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Abstract
Individual shear rate therapy (ISRT) evolved from external counterpulsation with individual treatment pressures based on
Doppler ultrasound measurements. In this study, we assessed the effect of ISRT on blood pressure (BP) in patients with
coronary artery disease (CAD). Eighty-four patients with symptomatic CAD were included in the study. Forty-one patients
were enrolled for 6 weeks, comprising 30 sessions of ISRT; 43 age- and sex-matched patients represented the control group.
The 24-h BP was determined by measuring the pulse transit time before and after 6 weeks of ISRT or the time-matched
control. Participants were divided into three groups according to the 24-h BP before treatment: BP1 < 130/80 mmHg
(normotensive); BP2 ≥ 130–140/80 mmHg (moderate hypertensive); BP3 > 140/80 mmHg (hypertensive). After 30 sessions
of ISRT, the 24-h BP decreased signiﬁcantly, whereas no changes were observed in the controls. The BP-lowering effect
correlated with the 24-h BP before therapy (systolic: r = −0.78; p < 0.001; diastolic: r = −0.76; p < 0.001). In BP1, the
systolic BP decreased by 4.3 ± 6.4 mmHg (p = 0.011), and the diastolic BP decreased by 4.8 ± 11.0 mmHg (p = 0.032); in
BP2, the systolic BP decreased by 13.3 ± 7.5 mmHg (p < 0.001), and the diastolic BP decreased by 5.0 ± 7.5 mmHg (p =
0.002); and in BP3, the systolic BP decreased by 22.9 ± 11.4 mmHg (p < 0.001), and the diastolic BP decreased by 9.1 ±
9.5 mmHg (p = 0.003). Our ﬁndings demonstrate that ISRT reduces BP in patients with CAD. The higher the initial BP the
greater the lowering effect.
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Approximately 20–30% of patients with coronary artery
disease (CAD) fail to respond to revascularization procedures and still suffer from angina pectoris and dyspnea
despite optimal medical therapy [1, 2]. Enhanced external
counterpulsation (ECP/EECP) is recommended as a noninvasive therapeutic option for these patients [3]. EECP
uses three sets of cuffs wrapped around the lower extremities, inﬂating in diastole, and deﬂating at the onset of
systole. The cuff inﬂation improves the diastolic blood ﬂow
signiﬁcantly and leads to a profound increase in the intraarterial shear rate and ﬂuid shear stress (FSS) [4]. In ECP,
the applied treatment pressure is usually high (up to 250 or
300 mmHg); this is based on the hypothesis that increasing
the coronary blood pressure (BP) induces collateralization
of the coronaries [5–8]. The high treatment pressure during
EECP leads to side effects and in parallel decreases the

F. Picard et al.

acceptance of therapy [9]. Therefore, an alternative treatment strategy is necessary. A novel method is the recently
described individual shear rate therapy (ISRT) [4]. It is
based on the individual detection of shear rates in each
patient and thereby the basis for the calculation of optimal
cuff pressures [9]. As a result, it is possible to determine the
most beneﬁcial treatment pressure ranging between 160 and
220 mmHg for each patient individually, so that high,
nonindividual cuff pressures are no longer necessary [4].
Recently, we showed that ISRT with low individual treatment pressures is an effective therapy in patients with
symptomatic CAD to improve cardiac ﬁtness and arterial
stiffness and to reduce episodes of angina pectoris and
dyspnea [10].
ISRT therefore represents a novel approach in precision
medicine in the ﬁeld of counterpulsation. The aim of the
current study was to investigate whether ISRT is an effective treatment in patients with symptomatic CAD to reduce
BP and whether the BP-lowering effect is dependent on the
average BP level before treatment.
In previous reports, there are different ﬁndings about the
effect of ECP on BP. Some articles have reported a decrease
in BP after treatment with EECP [11–13], whereas other
investigators could not ﬁnd a BP-lowering effect [14]. To
the best of our knowledge, there have been no studies on the
BP-lowering effect in different BP groups based on the
systolic 24-h mean value before therapy.

Methods
Study population
The study complies with the Declaration of Helsinki and
was approved by the ethics committee of the Medical
Association of North Rhine (Germany). Written informed
consent was obtained from each participant after verbal and
written information was given. Eighty-four patients with
symptomatic CAD were included in the study. A total of 41
patients were enrolled for 30 sessions of ISRT; 43 age- and
sex-matched CAD patients who did not want to participate
in the ISRT program represented the time-matched control
group. All patients failed to respond to revascularization
procedures by either percutaneous transluminal coronary
angioplasty or coronary artery bypass grafting. Included
were patients suffering from angina pectoris (CCS I-III)
and/or dyspnea (NYHA I-III). The last coronary angiography examination for each patient was performed in the
12 months before starting ISRT. All patients in the ISRT
and control groups received an optimal pharmacologic
therapy, which did not change during the study period.
Patients were excluded from the study if they met any of the
following criteria: acute coronary syndrome, coronary

artery bypass graft within the past 4 weeks, atrial ﬁbrillation > 90 bpm, severe aortic valve insufﬁciency, uncontrolled hypertension > 180/100 mmHg, severe symptomatic
peripheral vascular disease III/IV, active thrombophlebitis
in lower limbs, pulmonary hypertension, or pregnancy.

ISRT
ISRT is a noninvasive procedure that is an adaption of ECP.
We used a commercial ECP system (Pu Shi Kang, Electronics, Zhejiang, China). The patients remained in the
supine position during the therapy. Three pairs of pneumatic
cuffs were wrapped around the calves, thighs, and hips. The
inﬂation and deﬂation of the pneumatic cuffs were triggered
by an electrocardiogram. Upon diastole, the cuffs were
inﬂated, and at the onset of systole, they were deﬂated
again. To determine the treatment pressure, we assessed the
individual blood ﬂow parameters for each patient in the
common carotid artery with a high-deﬁnition ultrasound
system (Philips, HD 11, Germany) on days 2, 12, and 22 of
treatment. Signals were registered for six heart cycles, and
the maximum systolic blood ﬂow velocity, acceleration, and
relative peak slope index were calculated as previously
described [4]. Doppler ﬂow parameters were analyzed at
different treatment pressures starting from 0 mmHg and
continuing to 80, 120, 160, 200, and 220 mmHg. Each
treatment pressure was maintained for 4 min; Doppler ﬂow
parameters were assessed at the 3rd minute mark. The
individually calculated treatment pressure varied from 160
to 220 mmHg. Each patient in the therapy group underwent
ISRT for 30 sessions (6 weeks, ﬁve times per week) for 55
min.

Twenty-four hour blood pressure (24-h BP)
The 24-h BP was determined by measuring the pulse transit
time (PTT) using the SOMNOtouchTM NIBP device
(SOMNOmedics, Randersacker, Germany). SOMNOtouchTM NIBP is a cufﬂess continuous BP monitor that can
derive BP levels from PTT measurements on the basis of a
stretch–strain relationship model over 24 h. It has been
shown that the SOMNOtouchTM NIBP BP monitor has
passed the requirements of the ESH international protocol,
revision 2010 [15].
The PTT is deﬁned as the time that a pulse wave needs to
travel from the left ventricle to a certain site of the arterial
system. The SOMNOtouchTM NIBP monitor uses the period between the R-wave of the ECG and the appearance of
the pulse wave on ﬁnger plethysmography, which were
recorded simultaneously.
DOMINO software (DOMINO light 1.5.0, SOMNOmedics, Randersacker, Germany) calculates the BP based
on a PTT-BP relation. The PTT depends on the wall stress
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of the blood vessels and correlates with the BP. The BP
measurement is continuous because data pairs for systolic
and diastolic BP are obtained for each heartbeat [16]. To
calculate the BP with the PTT, it is necessary to conduct a
one-point calibration with a standard BP measurement, as
described by Riva Rocci and Korotkoff [17]. The calibration was performed immediately before starting the data
collection in each patient under resting conditions. To
recheck the BP values of SOMNOtouchTM NIBP, we
measured the BP again with standard calibrated sphygmomanometers at the end of the 24-h evaluation period of each
patient. This allowed a comparison of SOMNOtouchTM
NIBP and cuff BPs at that time point. To validate the PTT
method, we added a second calibration to all recordings. An
interpolation of the BP values between those two calibration
points was performed.
The 24-h BP measurements were divided into daytime
and nighttime values according to individual waking and
bedtimes. We obtained the daytime BP (systolic and diastolic), the nighttime BP (systolic and diastolic), the 24-h
BP (systolic and diastolic), the mean daytime, nighttime and
24-h arterial pressure (MAP), and the daytime, nighttime
and 24-h heart rate (HR).
All measurements were conducted at baseline and
6 weeks following ISRT or the time-matched control. Data
were analyzed by classifying the participants according to
the baseline 24-h BP before treatment into the following
subgroups: BP1 < 130/80 mmHg (normotensive); BP2 ≥
130–140/80 mmHg (moderate hypertensive); and BP3 >
140/80 mmHg (hypertensive).

Blood pressure
The systolic blood pressure (SBP) and diastolic blood
pressure (DBP) were obtained before and at the end of each
individual ISRT session with standard calibrated
sphygmomanometers.

Statistical analysis
For statistical analysis, the SPSS software package (SPSS
22.0) was used. Continuous data are expressed as the mean
± standard deviation, and noncontinuous data are presented
as percentages. All data were tested for distribution normality with the Shapiro–Wilk test.
The Mann–Whitney U test was used to test differences
between the intervention group and the control group at
study entry. Statistical signiﬁcance was designated at p ≤
0.05. Comparisons of data collected before and after
30 sessions of ISRT (or after 6 weeks without ISRT in
controls) were evaluated with a paired t test. Statistical
relationships between two continuous variables were analyzed with the Pearson correlation test. Differences between

BP groups before and after 30 sessions of ISRT were
evaluated by analysis of variance (ANOVA) followed by
Tukey’s post hoc analysis.

Results
Clinical data
Eighty-four patients with symptomatic CAD (61 men, 23
women; 38–83 years) were included in the study. A total of
41 patients were enrolled for 30 sessions of ISRT (treatment
group); 43 age- and sex-matched CAD patients who did not
want to participate in the ISRT program represented the
time-matched control group. There were no differences
between the two study groups at study entry with respect to
cardiovascular risk factors, CAD presentation, further disease, BP, and antihypertensive drug use. Table 1 contains
the clinical baseline characteristics and the BP measurements and antihypertensive drugs in use at study entry.
Medications were not changed during the treatment period.
During the study period, we did not observe any adverse
clinical events. In the ISRT group, we observed some minor
side effects, such as leg and back pain in 4 patients and
paresthesia in 8 of the 41 patients.

Twenty-four hour BP
At study entry, the daytime, nighttime, 24-h BP, and MAP
did not differ between the treatment and control groups
(Table 1). After 30 sessions of ISRT (6 weeks), we found a
signiﬁcant decrease in the systolic and diastolic BP; 75.9%
of patients treated with ISRT but only 34.9% of the patients
undergoing solely antihypertensive treatment (p < 0.001)
showed a signiﬁcant decrease in the 24-h BP. In some cases,
the BP increased in the control group but not in the ISRT
group (39.5% vs. 0%; p < 0.001). On average, the 24-h BP
decreased in the ISRT group by 13 mmHg for the systolic
BP (p < 0.001) and 7 mmHg for the diastolic BP (p < 0.001).
We divided the BP into daytime and nighttime values
according to individual waking and bedtimes. In the daytime, the systolic and diastolic BP decreased by 14 mmHg
(p < 0.001) and 8 mmHg (p < 0.001), respectively; in
the nighttime, the systolic and diastolic BP decreased by
11 mmHg (p < 0.001) and 7 mmHg (p < 0.001), respectively. We also demonstrated a signiﬁcant decrease in the
24-h MAP after 6 weeks of ISRT (96 ± 11 to 86 ± 9 mmHg,
p < 0.001). In the control group, the daytime, nighttime and
24-h BP and the 24-h MAP did not change after 6 weeks
compared with baseline.
The BP-lowering effect in the treatment group correlated
with the 24-h systolic mean value before therapy (systolic:
r = 0.78; p < 0.001; diastolic: r = 0.76; p < 0.001), but this
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Table 1 Baseline characteristics of the study cohort

Table 1 (continued)

Controls
(n = 43)

ISRT
(n = 41)

p value

Age

72.1 ± 9.2

69.8 ± 10.2

0.380

Men

31 (72.1%)

30 (73.2%) 0.912

27.9 ± 5.9

28.1 ± 5.1

15 (34.9%)

14 (34.1%) 0.892

Variable
Risk factors

Body mass index (kg/m2)
Adiposity > 30 kg/m
Nicotine

2

a

0.528
0.686

Variable
Mean value
antihypertensive drugs
≥3 antihypertensive
medications

3 (6.97%)

2 (4.9%)

35 (81.4%)

32 (78.1%) 0.704

Hypertensionc

42 (97.1%)

40 (97.5%) 0.973

1-vessel disease

8 (18.6%)

6 (14.6%)

0.628

a

2-vessel disease

12 (27.9%)

9 (22.%)

0.531

b

3-vessel disease

23 (53.5%)

26 (63.4%) 0.359

Previous MI

14 (32.6%)

17 (41.5%) 0.447

CCS class

2.2 ± 0.7

2.1 ± 0.8

0.442

NYHA class

1.9 ± 0.6

2.0 ± 0.7

0.569

19 (44.2%)

20 (48.8%) 0.675

Atrial ﬁbrillation

9 (20.1%)

11 (26.8%) 0.528

Pacemaker

8 (18.6%)

6 (14.6%)

0.628

PAD

3 (6.97%)

2 (4.9%)

0.686

Stroke

7 (16.3%)

8 (19.5%)

0.511

LVEF < 55%

ISRT
(n = 41)

21 (48.8%)

20 (48.8%) 0.996

ACEI angiotensin-converting enzyme inhibitor, AT angiotensin, CCS
Canadian Cardiovascular Society, COPD chronic obstructive pulmonary disease, DBP diastolic blood pressure, HR heart rate, ISRT
individual shear rate therapy, LVEF left ventricular ejection fraction,
MAP mean arterial pressure, MI myocardial infarction, NYHA New
York Heart Association, PAD peripheral artery disease, SBP systolic
blood pressure

Hypercholesterolemiab
CAD presentation

p value

Controls
(n = 43)

Current smokers

Hypercholesterolemia was deﬁned as previous diagnosis of hypercholesterolemia, intake of lipid-lowering medications, low-density
lipoprotein cholesterol levels > 160 mg/dl, high-density lipoprotein
cholesterol < 40 mg/dl, or cholesterol levels > 200 mg/dl

c

Hypertension was deﬁned as previous diagnosis of hypertension and
intake of antihypertensive medications

Further disease

Diabetes mellitus

15 (34.9%)

17 (41.5%) 0.593

Renal insufﬁciency

7 (16.3%)

6 (14.6%)

0.836

COPD

4 (9.3%)

7 (17.1%)

0.294

Sleep apnea syndrome

19 (44.2%)

19 (46.3%) 0.920

Blood pressure at study entry
24-h SBP, mmHg

133 ± 19.1

134 ± 15.1

0.864

24-h DBP, mmHg

74 ± 11

75 ± 10

0.820

Daytime SBP, mmHg

136 ± 19.5

138 ± 15.1

0.734

Daytime DBP, mmHg

75 ± 11.5

78 ± 9.4

0.249

Nighttime SBP, mmHg

131 ± 18.9

129 ± 15.7

0.579

Nighttime DBP, mmHg

73 ± 11.4

72 ± 9.7

0.715

24-h MAP, mmHg

93 ± 11.8

96 ± 10.9

0.800

Daytime MAP, mmHg

95 ± 12.3

97 ± 9.1

0.226

Nighttime MAP, mmHg

92 ± 11.9

94 ± 10.9

0.717

66 ± 10

69 ± 8

0.163

Heart rate at study entry
24-h HR, bpm
Daytime HR, bpm

69 ± 10

73 ± 11

0.097

Nighttime HR, bpm

63 ± 10

64 ± 10

0.472

Antihypertensive drugs
ACEI
AT1 receptor antagonists

21 (48.8%)

17 (41.5%) 0.500

22 (51.2%)

14 (34.1%) 0.177

Beta-blocker

33 (76.7%)

35 (85.4%) 0.317

Calcium channel blocker

14 (32.6%)

12 (29.3%) 0.746

Diuretics

21 (48.8%)

22 (53.7%) 0.660

2.6

2.4

0.670

was not observed in the control group (Fig. 1). There were
no correlations between the BP-lowering effect and age,
BMI, sex, or antihypertensive medications.
Participants were divided into three groups according to
the 24-h BP at baseline before treatment: BP1 < 130/80
mmHg (normotensive) (ISRT, n = 14; controls, n = 17);
BP2 ≥ 130–140/80 mmHg (moderate hypertensive) (ISRT,
n = 15; controls, n = 13); and BP3 > 140/80 mmHg
(hypertensive) (ISRT, n = 12; controls, n = 13). After
30 sessions of ISRT (6 weeks), we demonstrated in all BP
groups a signiﬁcant decrease in the systolic and diastolic
daytime-, nighttime-, and 24-h BP; the MAP only decreased
in BP3 (>140/80 mmHg) (Table 2). In all control groups,
the daytime, nighttime and 24-h BP and the 24-h MAP did
not change after 6 weeks compared with the baseline values
(Table 2).
In patients treated with ISRT, the prevalence of a
decreased systolic 24-h BP was different among the BP
groups, with 43% of patients in BP1, 86.7% in BP2, and
100% in BP3 (p < 0.001) showing a BP-lowering effect of
at least 5 mmHg. In the controls, there were no differences
in the BP-lowering effect among the groups (Fig. 2).
The systolic 24-h BP decreased after 30 sessions of ISRT
in BP1 by 4.3 ± 6.4 mmHg (p = 0.011), in BP2 by 13.3 ±
7.5 mmHg (p < 0.001), and in BP3 by 22.9 ± 11.4 mmHg
(p < 0.001) (Fig. 3a). The one-way ANOVA results showed
signiﬁcant differences in the extent of the systolic BPlowering effect among the groups (p < 0.001). The Tukey
post hoc analysis demonstrated signiﬁcant differences
between BP1 and BP2 (p = 0.024), BP1 and BP3 (p <
0.001), and BP2 and BP3 (p = 0.017). In the treatment
group, we also observed a DBP-lowering effect in all
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Changes in 24-h SBP after 6 weeks (mmHg)

a

controls
r = 0.22; p = 0.17

Clinical blood pressure

24-h SBP at study entry (mmHg)

Changes in 24-h SBP after 6 weeks (mmHg)

b

ISRT
r = -0.78; p < 0.001

24-h SBP at study entry (mmHg)

Changes in SBP after each individual
ISRT session (mmHg)

c

BP3 by 9.1 ± 9.5 mmHg (p = 0.003) (Fig. 3c). Among the
three BP groups, there were no signiﬁcant differences in
the extent of the diastolic BP decrease. In the controls, there
were no changes after 6 weeks in the SBP or DBP in any BP
group (Fig. 3b, d).

ISRT

The SBP and DBP were obtained daily before and at the
end of each individual ISRT session with standard calibrated sphygmomanometers. Overall, there was a mean
decrease of 9.5 ± 5.6 mmHg in the SBP (p < 0.001) and of
3.0 ± 2.9 mmHg in the DBP (p < 0.001) after individual
treatment sessions. In contrast to the 24-h BP measurements
after 6 weeks of ISRT, the single BP measurements
obtained after each individual ISRT session showed no
correlation with the 24-h baseline BP (r = 0.113; p = 0.483)
(Fig. 1c). Furthermore, no differences in the decrease after
each individual treatment session could be determined
among the BP groups.
To determine the time course of the decrease in BP, we
analyzed the BP data at study entry (before ISRT) and after
2, 4, and 6 weeks of ISRT. In each case, we analyzed the
mean value of 3 consecutive days. We observed a strong
decrease in the systolic and diastolic BP after 2 weeks of
ISRT and another decrease in BP after 4 weeks of ISRT
(Fig. 4a, b; upper graph).
In addition, we analyzed the BP data before and at the
end of each individual ISRT session. The measurements at
study entry and after 2, 4, and 6 weeks showed that this
decrease was independent of the time course (Fig. 4a, b;
lower graph).

r = -0.113; p = 0.483

Heart rate
Overall, the HR did not change in the ISRT or control group
(ISRT group: 69 ± 8 vs. 66 ± 8 bpm, p = 0.134; control
group: 66 ± 9 vs. 66 ± 10 bpm, p = 0.655). In the BP3
(hypertensive) ISRT group, we observed an HR-lowering
effect (74 ± 9.6 vs. 69 ± 8.4 bpm; p = 0.003).

Canadian Cardiovascular Society (CCS) and New
York Heart Association (NYHA) classes
24-h SBP at study entry (mmHg)

Fig. 1 Correlation of the systolic blood pressure-lowering effect with
the 24-h mean value before therapy. In the treatment group, there was
a signiﬁcant correlation for the blood pressure-lowering effect after
6 weeks (b) but not after each individual treatment session (c). ISRT
individual shear rate therapy, SBP systolic blood pressure

groups: the DBP decreased in BP1 by 4.8 ± 11.0 mmHg
(p = 0.032), in BP2 by 5.0 ± 7.5 mmHg (p = 0.002), and in

Overall, the patients in the ISRT group described a strong
improvement in their complaints: 37/41 patients reported
having fewer episodes of angina pectoris and dyspnea after
30 sessions of ISRT (CCS: 2.1 ± 0.8 to 1.29 ± 0.4, p <
0.001; NYHA: 2.0 ± 0.7 to 1.29 ± 0.5, p < 0.001). The CCS
angina class and NYHA dyspnea class decreased signiﬁcantly in BP1 (normotensive), BP2 (moderate hypertensive), and BP3 (hypertensive). There were no differences
among the groups (CCS: p = 0.745; NYHA: p = 0.537).
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Table 2 Functional parameters in blood pressure groups at baseline (pre) and after 6 weeks (post)
BP1 (<130 mmHg)

BP2 (≥130–140 mmHg)

BP3 (>140 mmHg)

ISRT group (n = 41)

Pre

Post

p value

Pre

Post

p value

Pre

Post

p value

24-h SBP, mmHg

118 ± 6.1

114 ± 6.0

0.011

135 ± 3.3

121 ± 6.4

< 0.001

152 ± 10.8

129 ± 11.3

0.009

24-h DBP, mmHg

69 ± 5.0

63.6 ± 8.9

0.032

74 ± 10.0

68 ± 7.5

0.002

82 ± 8.5

73 ± 8.6

0.003

Daytime SBP, mmHg

122 ± 5.7

117 ± 5.4

0.033

138 ± 4.4

123 ± 6.9

< 0.001

155 ± 11.2

131 ± 11.6

< 0.001

Daytime DBP, mmHg

73 ± 4.8

66 ± 9.8

0.140

77 ± 9.3

70 ± 7.7

0.002

85 ± 10.0

75 ± 6.1

0.002

Nighttime SBP, mmHg

114 ± 9.9

108 ± 9.2

0.018

130 ± 11

120 ± 8.0

0.004

145 ± 12.3

126 ± 11.4

< 0.001

Nighttime DBP, mmHg

66 ± 4.6

59 ± 7.4

0.040

71 ± 9.0

66 ± 7.8

0.049

79 ± 7.9

70 ± 8.4

0.010

24-h MAP, mmHg

86 ± 5.0

78 ± 8.2

0.178

94 ± 7.7

85 ± 6.5

0.178

104 ± 10.4

92 ± 8.6

< 0.001

24-h HR, bpm

67 ± 8.4

64 ± 8.5

0.370

69 ± 10.6

69 ± 9.7

0.491

74 ± 9.6

69 ± 8.4

0.030

CCS class

1.86 ± 0.8

1.21 ± 0.4

0.014

2.40 ± 0.6

1.33 ± 0.5

0.001

1.83 ± 0.8

1.33 ± 0.5

0.014

NYHA class

2.07 ± 0.8

1.36 ± 0.5

0.002

2.07 ± 0.8

1.33 ± 0.5

0.002

1.83 ± 0.7

1.17 ± 0.4

0.005

Control group (n = 43)

Pre

Post

p value

Pre

Post

p value

Pre

Post

p value

24-h SBP, mmHg

116 ± 10.1

118 ± 11.5

0.523

135 ± 2.5

134 ± 10.5

0.783

154 ± 14

153 ± 23

0.727

24-h DBP, mmHg

68 ± 7.3

70 ± 9.1

0.343

74 ± 6.5

78 ± 12.0

0.183

81 ± 15.1

78 ± 12.6

0.753

Daytime SBP, mmHg

119 ± 11.3

121 ± 12.4

0.522

138 ± 5.7

139 ± 12.6

0.813

157 ± 14.8

156 ± 25.6

0.944

Daytime DBP, mmHg

69 ± 5.8

72 ± 10.0

0.169

76 ± 11

80 ± 12.2

0.327

82 ± 15.9

80 ± 11.9

0.582

Nighttime SBP, mmHg

113 ± 9.4

116 ± 10.1

0.155

133 ± 3.5

135 ± 12.8

0.582

152 ± 13.7

152 ± 21

0.944

Nighttime DBP, mmHg

67 ± 8.3

69 ± 9.1

0.209

73 ± 6.3

76 ± 12.2

0.195

80 ± 14.5

78 ± 13.9

0.806

24-h MAP, mmHg

83 ± 6.9

87 ± 7.9

0.223

95 ± 5.4

97 ± 12

0.389

105 ± 13.2

105 ± 11.2

0.859

24-h HR, bpm

67 ± 8.4

64 ± 8.5

0.365

69 ± 10.6

69 ± 9.7

0.946

64 ± 8.4

65 ± 11.4

0.462

CCS class

2.12 ± 0.8

2.06 ± 0.7

0.564

2.08 ± 0.8

1.85 ± 0.7

0.083

2.38 ± 0.9

2.38 ± 0.7

0.919

NYHA class

2.06 ± 0.6

1.94 ± 0.7

0.157

1.77 ± 0.7

1.69 ± 0.6

0.564

1.85 ± 0.4

1.93 ± 0.4

0.869

CCS Canadian Cardiovascular Society, DBP diastolic blood pressure, HR heart rate, ISRT individual shear rate therapy, MAP mean arterial
pressure, NYHA New York Heart Association, SBP systolic blood pressure

Fig. 2 Frequency of consistent,
decreasing, and increasing 24-h
BP values in different blood
pressure groups. In patients
treated with ISRT, the
prevalence of a decrease in the
systolic 24-h BP was different
among the blood pressure
groups, with 42.9% of patients
in BP1, 86.7% in BP2, and
100% in BP3 (p < 0.001)
showing a blood pressurelowering effect of at least
5 mmHg (a). In controls, there
were no differences in the blood
pressure-lowering effect among
the groups (b). BP blood
pressure, ISRT individual shear
rate therapy
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Fig. 3 The 24-h BP at study
entry and after 6 weeks in
different blood pressure
groups. Participants were
divided into three groups
according to the 24-h BP at
baseline before treatment: BP1 <
130/80 mmHg (normotensive),
BP2 ≥ 130–140/80 mmHg
(moderate hypertensive), and
BP3 > 140/80 mmHg
(hypertensive). After 6 weeks in
the treatment group, there was a
signiﬁcant decrease in the
systolic (a) and diastolic (c) 24-h
BP in all BP groups but not in
the controls (b, d). BP blood
pressure, ISRT individual shear
rate therapy
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Overall, in the control group, there was no difference
between baseline and after 6 weeks (CCS: 2.2 ± 0.7 to 2.1 ±
0.7, p = 0.161; NYHA: 1.9 ± 0.6 to 1.8 ± 0.5, p = 0.257).
All analyzed values are listed in Table 2.

Discussion
ISRT is an adaptation of ECP based on the increase in the
intra-arterial shear rate and FSS. Like ECP, ISRT uses a

BP3
>140 mmHg

After 6 weeks

series of three cuff pairs placed on the calves, thighs, and
hips, which are triggered by an electrocardiogram. Cuff
inﬂation upon diastole improves the diastolic blood ﬂow
signiﬁcantly and leads to a profound increase in the intraarterial shear rate and FSS [9]. In ECP, the applied treatment pressure is usually high––up to 250 or 300 mmHg.
[5, 7, 8, 18–20] In contrast to ECP, with ISRT, we used
considerably lower treatment pressures ranging from 160 to
220 mmHg, which were individually assessed for each
patient.
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135
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Fig. 4 Time course of decrease
in BP after ISRT. BP was
determined at study entry
(before ISRT) and after 2, 4, and
6 weeks of ISRT with standard
calibrated sphygmomanometers.
In each case, we analyzed the
mean value of 3 consecutive
days. The systolic and diastolic
BP decreased after just 2 weeks
of ISRT and after 4 weeks of
ISRT (a and b, respectively,
upper graph). The BP data
measured immediately before
and at the end of each individual
ISRT session showed that the
BP also decreased directly after
an individual treatment session
and that this decrease was
independent of the time course
(a and b, lower graph). DBP
diastolic blood pressure, ISRT
individual shear rate therapy,
SBP systolic blood pressure
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In our previous study, we showed that ISRT is an
effective treatment option for patients with symptomatic
CAD who fail to respond to revascularization procedures
[10]. In the current study, we investigated whether ISRT is
an effective treatment in patients with CAD to reduce the
BP and whether the lowering effect depends on the average
BP level before treatment. An optimal BP adjustment,
especially for patients with CAD, is important to avoid
cardiovascular events [21–23]. Sometimes it is difﬁcult to
reach the optimum BP target solely with antihypertensive
agents [24–26], so it is of great importance to know whether
ISRT can contribute to reducing BP. To assess the effect of
ISRT on BP, the levels of antihypertensive medications
were held constant during the study period.
Our ﬁndings demonstrate a signiﬁcant decrease in the
systolic and diastolic 24-h BP in the intervention group and no
changes in BP in the control group. On average, ISRT reduced
the SBP by 13 mmHg and the DBP by 7 mmHg. Moreover,
we found that the BP-lowering effect depends on the systolic
24-h baseline BP at study entry (r = −0.78; p < 0.001).

2 weeks

4 weeks

6 weeks

We divided the patients and controls into three groups
according to 24-h BP at baseline before treatment. We
found that the pressure-lowering effect in the treatment
group correlated with the 24-h systolic mean value
before therapy. In patients with a higher baseline BP, the
lowering effect was stronger: after 6 weeks of ISRT,
the systolic 24-h BP decreased by 4.3 mmHg, 13.3 mmHg,
and 22.9 mmHg in patients with normotensive BP (BP1 <
130/80 mmHg) (p = 0.011), moderate hypertensive BP
(BP2 ≥ 130–140 mmHg) (p < 0.001), and hypertensive BP
(BP3 > 140 mmHg) (p < 0.001), respectively.
The results of our research could explain the divergent
ﬁndings regarding the BP-lowering effect in different EECP
studies. For example, May et al. could not determine an
effect of EECP on ambulatory BP [14], whereas Campbell
et al. found a signiﬁcant decrease in the SBP of 6 mmHg
[11]. Another previous study demonstrated a decrease of
10 mmHg in the SBP after 35 sessions of EECP [12].
In these studies, the patients had different baseline BPs at
study entry. The patients in the study by May et al. had very
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low baseline BPs, with a mean systolic BP of 114 mmHg,
while the patients in the studies by Sardina and Bondesson
had higher baseline BPs, with a mean of 130 mmHg [8, 12].
To the best of our knowledge, the current study is the
ﬁrst to report a BP-lowering effect in different BP groups
based on the systolic 24-h mean value before therapy. There
has been only one other study in which data were analyzed
by stratifying patients based on the baseline SBP into subgroups; however, in contrast to our study, in that study, the
division of the subgroups was based on single BP measurements [11]. Nonetheless, consistent with our results, the
authors reported a greater BP-lowering effect in patients
with a baseline SBP > 140 mmHg (n = 7). In contrast to
other studies [8, 11], we also observed a DBP-lowering
effect both overall and in all subgroups. A possible explanation is that ISRT could be more effective than EECP.
Common ECP lacks an evaluation for treating each patient
individually, and the applied treatment pressure is very
high. Buschmann et al. [4] have shown that a therapy
pressure up to 220 mmHg leads to a deceleration, which
could reduce the positive effect of counterpulsation. In our
study, we determined the BP by measuring the PTT. The
measurement is continuous because data pairs for the SBP
and DBP were obtained for each heartbeat investigated [16].
It can be assumed that the PTT method is more reliable than
methods based only on BP measurements collected every
30 min or clinical BP measurements. The conventional 24-h
ambulatory BP monitoring device is discontinuous, as it
measures the BP every 15–30 min. Therefore, it is possible
that the maximum and minimum BP values and smaller
ﬂuctuations in BP are not detected. With respect to patients
with OSA, ﬂuctuations in BP due to desaturation or apnea/
hypopnea can be missed. This could affect the mean
BP value.
In our study, we observed a relatively high population of
patients with sleep apnea syndrome in the ISRT group as
well as in the control group (19 of 41 in the ISRT group and
19 of 43 in the control group, 38 of 84 patients overall).
Twenty-one of these thirty-eight patients were previously
diagnosed with OSA. They underwent CPAP therapy
(17/21) for at least 1 year. During the study, all settings for
CPAP therapy were not changed. For a subgroup of 17 out
of these 38 patients, we assumed sleep apnea due to nightly
desaturations measured by SOMNOtouchTM NIBP. All 17
patients were examined by polysomnography (using a
SOMNOscreen plus system from SOMNOmedics GmbH,
Randersacker, Germany). We could conﬁrm the previously
presumed diagnosis for all of them. These 17 patients
underwent CPAP therapy after the termination of our study.
Our results demonstrate that overall, in BP1 (<130
mmHg) and BP2 (≥130–140 mmHg), the HR was
unchanged. In patients with a baseline BP > 140 mmHg

(BP3), we determined a reduction in the HR of 5 bpm
(p = 0.030). Previous studies could not determine an
effect of EECP on HR [8, 11, 13, 27, 28]. In all these
examinations, the patients had a low systolic baseline BP
< 132 mmHg. Therefore, it cannot be excluded that there
is an HR-lowering effect in patients with higher BPs.
Moreover, in contrast to other studies, we determined the
average HR over 24 h. It is possible that our measurements
are more precise. Another reason for the divergent ﬁndings in the different BP groups could be a varying proportion of patients with atrial ﬁbrillation or a cardiac
implantable electronic device (CIED). Three of the twelve
patients (25%) in this group had a previous diagnosis of
atrial ﬁbrillation. One of these three patients had paroxysmal atrial ﬁbrillation at study entry. One of the twelve
patients (8.3%) had a CIED. The percentage of patients
with atrial ﬁbrillation and/or a CIED in the other BP
groups was as follows: BP1: atrial ﬁbrillation = 6/14
(42.9%), CIED = 4/14 (28.6%); BP2: atrial ﬁbrillation =
2/15 (13.3%), CIED = 1/15 (6.7%). Nevertheless, if we
exclude patients with atrial ﬁbrillation and/or a CIED, we
still observed a heart-lowering effect after 30 sessions of
ISRT in only BP3.
We found that patients treated with ISRT had fewer
episodes of angina pectoris and dyspnea. The improvement
in BP may contribute to the clinical beneﬁt of ISRT.
However, the precise mechanisms underlying the beneﬁts of
ISRT are not completely understood [4]. Endothelial shear
stress from increased diastolic augmentation after ISRT
likely leads to an increase in NO and a downregulation of
ET-1 (endothelin-1), and thus the recruitment of more collateral vessels [4]. Furthermore, the increased endothelial
shear stress produces circulating angiogenic growth factors,
which have vasodilatory properties [29]. The improvement
in BP, as shown in our study, may represent a physiological
response that reﬂects the improved endothelial function and
vasoreactivity. As a result, clinical beneﬁts, including a
reduction in the CCS angina class, are possible. Further
investigations are important to clarify this relationship.

Limitations
In the current study, we analyzed the effect of ISRT in 41
CAD patients compared with 43 controls. Although the
patient number was small, we found signiﬁcant results from
the data. Due to the small number of patients, general
conclusions are to be drawn with care. We measured the
effects of ISRT after 6 weeks of treatment. However, a
long-term comparison of the BP response in patients treated
with ISRT versus only pharmacological treatment is
required.
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Conclusions
The present results indicate that ISRT is an effective treatment option for patients with symptomatic CAD to reduce
the systolic and diastolic 24-h BP. There was a varying
effect on the 24-h BP depending on the baseline 24-h BP
before therapy: the higher the initial BP the greater the
lowering effect. Improvements in BP may contribute to the
clinical beneﬁts of ISRT. We found that patients treated
with ISRT had fewer episodes of angina pectoris and
dyspnea.
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