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Background: Remote ischemic conditioning (RIC) is a treatment modality that suppresses 

inflammation and improves endothelial function, which are factors involved in the pathogen-

esis of heart failure (HF) with reduced left ventricular ejection fraction. Coronary flow reserve 

(CFR) is a physiological index of coronary microcirculation and is noninvasively measured by 

transthoracic Doppler echocardiography (TTDE). This study aimed to investigate the effects of 

RIC on CFR in healthy subjects and patients with HF, through the assessment by TTDE.

Methods: Ten patients with HF with left ventricular ejection fraction of less than 40%, and 

ten healthy volunteers were enrolled in this study. RIC treatment was performed twice a day for 

1 week. Our custom-made RIC device was programmed to automatically conduct 4 cycles of 

5 minutes inflation and 5 minutes deflation of a blood pressure cuff to create intermittent arm 

ischemia. CFR measurements and laboratory tests were examined before, and after 1 week of 

RIC treatment.

Results: One week of RIC treatment was well tolerated in both groups. RIC treatment increased 

CFR from 4.0±0.9 to 4.6±1.3 (mean ± standard deviation) in healthy subjects (P=0.02), and from 

1.9±0.4 to 2.3±0.7 in patients with HF (P=0.03), respectively. Systolic blood pressure in healthy 

subjects, and heart rate in HF patients decreased after RIC treatment (both P,0.01).

Conclusion: This study demonstrated that a 1 week course of RIC treatment improved coro-

nary microcirculation in healthy subjects and patients with HF associated with reduced left 

ventricular ejection fraction.

Keyword: echocardiography, coronary flow reserve, heart failure, preconditioning, 

rehabilitation

Introduction
Heart failure (HF), a syndrome resulting from a variety of cardiac injuries, leads to 

significant morbidity and mortality. It is now recognized that HF is a highly complex 

multifactor disorder in which a number of physiological systems participate. Patients 

with HF associated with reduced left ventricular (LV) ejection fraction (EF) have 

elevated inflammatory status and impaired endothelial function, and these factors 

appear to have prognostic implications.1–4 Despite advances in drug and/or device 

therapy for chronic HF with reduced LVEF, outcomes at the community level remain 

suboptimal.5,6 These unsatisfactory results warrant investigation of further therapeutic 

strategies to treat HF patients in their daily lives.

Remote ischemic conditioning (RIC) is a noninvasive, simple procedure whereby 

repeated brief episodes of ischemia at a site distant from the heart protect the heart from 

cellular injury. A number of clinical studies have confirmed positive cardioprotective 
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Figure 1 Our custom-made RIC device, showing the body of the system (left) and 
2 blood-pressure cuffs connected to the system (right).
Note: Four cycles of inflation and deflation of the blood pressure cuff were 
programmed in the system, which enabled automatic RIC treatment.
Abbreviation: RIC, remote ischemic conditioning.
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effects of RIC in the setting of myocardial infarction,7 cardi-

ac8–10 and non-cardiac surgery,11 and percutaneous coronary 

intervention.12 The mechanisms of RIC include suppressed 

inflammation8,13,14 and improved endothelial function, which 

are common pathogenic mechanisms in HF.15,16 We there-

fore hypothesized that RIC can provide beneficial effects 

on microvascular function in patients with HF. This study 

therefore aimed to investigate the effects of 1 week of RIC 

treatment on coronary flow reserve (CFR) as a physiological 

index of coronary microcirculation in both healthy subjects 

and patients with chronic HF with reduced LVEF, through 

the assessment by transthoracic Doppler echocardiography 

(TTDE).

Methods
Study population
This study consisted of ten healthy subjects (age, 31±4 years; 

ten men) and ten patients with chronic HF (age, 64±9 years; 

nine men, and one woman). Ten patients with HF (ischemic 

cardiomyopathy in six patients, and idiopathic dilated car-

diomyopathy in four patients) whose morbidity was stable 

at the time of study enrollment were recruited. Patients were 

eligible for the study if they were hemodynamically stable, 

had decreased exercise tolerance, and had an LVEF of less 

than 40%. The exclusion criteria were as follows: more than 

moderate valvular heart disease; a history of peripheral arte-

rial disease; chronic kidney disease (estimated glomerular 

filtration rate ,60 mL/min/1.73 mm2) including maintenance 

hemodialysis; and the presence of other serious systemic 

diseases. Patients with unstable hemodynamics, or with 

obstructive narrowing ($50%) in the left anterior descending 

(LAD) artery as confirmed by coronary angiography were 

also excluded because of ethical considerations regarding the 

safety of RIC.

Ten male physicians and technicians with normal echocar-

diographic findings, and no history of cardiovascular disease 

served as healthy subjects. To investigate the effect of repeated 

hyperemic stimulation with adenosine triphosphate (ATP) 

on CFR, TTDE examinations were conducted 1 week apart 

without RIC treatment, as a control study. Premenopausal 

women were not enrolled considering that the menstrual 

cycle might influence CFR.17 This study was approved by the 

Institutional Review Board of the Osaka Ekisaikai Hospital, 

and the subjects gave informed consent.

Study protocol
CFR and LV function were measured using TTDE before 

and after a 1 week course of RIC treatment. These TTDE 

examinations were performed at approximately the same 

time of day, considering circadian variation in CFR.18 Blood 

samples for the assessment of white blood cell counts, fasting 

lipids levels, and high-sensitive C-reactive protein levels, 

were performed immediately before each TTDE examination. 

Levels of high-sensitive tumor necrosis factor-α, high-

sensitive interleukin-6, high-sensitive troponin T, and brain 

natriuretic peptide were assessed only in HF patients.

In each RIC treatment, three steps were performed by 

the subjects. First, the subject placed the cuff on their arm; 

second, they pushed the “run” button; and third, they removed 

the cuff after ending 4 cycles of inflation and deflation. RIC 

treatment was repeated each morning and evening for 1 week. 

In a supine position, cuffs placed on both right, and left upper 

arms were inflated to 200 mmHg pressure for 5 minutes 

(min). After 5 min inflation, each cuff was deflated at the 

same time. Four cycles of 5 min inflation and 5 min deflation 

of the blood pressure cuffs were automatically performed 

by our custom-made equipment (Figure 1). The system also 

counted four cycles of inflation and deflation and provided an 

alert when the four cycles ended. A physician (YK) confirmed 

that the subjects used the system correctly.

Echocardiography
TTDE examination was performed using Vivid 7 (GE 

Healthcare UK Ltd, Little Chalfont, UK) in the standard 

manner.19 LV end-diastolic and systolic volumes were 

obtained using the Simpson’s method and indexed by body 

surface area. LVEF was then calculated. Pulsed-wave Doppler 

examination of mitral inflow was performed to measure peak 
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velocity (E). Early diastolic mitral annular velocity (e’) was 

also measured from tissue Doppler imaging in the septal wall. 

The ratio of E to e’ was then calculated (E/e’).

For the measurement of CFR, a modified foreshortened 

two-chamber view was applied to explore the flow in the 

distal portion of the LAD. If the angle between color flow 

and the Doppler beam was .20%, angle correction was 

performed. Coronary blood flow velocity was obtained 

at baseline and after intravenous infusion of ATP at a rate 

of 0.14 mg/kg per min for 2 min to produce hyperemia. 

Mean diastolic flow velocity (MDFV) was measured by 

tracing the contour of the spectral Doppler signal. CFR 

was calculated as the ratio of hyperemic to basal MDFV. 

For each variable in the CFR measurements, the values 

of three cycles were averaged. Expert sonographers who 

had .5 years experience in echocardiography performing 

approximately 100 CFR examinations, performed the TTDE 

examinations. They were blinded to the other information 

of each patient.

Statistical analysis
Values were expressed as the mean ± standard deviation. 

Comparisons of laboratory and echocardiographic data 

before and after RIC were made with a paired t-test. Heart 

rate, blood pressure, and MDFV after ATP infusion in pre- 

and post-RIC treatment were evaluated by two-way repeated 

measures analysis of variance, testing for RIC effects, ATP 

effects, and interactions. Differences were considered sig-

nificant at P,0.05.

Results
Clinical characteristics of healthy subjects and patients with 

HF are summarized in Table 1. RIC was completed and 

well tolerated in all healthy subjects and patients with HF. 

No significant hemodynamic or mechanical complications 

were observed at the end of the 1 week procedure.

Significant increases in CFR were observed in both 

healthy subjects (4.0±0.9 to 4.6±1.2, P=0.02) and patients 

with HF (1.9±0.4 to 2.3±0.7, P=0.03), as shown in Figure 2. 

Hemodynamics and MDFV values before and after RIC in 

each group are shown in Table 2. In two-way repeated mea-

sures analysis of variance, systolic blood pressure decreased 

after RIC treatment in healthy subjects (P=0.001). Heart 

rate decreased after RIC treatment in HF patients (P=0.01). 

MDFV increased during hyperemia in both groups (both 

P,0.001), whereas there were no significant interactions 

in terms of RIC.

Other echocardiographic parameters measured before 

and after RIC are shown in Table 3. There were no statisti-

cal differences in echocardiographic parameters before and 

after RIC in either group, except for LV end-systolic volume 

in healthy subjects (19±3 mL/m2 to 22±4 mL/m2, P=0.01). 

The laboratory data before and after RIC are summarized 

in Table 4. In patients with HF, tumor necrosis factor-α 

(P=0.2), interleukin-6 (P=0.1), troponin-T (P=0.2), and brain 

natriuretic peptide levels (P=0.07) tended to decrease after 

RIC treatment, but these reductions did not reach statistical 

significance.

In the control study (examinations without RIC 

treatment), there were no significant differences in any labo-

ratory data, hemodynamics, or echocardiographic results 

before and after 1 week, except for MDFV before and after 

ATP infusion (P,0.001). These findings are summarized 

in Table 5.

Table 1 Clinical characteristics of study participants

Variables Healthy subjects HF patients

Height (cm) 170±6 163±7
Weight (kg) 66±9 65±11
Body mass index (kg/m2) 22.8±2.2 24.7±3.7
Risk factors
 H ypertension – 7 (70%)
 H ypercholesterolemia – 7 (70%)
  Diabetes mellitus – 5 (50%)
 S moker – 3 (30%)
  Atrial fibrillation – 4 (40%)
Cardiac medications
  Diuretics – 9 (90%)
  Beta-blockers – 4 (40%)
 ACE  inhibitors or ARBs – 5 (50%)
 S tatins – 4 (40%)
 A ntiplatelet agents – 8 (80%)
 A nticoagulation agents – 5 (50%)

Note: Data are presented as mean value ± standard deviation or number (%) of 
patients.
Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor 
blockers; HF, heart failure.

0

2

4

6

P=0.001

Healthy subjects

HF patients

Before RIC

C
F

R

8

 After RIC

Figure 2 Changes in CFR after 1 week of RIC treatment in healthy subjects and 
HF patients.
Abbreviations: CFR, coronary flow reserve; HF, heart failure; RIC, remote 
ischemic conditioning.
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Table 2 Hemodynamics and MDFV before and after RIC treatment

Variables Healthy subjects HF patients

Before  
RIC

After  
RIC

Before  
RIC

After  
RIC

Heart rate (beats/min)
  Baseline 66±11 67±8 72±10 65±13*
 A TP infusion 65±9 69±11 72±11 67±13*
Systolic blood pressure (mmHg)
  Baseline 124±9 117±8* 127±14 128±15
 A TP infusion 121±10 114±10* 121±13 117±17
MDFV (cm/s)
  Baseline 14.5±4.4 12.9±2.7 18.2±4.7 14.5±2.3
 A TP infusion 56.8±20.7# 59.3±18.1# 35.0±12.9# 34.0±13.4#

Notes: Data are presented as mean value ± standard deviation. #P,0.05 versus 
pre-ATP infusion in the corresponding parameter; *P,0.05 versus pre-RIC in each 
group.
Abbreviations: ATP, adenosine triphosphate; HF, heart failure; MDFV, mean 
diastolic flow velocity; RIC, remote ischemic conditioning.

Table 3 Echocardiographic results before and after RIC treatment

Variables Healthy subjects HF patients

Before  
RIC

After  
RIC

Before  
RIC

After  
RIC

LV end-diastolic  
volume index (mL/m2)

50±9 53±9 80±30 81±39

LV end-systolic  
volume index (mL/m2)

19±3 22±4# 56±28 57±34

LV ejection fraction (%) 61±4 59±3 31±9 32±9
E (cm/s) 73±15 70±11 60±25 59±30
e’ (cm/s) 10.9±1.4 11.1±1.5 3.9±1.4 3.7±0.7
E/e’ ratio 6.7±1.1 6.3±1.0 17.8±12.1 16.9±11.4

Notes: Data are presented as mean value ± standard deviation. #P,0.05 versus 
pre-RIC in each group.
Abbreviations: HF, heart failure; LV, left ventricle; RIC, remote ischemic 
conditioning; E, peak velocity of early diastolic flow; e’, early diastolic mitral annular 
velocity.

Discussion
This study demonstrated that a 1 week course of RIC treat-

ment improved the status of coronary microcirculation in 

healthy subjects and patients with HF associated with reduced 

LVEF without any adverse effects, supporting the widespread 

use of RIC in the daily lives of HF patients.

Developments in TTDE technology have enabled 

visualization of coronary blood flow and assessment of 

CFR in the LAD. This technique has been validated by the 

intracoronary Doppler flow wire technique advanced into 

the coronary vessels, leading to the accurate diagnosis of 

physiologically obstructive coronary artery disease.20,21 

Furthermore, because of the noninvasive, relatively inexpen-

sive, and physiological nature of TTDE, TTDE-derived CFR 

measurement is open to innovative applications, including 

serial measurement of coronary microvascular function,18,22,23 

because CFR is considered to be an integrated parameter that 

reflects the severity of coronary microvascular dysfunction. 

We therefore used TTDE-derived CFR to evaluate the effect 

of RIC on coronary microcirculation in patients with HF.

Recently, measurement of TTDE-derived CFR has 

gained prognostic significance for stratifying patients at risk 

of developing cardiovascular diseases, beyond the assess-

ment of individual traditional atherosclerotic risk factors. 

Several investigations have shown that CFR was reduced even 

in the absence of obstructive coronary narrowing, resulting in 

long-term cardiovascular events in patients with coronary risk 

factors, such as hypertension,24 diabetes,25 and chronic kidney 

disease.26 Importantly, reduced CFR was strongly associated 

with the development of HF, rather than coronary artery 

events.27 These observations indicate the potential of CFR 

as a therapeutic target for improving long-term outcomes 

in patients with impaired LV function as well as the close 

relationship between impaired coronary microcirculation and 

the future functional capability of the myocardium.

Ischemic preconditioning was first described in 1986 in 

a canine model of myocardial infarction.28 Because ischemic 

preconditioning has systemic effects that result in protection 

from ischemic-reperfusion injury for tissues remote from 

those undergoing preconditioning, RIC offers a clinically 

relevant stimulus.29 RIC can prevent adverse consequences 

of ischemia in potentially vulnerable target organs. Several 

mechanisms for RIC have been proposed in experimental set-

tings, all of which are broadly related to the release of humoral 

mediators, including adenosine,30 bradykinin,31 and opioids,32 

and the autonomic nervous system.33 Subsequent studies in 

humans have confirmed that RIC decreased inflammation8,13,18 

and improved endothelial function.15,16 Moreover, enhanced 

inflammatory status and endothelial dysfunction are reported 

to be involved in the pathogenesis of HF.1–4 This study dem-

onstrated that a 1 week course of RIC treatment resulted in 

favorable effects in HF patients with reduced LVEF, through 

the improvement of coronary microcirculation. In addition, 

our custom-made RIC device was programmed to administer 

four cycles of inflation and deflation of blood pressure cuffs; 

this device was to be used by the patients themselves. The find-

ings of the present study indicated that a simple RIC device 

would enhance the use of RIC as a self-care HF treatment for 

inpatients as well as individuals outside the hospital setting, 

including home-care patients.

Study limitations
This study had several limitations. First, the sample size was 

small (n=20), which may reasonably explain that changes 
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Table 4 Laboratory data before and after RIC treatment

Variables Healthy subjects HF patients

Before RIC After RIC Before RIC After RIC

White blood cell count (cells/mm3) 5,363±705 5,470±1,358 7,247±2,550 6,831±2,212
Total cholesterol (mg/dL) 178±20 175±20 186±57 189±64
LDL cholesterol (mg/dL) 104±19 98±22 110±51 115±52
HDL cholesterol (mg/dL) 57±12 57±13 43±14 42±15
Triglyceride (mg/dL) 86±35 101±32 166±86 161±106
CRP (mg/dL) 0.06±0.14 0.12±0.16 0.46±0.50 0.37±0.51

TNF-α (pg/mL) – – 2.11±1.67 1.76±1.31
Interleukin-6 (pg/mL) – – 8.7±9.3 3.6±2.4
Troponin T (ng/mL) – – 0.038±0.031 0.028±0.022
BNP (pg/mL) – – 208±260 121±172

Note: Data are presented as mean value ± standard deviation.
Abbreviations: BNP, brain natriuretic peptide; CRP, C-reactive protein; HDL, high-density lipoprotein; HF, heart failure; LDL, low-density lipoprotein; RIC, remote 
ischemic conditioning; TNF-α, tumor necrosis factor-α.

Table 5 Hemodynamics, echocardiographic results and 
laboratory data before and after 1 week without RIC treatment 
in healthy subjects

Variables Before After P-value

Heart rate (beats/minute)
  Baseline 64±12 63±9 0.5

 A TP infusion 70±11 67±11
Systolic blood pressure (mmHg)
  Baseline 116±13 118±8 0.5

 A TP infusion 113±13 119±10
MDFV (cm/s)
  Baseline 14.5±4.1 15.0±4.3 0.9

 A TP infusion 59.8±13.1# 60.4±10.5#

 C FR 4.1±1.0 4.1±0.7 0.7

Other echocardiographic parameters
 �L V end-diastolic volume  

index (mL/m2)
53±9 54±7 0.6

 �L V end-systolic volume  
index (mL/m2)

21±4 22±3 0.4

 �L V ejection fraction (%) 60±5 61±4 0.8

 �E  (cm/s) 72±16 69±13 0.4

 � e’ (cm/s) 11.5±1.5 11.2±1.7 0.4

 �E /e’ ratio 6.3±1.1 6.1±0.7 0.7

Laboratory test
 � White blood cell  

count (/mm3)
5,501±852 5,978±1,481 0.2

 � Total cholesterol (mg/dL) 176±27 179±28 0.6

 �L DL cholesterol (mg/dL) 99±22 100±23 0.9

 �H DL cholesterol (mg/dL) 58±15 59±14 0.7

 � Triglyceride (mg/dL) 95±40 102±35 0.5

 �CR P (mg/dL) 0.05±0.07 0.04±0.06 0.6

Notes: The column showed overall P-values from two-way repeated measures 
ANOVA for heart rate, systolic blood pressure and MDFV. #P,0.05 versus pre-ATP 
infusion in the corresponding parameter. Comparisons were made with a paired 
t-test for other parameters.
Abbreviations: ANOVA, analysis of variance; ATP, adenosine triphosphate; CFR, 
coronary flow reserve; CRP, c-reactive protein; HDL, high-density lipoprotein; HF, 
heart failure; LDL, low-density lipoprotein; LV, left ventricle; MDFV, mean diastolic 
flow velocity; RIC, remote ischemic conditioning.

in some biomarkers did not reach statistical significance. 

In addition, this study focused on the investigation of the 

effect of a 1 week course of RIC treatment on LV function 

in healthy subjects and HF patients with reduced LVEF. 

The long-term effects of RIC treatment and their impact on 

clinical outcomes remain unknown, especially in patients 

with HF with preserved EF. Further study of larger popu-

lations with long-term follow-up should be conducted to 

confirm the results of the present study. Second, statisti-

cally significant decreases in systolic blood pressure and 

increases in LV end-systolic volume were observed fol-

lowing the RIC procedure in healthy subjects. Although 

the degree of change was too subtle to cause any systemic 

effects, their alterations should be carefully interpreted. 

Third, all subjects completed 1 week of RIC treatment 

without any complications based on self-reports. The RIC 

system should be improved to precisely record when it is 

activated. Finally, CFR was measured by TTDE method in 

the LAD alone, and the effect of RIC on circulation in other 

coronary vessels was not estimated. This was because the 

success rates in obtaining adequate coronary flow velocity 

in the LAD were higher than those in other coronary ves-

sels.34 Concomitant measurement of CFR in an adjacent 

normal vessel may provide more mechanistic insights into 

the findings of this study.

Conclusion
This study demonstrated that a 1 week course of RIC treat-

ment improved the status of coronary microcirculation in 

healthy subjects and patients with HF with no adverse effects, 

supporting the widespread use of RIC in the daily lives of 

HF patients.
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