS/VD, and an
immediate increase in the RI, FR, and ID of CCAs among the four groups. Additionally,
a single 45-min session of EECP produced immediate improvement in the ID of patients
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with hyperlipidemia, the RI of patients with hypertension, and the PSV and VS/VD of
patients with type 2 diabetes. The different hemodynamic responses induced by EECP
may provide theoretical guidance for making personalized plans in patients with different
cardiovascular risk factors.

Keywords: enhanced external counterpulsation, hemodynamic responses, cardiovascular risks, Doppler
ultrasound images, common carotid artery

INTRODUCTION

Enhanced external counterpulsation (EECP) is a non-invasive
FDA-approved treatment that reduces angina and improves
myocardial ischemia in patients with coronary heart disease
(CHD) (Masuda et al., 2001; Gloekler et al., 2010). EECP includes
sequential inflation and deflation of compressible cuffs wrapped
around the participant’s calves, lower thighs, and upper thighs.
Compressed air pressure is used by the cuffs to the lower
extremities in a sequence synchronized with the cardiac cycle
via identifying ECG signals. Studies have also reported that
EECP was beneficial for peripheral vascular function (e.g., blood
pressure (BP) and blood flow) in patients with CHD (Michaels,
2002; Braith et al., 2010). However, the effects of EECP on
cardiovascular function in patients with different cardiovascular
risk factors, such as hypertension, hyperlipidemia, and type 2
diabetes, remains controversial.

Bondesson et al. (2010) found that EECP treatment decreased
BP in patients with refractory angina pectoris. By contrast,
Lin et al. (2012) found that EECP significantly increased
the mean BP of stroke patients (12.84%). Sardina et al.
(2016) reported that EECP decreased advanced glycation end
product (AGE/RAGE) concentrations, oxidative stress, and
inflammation in patients with type II diabetes mellitus, but
it is unclear how EECP will influence those parameters.
Martin et al. (2013) found that the benefits of EECP therapy
in people with abnormal glucose tolerance may contribute
to microvascular function. Other studies showed that EECP
improved vascular endothelial function and wave reflection
characteristics and reduced arterial stiffness (Nichols et al., 2006),
while a study found that EECP cannot reduce arterial stiffness
(Dockery et al., 2004).

Acute intervention is an effective method of investigating the
peripheral hemodynamic parameter responses to external stimuli
(Liu et al., 2015; Zhang et al., 2018). Michaels (2002) found that
average peak velocity significantly increased during EECP, and
coronary flow showed a 28% increase during EECP compared
with baseline. Gurovich and Braith (2013) reported that EECP
acutely improves endothelium-dependent vasodilation in both
femoral and brachial arteries in young people (Gurovich and
Braith, 2013). Levenson et al. (2007) showed that EECP exerts
vascular relaxation effects on both large and small arteries of
the carotid circulation in patients with coronary artery disease
immediately after EECP. To date, however, little attention has
been paid to the acute impact of EECP on carotid vascular
function in patients with high cardiovascular risk factors.

The responses of peak systolic velocity (PSV), resistance
index (RI), mean inner diameter (ID), end-diastolic velocity

(EDV), and blood flow in the left and right common carotid
arteries (CCAs) may exhibit different prognostic values in the
investigated population (Lee et al., 2011; Loizou et al., 2015)
and are closely related to cardiovascular events (Bai et al., 2007;
Ozari et al., 2012; Chuang et al., 2016). Kallikazaros et al. (1999)
and Sedaghat et al. (2018) found that the ID of the carotid
artery was closely related to CHD based on large samples.
However, few studies focused on the acute effect of EECP
on carotid hemodynamics. Moreover, the mechanisms of acute
responses, which can highlight the responses of cardiovascular
disease, have not yet been clarified (Levenson et al., 2007;
Zhang et al., 2007, 2018).

This study aimed to investigate the acute effect of EECP
on the hemodynamic parameters in CCAs before, during,
and immediately after EECP in patients with hypertension,
hyperlipidemia, and type 2 diabetes and healthy controls.
Meanwhile, we try to find out sensitive hemodynamic parameters
reflecting different cardiovascular risk factors and then explore
the response mechanism induced by EECP.

MATERIALS AND METHODS

Participants
Patients with simple hypertension (n=21), simple hyperlipidemia
(n=23), and simple type 2 diabetes (n=18) were included who
had enrolled in the Cardiovascular Medicine of Eighth Affiliated
Hospital of Sun Yat-sen University (SYSU). In addition, healthy
controls (n=21) were enrolled from the Health Examination
Center of the Eighth Affiliated Hospital of SYSU. Before the
experiment, informed consent forms were signed by all of the
subjects. The study was approved by the local medical ethics
committee of the Eighth Affiliated Hospital of SYSU.

Experiment Scheme
Before this experiment, all participants were required not to
ingest any food or flavonoid-containing beverages and ethanol
after midnight, and to avoid alcohol, caffeine, and EECP or
exercise for at least 24 h prior to the measurements. Their
carotid hemodynamic data were collected in the Enhanced
External Counterpulsation Center. The baseline measurements
were performed for each group in the supine position after
10 min of relaxation. All subjects were received a 45-min session
EECP treatment with the PSK P-ECP/TM Oxygen Saturation
Monitoring EECP Instrument (made in Chongqing, China).
These participants lay supine on the EECP treatment bed with
their legs and buttocks wrapped in cuffs, which were sequentially
inflated from the lower thigh to the upper thigh and buttocks
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TABLE 1 | Base characteristics, clinic information and risk factors of study population.

Hypertension Hyperlipidemia Type 2 diabetes Health P-value

Number (No.) 21 23 18 21 0.272

Age (years old) 58.86 ± 9.75 60.48 ± 7.48 60.11 ± 6.92 53.95 ± 8.44 0.196

Gender (female/%) 5 (23.8) 16 (69.6) 15 (83.3) 15 (71.4) 0.063

Height (cm) 167.1 ± 7.1 163.85 ± 6.68 158.35 ± 7.62 161.3 ± 9.5 0.196

Weight (kg) 68.93 ± 8.75 62.35 ± 9.76 58.41 ± 11.61 65.3 ± 59.24 0.311

SV (ml) 80.22 ± 15.81 71.2 ± 10.16 77 ± 16.43 64 ± 20.92 0.260

EF (%) 69.2 ± 5.53 69.8 ± 3.91 67.33 ± 8.09 67.25 ± 7.09 0.190

LVIDD (mm) 48.4 ± 4.38 46.7 ± 3.02 49.17 ± 5.85 45 ± 4.72 0.619

Blood sugar (mmol/L) 4.68 ± 0.9 4.18 ± 0.66 7.6 ± 1.05 4.17 ± 0.64 0.045

Triglyceride (mmol/L) 1.33 ± 0.39 1.75 ± 0.72 1.19 ± 0.34 1.83 ± 1.16 0.037

LDL_cholesterol (µmmol/L) 3.02 ± 0.65 3.97 ± 0.52 3.37 ± 0.78 3.09 ± 0.63 0.254

Total cholesterol (mmol/L) 4.93 ± 0.8 6.31 ± 0.49 5.34 ± 0.98 5.17 ± 0.91 0.000

Glycosylated Hemoglobin (%) 5.76 ± 0.48 5.58 ± 0.23 6.54 ± 0.79 5.57 ± 0.39 0.008

Smoking 3 (14.3) 2 (8.7) 0 (0) 0 (0) 0.153

Drinking 0 (0) 1 (4.3) 1 (5.6) 4 (19) 0.096

SV, stroke volume; LVEF, left ventricle ejection fraction; LVDD, left ventricular end diastolic diameter.

FIGURE 1 | Measurement of blood flow velocity spectrum in the right common carotid artery before (A), during (B), and immediately after EECP (C).
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FIGURE 2 | Averaged inner diameters (IDs) in the right (A) and left (B) common carotid artery (CCA) in four groups before, during and after 45-min EECP. *P < 0.05
during EECP vs. pre-EECP, **P < 0.01; ++P < 0.05 post-EECP vs. pre EECP, ++P < 0.01.

FIGURE 3 | Peak systolic velocity (PSV) in the right (A) and left (B) common carotid artery (CCA) in four groups before, during and after 45-min EECP. *P < 0.05
during EECP vs. pre-EECP; +P < 0.05 post-EECP vs. pre-EECP.
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at the beginning of the diastolic phase, followed by a quick,
simultaneous deflation of all cuffs just prior to the onset of systole.
The EECP treatment pressure was set as 0.028–0.033 MPa. Color
Doppler Ultrasound (GE Logiq E, Universal Imaging, Wayne,
NJ, United States) was used to measure at rest, 15–25 min
during EECP and immediately after 45 min of EECP. The right
and left CCAs were examined with 1.5 cm proximal to the
bifurcation of the vessels.

Parameter Calculation
Parameters, PSV, RI, peak diastolic velocity (VD), PSV/VD
(VS/VD), and velocity-time integral (VTI) in the CCAs
were continuously recorded for 10 s and then were
calculated for mean value.

The mean IDs of all arteries were calculated as:

ID = (IDdia + IDsys)/2; (1)

where IDsys and IDdia are the systolic and diastolic
diameters, respectively.

RI was analyzed only in the carotid arteries because, as
a measure of cerebral resistance, it is closely associated with
cardiovascular risk was calculated as:

RI = (PSV − EDV)/PSV, (2)

where PSV is the peak systolic velocity (PSV), and EDV is the
end-diastolic velocity (EDV).

Flow rate (FR) was calculated from the vessel diameter, cardiac
period, and velocity-time integral as:

Flow rate = (
1
4
πID2

× VTI)/T, (3)

where VTI is the averaged velocity-time integral, and T is the
averaged cardiac cycle time.

Statistical Analysis
ID, PSV, EDV, RI, and VS/VD are the mean values of area
under the envelope curve in a cardiac cycle. Results are
shown as means ± SD. Normal distribution for all the carotid

FIGURE 4 | Effect of EECP on the end-diastolic velocity (EDV) of the right (A) and left (B) common carotid artery (CCA) in four groups before, during and after
45-min EECP. **P < 0.01 during EECP vs. pre-EECP.
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hemodynamic variables was evaluated by the Kolmogorov–
Smirnov test (at least one test P > 0.05). The difference of
basic characteristics among the four groups was performed by
one-way ANOVA. The repeated ANOVAs comparing carotid
hemodynamic parameters before, during, and immediately after
EECP and between patients with cardiovascular risks and healthy
controls were performed. Fisher’s least significant difference
was conducted as post-hoc analysis. All statistical tests were
conducted by SPSS version 20.0 (IBM SPSS Statistics, Chicago,
IL, United States), and P < 0.05 was taken as a measure of
statistical significance.

RESULTS

Table 1 shows the base information (age, gender, height, and
weight), clinical information (stroke volume (SV), left ventricle
ejection fraction (LVEF), left ventricular end diastolic diameter
(LVDD), blood sugar, and blood lipids), and risk factors (smoking
and drinking) among the four groups. There were significant
differences in blood sugar, triglyceride, total cholesterol, and
glycosylated hemoglobin (P < 0.05), while age, gender, height,

weight, SV, LVEF, LVDD, smoking, and drinking had no
significant differences in each group at baseline (P > 0.05).

Ultrasound pictures and Doppler spectrum of right CCA
before, during, and immediately after EECP are presented in
Figure 1. The effect of EECP on the hemodynamic variables
varied in CCAs as did the differences among the four groups.
The results are illustrated in Figures 2–7 and summarized in
S1 Table 2, which compares the effects of EECP for CCAs
in each group separately, and Table 3, which allows multiple
comparisons among the four groups.

Mean ID
The ID of the right CCA was significantly higher in patients
with hypertension at baseline compared with patients with
hyperlipidemia and healthy controls (both P< 0.05), while it had
no significant differences in each group during and immediately
after EECP (P > 0.05). The ID of CCAs was significantly
increased only in patients with hyperlipidemia during EECP, and
it was continuously increased in patients with hyperlipidemia and
type 2 diabetes (P < 0.05, Figure 2). Immediately after EECP,
the ID of left CCA was also markedly increased in patients with
hypertension (P < 0.05, Figure 2B).

FIGURE 5 | Resistance index (RI) of the right (A) and left (B) common carotid artery (CCA) in four groups before, during and after 45-min EECP. **P < 0.01 during
EECP vs. pre-EECP; +P < 0.05 post-EECP vs. pre-EECP.
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FIGURE 6 | VS/VD of the right (A) and left (B) common carotid artery (CCA) in four groups before, during and after 45-min EECP. **P < 0.01 during EECP vs.
pre-EECP; +P < 0.05 post-EECP vs. pre-EECP.

PSV
During EECP, the PSV of the left CCAs was significantly reduced
in healthy controls and patients with type 2 diabetes (P < 0.05,
Figure 3B). Immediately after EECP, PSV of right CCA and left
CCA was markedly decreased in healthy controls and patients
with type 2 diabetes, respectively (P < 0.05, Figure 3).

EDV
EDV of the left CCA was significantly lower in patients with
hypertension at baseline, while during EECP, EDV of the right
CCA was markedly lower in patients with type 2 diabetes
compared with healthy controls (P < 0.05). EDV of the CCAs
was significantly reduced during EECP and then increased
immediately after EECP in each group (all P < 0.01, Figure 4B).

RI
RI of the CCAs was significantly increased during EECP and then
markedly decreased immediately after EECP among four groups
(all P < 0.01, Figure 5). Only in patients with hypertension was
RI significantly reduced immediately after EECP (both P < 0.01,
Figure 5).

Ratio of PSV to Diastolic Velocity
VS/VD of the CCAs was significantly decreased during EECP and
then markedly increased immediately after EECP among four
groups (all P < 0.01, Figure 6). Immediately after EECP, VS/VD
was significantly higher compared with baseline only in patients
with type 2 diabetes (both P < 0.01, Figure 6). Additionally,
VS/VD of left CCA was lower in patients with type 2 diabetes
compared with that in patients with hyperlipidemia immediately
after EECP (P< 0.05).

Mean FR
The FR of the left CCA was significantly increased in patients with
hypertension and hyperlipidemia during EECP (both P < 0.05,
Figure 7B). In addition, FR of right CCA was markedly lower in
healthy controls during EECP compared with immediately after
EECP (P < 0.05, Figure 7A).

DISCUSSION

The present study was designed to investigate carotid
hemodynamic responses during and immediately EECP in
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FIGURE 7 | Mean flow rate (FR) of the four groups before, during and after 45-min EECP. *P < 0.05 during EECP vs. pre-EECP.

patients with different cardiovascular risks. Two interesting
findings were summarized: first, EECP creates an acute reduction
in EDV and VS/VD and an immediate increase in RI of CCAs
among four groups. Additionally, the ID of CCAs and FR of
left CCA were increased in patients with hyperlipidemia during
EECP. PSV of left CCA was reduced in patients with type 2
diabetes; second, a single 45-min EECP intervention produces
acute improvement on the ID of patients with hyperlipidemia, RI
of patients with hypertension, and PSV and VS/VD of patients
with type 2 diabetes.

Few studies have investigated the acute effect of EECP on
these hemodynamic parameters in patients with hyperlipidemia.
A study had reported that EECP exerts clear arterial effects on
large and small vessels of the carotid circulation in CAD patients
(Levenson et al., 2007). Our results are consistent, at least by
some parameters, with the study of Levenson et al. (2007) ID,
EDV, and FR in the CCAs were significantly improved by 45-min
EECP intervention. EECP as well as physical training may also
activate catecholamines and/or metabolic vasodilator pathways.
In addition, a possible mechanism is the reduction of arterial
pressure (Armentano et al., 1991).

Picard et al. found that EECP can reduce BP and improve
cardiac fitness and arterial stiffness (Picard et al., 2018). By
contrast, a study reported that EECP induced the augmentation

in cerebral BP in both stroke patients and control (Werner
et al., 2003). In the present study, although there was a
negative change in RI and EDV in patients with hypertension
during EECP, it was a better response immediately after
EECP in comparison with baselines in this study. We also
found that only in patients with hypertension was RI reduced
immediately after EECP. The reduced RI which is strongly
associated with cerebrovascular resistance can predict the degree
of atherosclerosis (Frauchiger et al., 2001), which is also beneficial
to the increase of blood flow.

It showed that the RI reduced immediately after EECP, which
was conducive to increasing the perfusion. This finding was
consistent with a study that EECP treatment reduces distal brain
resistance and increases cerebral perfusion (Lin et al., 2012).
A study found that EECP creates an immediate improvement in
carotid mean blood flow (Levenson et al., 2007). The other study
also found that cerebral blood flow of ischemic stroke patients
was increased during EECP, but it does not change in healthy
subjects (Lin et al., 2012). Cerebral autoregulation played a part
in guaranteeing the constancy of cerebral perfusion during and
immediately after EECP (Markus, 2004).

Mean blood flow was significantly elevated in patients with
hyperlipidemia during EECP, but it had no significant change
immediately after EECP. It was consistent with the findings
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TABLE 2 | Hemodynamic variables in the CCAs before, during and immediately after EECP in each group.

Part Variable EECP Hypertension
(n = 21)

P-value Hyperlipidemia
(n = 23)

P-value Type 2 diabetes
(n = 18)

P-value Controls (n = 21) P-value

RC ID Before 0.666 ± 0.061 0.621 ± 0.066 0.019 0.634 ± 0.067 0.625 ± 0.069

During 0.663 ± 0.070 0.644 ± 0.060 0.649 ± 0.09 0.624 ± 0.059

After 0.660 ± 0.062 0.658 ± 0.048 0.000 0.656 ± 0.085 0.038 0.63 ± 0.074

PSV Before 72.816 ± 14.801 76.216 ± 16.428 72.136 ± 13.955 78.203 ± 16.234

During 73.943 ± 14.887 70.34 ± 16.819 70.546 ± 16.256 79.382 ± 19.123

After 74.270 ± 18.24 73.729 ± 21.016 69.014 ± 14.323 71.217 ± 16.056 0.019

EDV Before 20.077 ± 4.983 0.000 21.321 ± 4.831 0.000 21.2 ± 6.275 0.001 22.94 ± 5.773 0.000

During 10.276 ± 8.453 0.000 9.39 ± 6.965 0.000 11.852 ± 8.051 0.000 13.905 ± 6.189 0.000

After 21.708 ± 4.605 21.857 ± 5.847 21.889 ± 6.294 21.895 ± 5.796

RI Before 0.721 ± 0.551 0.000 0.715 ± 0.057 0.000 0.705 ± 0.068 0.000 0.705 ± 0.053 0.000

During 0.851 ± 0.134 0.000 0.875 ± 0.119 0.000 0.813 ± 0.133 0.000 0.829 ± 0.120 0.000

After 0.7 ± 0.614 0.039 0.697 ± 0.051 0.686 ± 0.056 0.689 ± 0.059

VS/VD Before 2.099 ± 0.271 0.000 2.05 ± 0.368 0.000 2.165 ± 0.416 0.000 1.987 ± 0.275 0.000

During 1.506 ± 0.274 0.000 1.39 ± 0.35 0.000 1.459 ± 0.319 0.000 1.541 ± 0.408 0.000

After 1.99 ± 0.29 2.10 ± 0.316 1.962 ± 0.285 0.026 1.968 ± 0.382

FR Before 700.381 ± 110.343 682.831 ± 148.092 670.356 ± 163.890 0.049 703.709 ± 167.713

During 766.445 ± 161.586 732.16 ± 202.638 749.64 ± 225.135 747.538 ± 118.619 0.039

After 728.576 ± 138.115 736.31 ± 167.714 711.346 ± 195.599 668.411 ± 171.023

LC ID Before 0.626 ± 0.051 0.632 ± 0.05 0.036 0.627 ± 0.076 0.617 ± 0.079

During 0.636 ± 0.053 0.647 ± 0.04 0.628 ± 0.073 0.632 ± 0.079

After 0.646 ± 0.051 0.027 0.66 ± 0.048 0.001 0.634 ± 0.077 0.629 ± 0.071

PSV Before 76.335 ± 14.528 80.45 ± 18.933 81.023 ± 16.954 0.043 84.29 ± 10.339 0.048

During 74.483 ± 16.344 77.126 ± 21.259 73.608 ± 21.309 77.997 ± 16.346

After 74.699 ± 16.290 78.444 ± 20.471 74.494 ± 10.838 0.022 82.878 ± 15.877

EDV Before 22.415 ± 4.021 0.000 23.486 ± 4.617 0.000 23.055 ± 5.041 0.000 25.867 ± 5.269 0.000

During 9.797 ± 8.646 0.000 13.463 ± 7.734 0.000 12.876 ± 7.325 0.000 9.424 ± 7.966 0.000

After 22.974 ± 5.938 23.315 ± 4.666 22.594 ± 5.996 25.217 ± 5.891

RI Before 0.696 ± 0.068 0.000 0.7 ± 0.057 0.000 0.709 ± 0.061 0.000 0.692 ± 0.057 0.000

During 0.848 ± 0.149 0.000 0.848 ± 0.15 0.000 0.806 ± 0.121 0.000 0.863 ± 0.126 0.000

After 0.658 ± 0.149 0.044 0.695 ± 0.062 0.696 ± 0.074 0.694 ± 0.052

VS/VD Before 2.049 ± 0.399 0.000 2.167 ± 0.326 0.000 2.144 ± 0.427 0.000 2.076 ± 0.31 0.000

During 1.469 ± 0.311 0.000 1.398 ± 0.341 0.000 1.493 ± 0.332 0.000 1.51 ± 0.38 0.000

After 1.99 ± 0.333 2.213 ± 0.568 1.945 ± 0.271 0.047 1.982 ± 0.298

FR Before 673.992 ± 115.073 0.046 745.701 ± 201.169 0.005 714.45 ± 135.201 770.708 ± 202.409

During 726.992 ± 141.483 835.49 ± 188.825 733.362 ± 155.955 751.516 ± 188.786

After 723.051 ± 138.335 776.145 ± 135.881 711.132 ± 142.346 758.736 ± 177.745

RC and LC are the right carotid and left carotid arteries, respectively. The letters in the p-value column indicate significant differences between variables measured before
and during EECP; between during and after EECP; and between before and immediately after EECP.

of Levenson et al. (2007) showing that EECP increased FR
in the carotid artery. The related mechanism was caused
by a reduction in the regional vascular resistance which
was in turn caused by the tone of the vascular smooth
muscle (Lincoln et al., 2001; Rybalkin et al., 2003). The
other exploration was shown that EECP may have training
effects, such as exercise (Levenson et al., 2007). Moreover, a
study reported that regulation of blood flow was related to
carotid diameters and blood flow velocity (Levenson et al.,
1985). Furthermore, another study found that mean carotid
artery blood flow did not change due to the decreased
systolic blood flow, although blood flow during diastole
was significantly increased during intra-aortic balloon pump
(Applebaum et al., 1998).

A study reported that blood flow velocity is associated with
the regulation of blood flow (Schmidt-Trucksass et al., 1999).
In the present study, PSV was reduced in patients with type 2
diabetes during EECP. However, Werner et al. (2003) reported
that cerebral flow velocity in systole was elevated during EECP in
both patients and healthy controls. It is attributed to decreased
SBP and pronounced vascular autoregulation (Werner et al.,
2003). Other studies found that increased carotid circulation
was associated with a decrease of arterial stiffness and arterial
resistance in the carotid artery, which was decreased by shear
stress generated by EECP, arterial pressure, and modulation
of smooth muscle (Levenson et al., 2007). A study also
suggested that PSV is related to arterial diameters and blood
flow, which is used to evaluate atherosclerotic risk factors
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TABLE 3 | Differences of Hemodynamic variables in the common carotid artery among four groups before, during and immediately after 45 min-EECP.

Label Groups Variables P-value P-value P-value

RC-ID Before During After

1 Hypertension (n = 21) 0.666 ± 0.061 0.663 ± 0.07 0.66 ± 0.062

2 Hyperlipidemia (n = 23) 0.621 ± 0.066 0.026 (1–2) 0.644 ± 0.06 0.658 ± 0.048

3 Type 2 diabetes (n = 18) 0.634 ± 0.067 0.649 ± 0.09 0.656 ± 0.085

4 Healthy controls (n = 21) 0.625 ± 0.069 0.043 (1–4) 0.624 ± 0.059 0.63 ± 0.074

PSV Before During After

1 Hypertension (n = 21) 72.816 ± 14.801 73.943 ± 14.887 74.270 ± 18.24

2 Hyperlipidemia (n = 23) 76.216 ± 16.428 70.34 ± 16.819 73.729 ± 21.016

3 Type 2 diabetes (n = 18) 72.136 ± 13.955 70.546 ± 16.256 69.014 ± 14.323

4 Healthy controls (n = 21) 78.203 ± 16.234 79.382 ± 19.123 71.217 ± 16.056

EDV Before During After

1 Hypertension (n = 21) 20.077 ± 4.983 10.276 ± 8.453 21.708 ± 4.605

2 Hyperlipidemia (n = 23) 21.321 ± 4.831 9.39 ± 6.965 21.857 ± 5.847

3 Type 2 diabetes (n = 18) 21.2 ± 6.275 11.852 ± 8.051 21.889 ± 6.294

4 Healthy controls (n = 21) 22.94 ± 5.773 13.905 ± 6.189 0.048 (2–4) 21.895 ± 5.796

RI Before During After

1 Hypertension (n = 21) 0.721 ± 0.551 0.851 ± 0.134 0.7 ± 0.614

2 Hyperlipidemia (n = 23) 0.715 ± 0.057 0.875 ± 0.119 0.697 ± 0.051

3 Type 2 diabetes (n = 18) 0.705 ± 0.068 0.813 ± 0.133 0.686 ± 0.056

4 Healthy controls (n = 21) 0.705 ± 0.053 0.829 ± 0.120 0.689 ± 0.059

VS/VD Before During After

1 Hypertension (n = 21) 2.099 ± 0.271 1.506 ± 0.274 1.99 ± 0.29

2 Hyperlipidemia (n = 23) 2.05 ± 0.368 1.39 ± 0.35 2.10 ± 0.316

3 Type 2 diabetes (n = 18) 2.165 ± 0.416 1.459 ± 0.319 1.962 ± 0.285

4 Healthy controls (n = 21) 1.987 ± 0.275 1.541 ± 0.408 1.968 ± 0.382

FR Before During After

1 Hypertension (n = 21) 700.381 ± 110.343 766.445 ± 161.586 728.576 ± 138.115

2 Hyperlipidemia (n = 23) 682.831 ± 148.092 732.16 ± 202.638 736.31 ± 167.714

3 Type 2 diabetes (n = 18) 670.356 ± 163.890 749.64 ± 225.135 711.346 ± 195.599

4 Healthy controls (n = 21) 703.709 ± 167.713 747.538 ± 118.619 668.411 ± 171.023

LC-ID Before During After

1 Hypertension (n = 21) 0.666 ± 0.061 0.663 ± 0.07 0.66 ± 0.062

2 Hyperlipidemia (n = 23) 0.621 ± 0.066 0.644 ± 0.06 0.658 ± 0.048

3 Type 2 diabetes (n = 18) 0.634 ± 0.067 0.649 ± 0.09 0.656 ± 0.085

4 Healthy controls (n = 21) 0.625 ± 0.069 0.624 ± 0.059 0.63 ± 0.074

PSV Before During After

1 Hypertension (n = 21) 72.816 ± 14.801 73.943 ± 14.887 74.270 ± 18.24

2 Hyperlipidemia (n = 23) 76.216 ± 16.428 70.34 ± 16.819 73.729 ± 21.016

3 Type 2 diabetes (n = 18) 72.136 ± 13.955 70.546 ± 16.256 69.014 ± 14.323

4 Healthy controls (n = 21) 78.203 ± 16.234 79.382 ± 19.123 71.217 ± 16.056

EDV Before During After

1 Hypertension (n = 21) 20.077 ± 4.983 10.276 ± 8.453 21.708 ± 4.605

2 Hyperlipidemia (n = 23) 21.321 ± 4.831 9.39 ± 6.965 21.857 ± 5.847

3 Type 2 diabetes (n = 18) 21.2 ± 6.275 11.852 ± 8.051 21.889 ± 6.294

4 Healthy controls (n = 21) 22.94 ± 5.773 0.021 (1–4) 13.905 ± 6.189 21.895 ± 5.796

(Continued)
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TABLE 3 | Continued

Label Groups Variables P-value P-value P-value

RI Before During After

1 Hypertension (n = 21) 0.721 ± 0.551 0.851 ± 0.134 0.7 ± 0.614

2 Hyperlipidemia (n = 23) 0.715 ± 0.057 0.875 ± 0.119 0.697 ± 0.051

3 Type 2 diabetes (n = 18) 0.705 ± 0.068 0.813 ± 0.133 0.686 ± 0.056

4 Healthy controls (n = 21) 0.705 ± 0.053 0.829 ± 0.120 0.689 ± 0.059

VS/VD Before During After

1 Hypertension (n = 21) 2.099 ± 0.271 1.506 ± 0.274 1.99 ± 0.29

2 Hyperlipidemia (n = 23) 2.05 ± 0.368 1.39 ± 0.35 2.10 ± 0.316

3 Type 2 diabetes (n = 18) 2.165 ± 0.416 1.459 ± 0.319 1.962 ± 0.285 0.034 (2–3)

4 Healthy controls (n = 21) 1.987 ± 0.275 1.541 ± 0.408 1.968 ± 0.382

FR Before During After

1 Hypertension (n = 21) 700.381 ± 110.343 766.445 ± 161.586 728.576 ± 138.115

2 Hyperlipidemia (n = 23) 682.831 ± 148.092 732.16 ± 202.638 0.039 (1–2) 736.31 ± 167.714

3 Type 2 diabetes (n = 18) 670.356 ± 163.890 749.64 ± 225.135 711.346 ± 195.599

4 Healthy controls (n = 21) 703.709 ± 167.713 747.538 ± 118.619 668.411 ± 171.023

RC, LC, RB, and RF are the right carotid, left carotid, brachial and femoral arteries, respectively.
PSV, peak systolic velocity; ID, mean inner diameter; FR, mean flow rate; EDV, end-diastolic velocity; RI, resistance index.

(Schmidt-Trucksass et al., 1999). In our study, the decreased PSV
in healthy subjects during EECP may be caused by a better
vascular function response.

Meanwhile, the response of PSV in patients with diabetes
influenced the change in the VS/VD during and immediately
after EECP. EECP creates an acute reduction in VS (PSV)/VD in
patients with type 2 diabetes. During EECP, the counterpulsation
wave of EECP treatment was superposed in VD, resulting in
the change of VS/VD. Few studies have reported on VS/VD
in patients with diabetes during EECP. Martin et al. (2013)
found that EECP improved the microvascular function in
subjects with abnormal glucose tolerance. Blood flow velocity
in diastole of the brachial artery is increased by 132%,
which led to the increase in brachial artery wall shear stress
(WSS) (Zhang et al., 2007). The acute increase of WSS can
cause the production of NO, which plays a critical role
in vessel relaxation, while chronic NO production because
the increased laminal shear stress may serve as an anti-
inflammatory and antiatherogenic molecule (Klein-Nulend et al.,
1998). Moreover, eNOS, which is regarded as a rate-limiting
enzyme essential for NO synthesis and with shear stress-
responsive elements in its gene promotor region, may serve
as a mechanosensory coupling NO release to hemodynamic
responses (Rudic et al., 1998).

Some limitations of the present study should be emphasized.
Firstly, the sample size of each group is relatively small.
Secondly, we just measure the blood flow data of carotid
Doppler ultrasound, which are closely related to cardiovascular
events. Thirdly, in order to explore the acute responses of
hemodynamics, carotid hemodynamic parameters during and
immediately EECP are analyzed in this study. Our results need
to be further verified for long-term EECP treatment (36-h
EECP intervention).

CONCLUSION

EECP created an acute reduction in EDV and VS/VD and an
immediate increase in the RI of CCAs among the four groups
examined in this study. In addition, the ID of CCAs and FR
of the left CCA were increased in patients with hyperlipidemia
during EECP. PSV of the left CCA was reduced in patients with
type 2 diabetes. Moreover, a single 45-min EECP intervention
produces immediate improvement on the ID of patients with
hyperlipidemia, RI of patients with hypertension, and PSV and
VS/VD of patients with type 2 diabetes. These findings indicate
that the different hemodynamic parameters induced by EECP are
highlighted in different patients. Moreover, EECP can regulate
the vascular and blood flow characteristics of carotid arteries
and further improve the carotid function in patients with high
cardiovascular risk factors.
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