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Abstract

Background Chronic remote ischemic conditioning (CRIC) has been shown to improve myocardial ischemia

in experimental animal studies; however, its effectiveness in patients with chronic stable angina (CSA) has not been
investigated. We conducted a proof-of-concept study to investigate the efficacy and safety of a six-month CRIC treat-
ment in patients with CSA.

Methods The EARLY-MYO-CSA trial was a prospective, randomized, controlled trial evaluating the CRIC treatment

in patients with CSA with persistent angina pectoris despite receiving > 3-month guideline-recommended optimal
medical therapy. The CRIC and control groups received CRIC (at 200 mmHg) or sham CRIC (at 60 mmHg) intervention
for 6 months, respectively. The primary endpoint was the 6-month change of myocardial flow reserve (MFR) on single-
photon emission computed tomography. The secondary endpoints were changes in rest and stress myocardial blood
flow (MBF), angina severity according to the Canadian Cardiovascular Society (CCS) classification, the Seattle Angina
Questionnaire (SAQ), and a 6-min walk test (6-MWT).

Results Among 220 randomized CSA patients, 208 (105 in the CRIC group, and 103 in the control group) com-
pleted the treatment and endpoint assessments. The mean change in MFR was significantly greater in the CRIC

group than in the control group (0.27+0.38 vs.—0.04 £ 0.25; P<0.001). MFR increased from 1.33+0.48 at baseline

to 1.61+0.53 (P<0.001) in the CRIC group; however, a similar increase was not seen in the control group (1.35+0.45
at baseline and 1.31+0.44 at follow-up, P=0.757). CRIC treatment, when compared with controls, demonstrated
improvements in angina symptoms assessed by CCS classification (60.0% vs. 14.6%, P<0.001), all SAQ dimensions
scores (P<0.001), and 6-MWT distances (440 [400-523] vs. 420 [330-475] m, P=0.016). The incidence of major adverse
cardiovascular events was similar between the groups.
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Conclusions CSA patients benefit from 6-month CRIC treatment with improvements in MFR, angina symptoms,
and exercise performance. This treatment is well-tolerated and can be recommended for symptom relief in this clini-

cal population.

Trial registration [chictr.org.cn], identifier [ChiCTR2000038649].
Keywords Chronic stable angina, Chronic remote ischemic conditioning, Coronary heart disease, Myocardial flow

reserve

Background

Chronic stable angina (CSA) is a common form of coro-
nary heart disease (CHD) that is characterized by insuf-
ficient myocardial flow reserve (MFR) and a decline in
quality of life. Besides pharmaceutical therapy, revas-
cularization using percutaneous coronary intervention
(PCI) or coronary artery bypass grafting (CABG) has
been widely established for CSA patients [1]. However,
both PCI and CABG are not suitable for some patients
with symptomatic CSA with diffused distal coronary
lesions. Due to limited measures for angina palliation in
current clinical practice [2], a majority of CSA patients
suffer from relevant symptoms and have a poor prog-
nosis even if they receiving optimal medical treatment.
Therefore, the development of novel treatments for these
patients are urgently needed.

Remote ischemic conditioning (RIC) through periodic
limb ischemia—reperfusion exposure confers protective
effects in rendering remote tissues and organs resistant
to ischemia—reperfusion injury [3, 4]. Previous studies
identified the benefits of RIC in improving endothelial
cell and coronary microcirculation function, increasing
coronary blood flow, and myocardial ischemia tolerance
[5-8]. A meta-analysis showed that a single session of
RIC in patients with acute myocardial infarction (AMI)
undergoing primary PCI significantly reduce myocar-
dial infarct size compared with the controls [9]. Moreo-
ver, improvements in perfusion pressure and collateral
circulatory flow in the distal coronary arteries has been
reported. However, a single short-term RIC (four cycles
of 5-min upper arm ischemia and reperfusion) failed to
improve resting myocardial blood flow (MBF) in patients
with suspected ischemic coronary artery disease [10].
Emerging data suggests that repeated daily episodes of
limb RIC, termed chronic remote ischemic conditioning
(CRIC), may have beneficial effects greater than those
conferred by a single RIC stimulus [11-13]. Basic studies
have demonstrated that CRIC could promote angiogen-
esis in ischemic tissue, enhance the function of vascular
endothelial and collateral circulation, and improve blood
perfusion [14-16]. In addition, an observational study
involving patients with chronic heart failure showed
that repeated RIC for 1 week increased the coronary
flow reserve [17]. To date, no studies have conducted

on the use of CRIC in patients with CSA. Therefore, we
hypothesized that a long-term uninterrupted RIC would
improve the MFR in patients with CSA, resulting in
angina symptom relief, and aimed to test this hypothesis
in a prospective, randomized, sham-control proof-of-
concept trial.

Methods

Trial design

The trial followed a prospective, randomized, sham-con-
trol design. It complied with the Declaration of Helsinki
and was approved by the New Business and Technol-
ogy Ethics Committee of Fuwai Central China Cardio-
vascular Hospital, Zhengzhou University (Zhengzhou,
China). We followed the Consolidated Standards of
Reporting Trials (CONSORT) checklist [18] to report
this study (Additional file 1: CONSORT checklist). All
participants signed an informed consent form. This trial
was registered with the Chinese Clinical Trial Registry
(ChiCTR2000038649).

Participants

Eligible participants were those (1) > 18 years old, (2) hav-
ing CSA confirmed by angiography without complete
revascularization (>50% stenosis on angiography and the
quantitative flow ratio<0.75 for at least one main coro-
nary artery or branches), and (3) with persistent angina
pectoris after receiving>3-month guideline-recom-
mended optimal medical therapy (the main drugs include
B-blocker, calcium channel blocker (CCB), nitrates,
ivabradine, trimetazidine, nicorandil, antiplatelet agents,
angiotensin-converting enzyme inhibitor (ACEI) or angi-
otensin receptor blocker (ARB), and statin; all enrolled
patients received the recommended dose in accord-
ance with the guidelines, unless contraindicated). Exclu-
sion criteria included the following: intolerance to RIC
therapy; stenosis of the left main stem >50%; pregnancy
or having a plan for it; a history of arterial or venous
thrombosis in upper limbs; comorbidities of severe val-
vular disease, congenital heart disease, severe arrhyth-
mia, aortic dissection, aortic aneurysm, cardiomyopathy,
and severe uncontrolled hypertension (defined as sys-
tolic blood pressure >180 mmHg and/or diastolic blood
pressure>110 mmHg after taking medication); life
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expectancy<1 year; malignant tumor; poor compliance
to RIC; patients with acute myocardial infarction or coro-
nary revascularization in the past 1 year; use of gliben-
clamide [19]; and MFR>2.5 as determined using single
photon emission computed tomography (SPECT).

RIC tolerance assessment

Before randomization, each patient underwent an
RIC tolerance evaluation. RIC intolerances include (1)
unbearable limb pain and numbness during cuff infla-
tion and (2) unable to sustain 35 consecutive minutes of
restricted activity by RIC device. Patients with RIC intol-
erance will be excluded.

Randomization

From October 2020 to May 2022, 275 patients with
CSA who were referred to Fuwai Central China Hospi-
tal were recruited. Of these, 220 were randomized after
screening according to the inclusion and exclusion cri-
teria. Among them, two withdrew their informed con-
sent after randomization, and 10 participants refused
to return to hospital for endpoints assessment (Fig. 1).
A total of 208 patients (105 in the CRIC group and
103 in the control group) completed the treatment
and endpoints assessments. Randomization (1:1 ratio)
was performed by an independent statistician using a
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computer-generated list and with stratifications by fac-
tors of sex and age > 50 years.

Implementation of treatment and follow-up

All patients received standard optimal medical therapy
according to current guidelines. For those assigned to
the CRIC group, a semi-automatic RIC device with a
controller and a cuff (GTHR Medical Technology com-
pany, Shenzhen, China) was used. The device has been
approved by the Food and Drug Administration in
Guangdong Province, China. Once the cuff was attached
to the participant’s upper arm and the controller was
turned on, the device automatically performed the RIC
procedure. Each RIC procedure took 35 min with four
cycles of cuff inflation at 200 mmHg pressure (5 min for
each cycle) and 5 min intervals of relaxation between
two cycles. This procedure was performed twice per day.
Patients in the control group received sham RIC using a
device with the identical appearance to the RIC device
at a cuff pressure of 60 mmHg. One investigator held a
device-use training during the trial screening phase to
ensure that all participants could operate the device cor-
rectly. During follow-up, participants were asked to pro-
vide device usage records. Participants were evaluated by
clinic visit or telephone at 1 and 3 months after randomi-
zation and were asked to return for face-to-face assess-
ments at 6 months.

Enroliment

Assessed for eligibility (n=275)

Excluded (n=55)

~ Meeting the exclusion
criteria(n=53)

~ Other reasons (n=2)

A

‘ Randomized (n=220) ‘

Allocation l

CRIC group
Allocated to intervention (n=110):
~ Received allocated intervention (n=110)

Control group

Allocated to control (n=110):

“ Received allocated intervention (n=108)
~ Withdrawn informed consent (n=2)

Follow-Up

A

A 4

Lost to follow-up (n=0)
Refused to return to hospital for endpoints
assessment (n=5)

Lost to follow-up (n=0)
Refused to return to hospital for endpoints
assessment (n=5)

A,

A 4

Modified intent-to-treat data analysis(n=105)

Modified intent-to-treat data analysis (n=103)

Fig. 1 CONSORT flow diagram for the study
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Primary and secondary study endpoints

The primary endpoint of this trial was the change of MFR
at 6 months (+ 14 days) post-randomization. Secondary
endpoints included 6-month changes of rest and stress
MBE, Canadian Cardiovascular Society (CCS) classifica-
tion-defined angina improvement, all dimensions of the
Seattle Angina Questionnaire (SAQ) score, and the dis-
tance from 6-min walk test (6-MWT).

SPECT assessment

All patients underwent MBF quantification using SPECT
at the Central China Fuwai Hospital at baseline and at
6 months (+14 days) post-randomization. SPECT was
performed with a cadmium zinc telluride camera system
(Discovery NM 530c; GE, Boston, MA) using a 2-day
protocol. On day 1, the patient underwent low-dose com-
puterized tomography (CT) scanning for physical image
processing correction and was administered an adeno-
sine injection (injection rate of 0.14 mg/kg/min) after
drinking 500 ml of water. The load list mode dynamic
SPECT data collection started at 2 min and 50 s. At the
third minute, 20 mCi 99mTc-MIBI was injected as an
intravenous bolus, and dynamic SPECT data acquisi-
tion continued for 10 min. On day 2, the patient started
resting list-mode dynamic SPECT data acquisition after
drinking 500 ml of water; 10 s later, 20 mCi 99mTc-MIBI
myocardial imaging agent was injected as an intravenous
bolus, and dynamic SPECT data acquisition continued
for 10 min. The corresponding left ventricle (LV) MBF
quantification data were analyzed using the MyoFlowQ
software [20]. The MFR was calculated as the ratio of
stress to rest MBF values. According to the SPECT flow
status, a polar map was converted from the rest MBE,
stress MBF, and MFR using the flow diagram [21, 22].
The left ventricle myocardial blood flow restriction of
each patient was classified into seven degrees: definitely
normal, normal limit, mildly abnormal, moderately
abnormal, ischemia, steal, and infarct. Then, the flow
restriction extent was calculated as a percentage using
the MyoFlowQ software. During this study, we identi-
fied the sum of the percentages of ischemia and steal
flow status on the polar map as the reversible myocar-
dial ischemia extent (RMIE) in order to more intuitively
observe the improvement of myocardial ischemia (Addi-
tional file 2: Figure S1). The SPECT results were assessed
by three nuclear medicine readers who were blinded to
the randomization and participants’ clinical informa-
tion using MyoFlowQ software and then the mean of
MBF quantification was calculated. To assess the repro-
ducibility of SPECT, intra-observer and inter-observer
variability was validated in SPECT results from all 208
participants. The first nuclear medicine reader conducted
a repeat MBF quantification analysis after an interval of
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3 months for intra-observer variability. Inter-observer
variability was performed using the results obtained by
the second nuclear medicine reader who had participated
in the initial analysis.

Angina pectoris assessment

Any change in angina symptoms was assessed using the
CCS classification, SAQ score, and 6-MWT by investiga-
tors blinded to the randomization and participants’ clini-
cal information.

The CCS classification was used to assess the severity
of angina pectoris based on the combination of physi-
cian’ s assessment and patient’ s self-reported symptoms.
The SAQ is a 19-item questionnaire that measures five
domains related to angina pectoris: angina frequency,
angina stability, physical limitation, treatment satisfac-
tion, and disease perception [23]. Each domain has a
score from 0 to 100, with a higher score representing an
improvement of angina pectoris. More information on
CCS classification and SAQ is available in the Additional
file 3. The 6-MW'T was performed as follows: after rest-
ing for 5-10 min, the patient walked up and down a 30 m
straight corridor for 6 min; the assessor encouraged the
patient to walk as fast as possible while following directly
behind; the assessor recorded the maximal distance
covered by the patient in 6 min or <6 min if the patient
stopped earlier.

Safety assessment

We evaluated the safety of CRIC treatment by assessing
major adverse cardiovascular events and local adverse
reactions to RIC in the limbs. Major adverse cardiovascu-
lar events included all-cause death, nonfatal myocardial
infarction, heart failure, and stroke after randomiza-
tion. Detailed definitions of events are provided in our
previous studies [24, 25]. Local limb adverse reactions
reported by participants or investigators, included skin
ecchymosis, limb pain, limb weakness, and limb arterio-
venous thrombosis. All adverse events were judged by an
independent committee.

Sample size

The sample size of the present trial was calculated based
on the findings of our pilot study: there was a 0.20 dif-
ference in the 6-month MRF change from baseline across
two randomized groups, with 0.15+0.46 in the CRIC
group and —0.05 + 0.41 in sham the CRIC group. Accord-
ingly, group sample sizes of 102 per group were required
to achieve 90% power to detect a difference of 0.20 in
a two-sample t-test allowing unequal variance study
design. The standard deviation of CRIC and sham CRIC
was 0.46 and 0.41, respectively, while the alpha level
was two-sided 0.05. With an expected 5% dropout rate,
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at least 214 patients should be enrolled. Power calcula-
tion was performed using the PASS software (version 15;
NCSS, LLC, Kaysville, Utah, USA). More information on
sample size calculation is available in Additional file 3.

Statistical analysis

The primary analysis was performed using the full analy-
sis set on a modified intention-to-treat basis. Statistical
analysis was performed using SPSS software (version
25.0; SPSS Inc., Armonk, NY). Categorical variables
were presented as the number of cases and percentages.
Comparisons between groups were performed using
the chi-square test. Continuous variable data that con-
formed to normal distributions were presented as the
mean * standard deviation. Comparisons between groups
were performed using the unpaired Student’s ¢-test. For
repeated-measures data, an analysis of within-group
measurements was performed using the paired t-test.
Continuous variables that did not conform to normal dis-
tributions are expressed as median (interquartile ranges).
Between-group comparison were processed using the
Mann—-Whitney U test. Repeated-measures data were
processed using the Wilcoxon two-sample test. The
Bland—Altman analysis, intraclass correlation coefficients
(ICC), and coefficient of variation (COV) were used to
evaluate the inter and intra-observer variability of MBF,
MFR, and RMIE. P<0.05 was considered statistically
significant (two-sided). Both the primary and second-
ary endpoint indicators of this study relate to outcomes
at follow-up, while data on any endpoint indicators were
not available for patients lost to follow-up after randomi-
zation, and the data for the remaining patients analyzed
met the modified intention-to-treat data set criteria.

Results

Population characteristics

In total, 208 patients completed the study consist-
ing of 137 (65.9%) men and with a mean age of
61.99£10.53 years. Among the participants, 44 (21.2%)
had a history of myocardial infarction, 133 (63.9%) had
undergone PCI, and 9 (4.3%) had undergone CABG.
Participants in both groups had high syntax scores
(22.33+7.52), suggesting the complexity of their coro-
nary lesions. The baseline characteristics were compara-
ble between the two randomized groups (Table 1).

SPECT outcomes

SPECT outcomes showed that both groups had low global
rest and stress MBF values at baseline (rest: 0.84+0.21
vs. 0.82+£0.20 mL/min/g, P=0.423; stress: 1.11+0.45
vs. 1.09+0.44 mL/min/g, P=0.828). After 6 months,
the control group had no significant changes in rest and
stress MBF measurements. Conversely, rest MBF values

Page 5 of 13

significantly decreased in the CRIC group at 6 months
compared with baseline (0.80+0.16 mL/min/g vs.
0.84+0.21 mL/min/g; P=0.020). Stress MBF in the CRIC
group significantly increased in 6 months compared with
baseline (1.26+0.50 mL/min/g vs. 1.11+0.45 mL/min/g;
P<0.001). The MFR increased from baseline at 6-month
follow-up in the CRIC group (1.33+0.48 vs. 1.61+0.53;
P<0.001) but not in the control group (1.35+0.45 vs.
1.31 £ 0.44; P=0.608). The mean 6-month change of MFR
was significantly greater in the CRIC group than in the
control group (0.27+0.38 vs.—0.04+0.25; P<0.001).
The RMIE significantly decreased from baseline at
6-months follow-up in the CRIC group (39.42+28.15%
vs. 29.33 £ 24.66%; P <0.001), but not in the control group
(39.61+28.14 vs. 40.16 +29.47; P=0.108; Table 2, Fig. 2).

Reproducibility of SPECT outcomes

Intra-observer variability yielded good concordance
for MBF (bias= —0.02 to 0.01, ICC=0.86 to 0.98, and
COV=8.04 to 13.67%), MFR (bias=—-0.02 to 0.00,
ICC=0.90 to 0.92, and COV=14.26 to 16.17%), and
RMIE (bias=—-0.36 to—0.32, ICC=0.98 to 0.9, and
COV=10.57 to 12.11%). The ICC showed moder-
ate inter-observer agreement in the rest MBF of base-
line (ICC=0.74) and good in other MBF assessment
(ICC=0.88-0.95, MFR (ICC=0.87 to 0.89), and
RMIE (ICC=0.99). The Bland—Altman analysis and
COV showed good inter-observer agreement for MBF
(bias= —0.02 to 0.02 and COV=12.67 to 18.18%), MFR
(bias= —0.03 to 0.01 and COV=16.77 to 18.59%), and
RMIE (bias= —0.50 to—0.26 and COV =10.86 to 11.73%;
Additional file 4: Figure S2, Additional file 5: Table S1).

Angina pectoris assessment

A significant difference in terms of 6-month angina
symptoms relief according to the CCS classification
between groups was observed, with a higher proportion
of patients having symptom improvement in the CRIC
group than in the control group (60% vs. 14.6%, P <0.001;
Table 3, Fig. 3).

The five dimensions of SAQ were not significantly dif-
ferent between the two groups at baseline; however, all
the dimension scores were significantly higher in the
CRIC group than in the control group, with the exception
of disease perception score (P=0.126). Moreover, disease
perception scores significantly increased from baseline in
the CRIC group at 6-month follow-up (P=0.001; Table 4,
Fig. 4).

At baseline, the 6-MWT results were comparable
between the two groups (400 [320-450] vs. 405 [330-
470] m; P=0.193]. After 6 months, the distance cov-
ered over 6 min was greater among patients in the CRIC
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Table 1 Baseline characteristics of the participants
CRIC (n=105) Control (n=103) P
Age (years) 61.12+10.85 62.86+10.15 0.234
Male [n (%)] 68 (64.8) 69 (67.0) 0.735
Smoking [n (%)] 26 (24.8) 27(26.2) 0.810
Hypertension [n (%)] 45(42.9) 44 (42.7) 0.984
Diabetes [n (%)] 36 (34.3) 39(37.9) 0.591
Hyperlipidemia [n (%)] 47 (44.8) 46 (44.7) 0.988
PCl history [n (%)] 43 (41.0) 32(31.1) 0.138
CABG history [n (%)] 4(3.8) 5(4.9) 0.747
MI history [n (%)] 20(19.0) 24(23.3) 0453
BMI 25.65+2.84 2554+3.61 0.808
Syntax score 22.27+7.01 22.39+£8.05 0.908
LVEF (%) 5866+ 11.51 55.82+12.55 0.090
NYHA classification [n (%)] | 58(55.2) 52 (50.5) 0.747
I 36 (34.3) 42 (40.8)
Il 11(10.5) 9(87)
Numbers of vessels with critical stenosis 1 54 (514) 50 (48.5) 0.689
[ (%)) 2 45 (42.9) 44 (42.7)
3 6(5.7) 9(87)
Medications [n (%)] Aspirin 105 (100) 103 (100) -
Statin 102 (97.1) 101 (98.1) 0.509
{3-blocker 95 (90.5) 95(92.2) 0.652
Ivabradine 9(8.6) 6(5.8) 0.444
ACEI/ARB 70 (66.7) 61(59.2) 0.266
Long-acting nitrate 100 (95.2) 98 (95.1) 0614
CCB 42 (40.0) 39(37.9) 0.752
Trimetazidine 94 (89.5) 95 (92.2) 0.498
Nicorandil 49 (46.7) 43 (41.7) 0475
Metformin 28 (26.7) 20 (19.4) 0.215
SGLT2i 39 (37.1) 38 (36.9) 0.970
Insulin 16 (15.2) 13(126) 0.586
PCSKOi 42 (40.0) 35(34.0) 0.369

CRIC Chronic remote ischemic conditioning, PCI Percutaneous coronary intervention, BMI Body mass index, LVEF Left ventricular ejection fraction, NYHA New
York Heart Association, ACEI/ARB Angiotensin-converting enzyme inhibitor/angiotensin receptor blocker, CCB Calcium channel blocker, SGLT2i Sodium-glucose
cotransporter 2 inhibitor, PCSK9i Proprotein convertase subtilisin/kexin type 9 inhibitor

group than those in the control group (440 [400-523] vs.
420.00 [330—475] m; P=0.016; Table 5).

Changes in medical interventions

During the study period, three patients in the CRIC
group and four patients in the control group underwent
PCI (2.9% vs. 2.3%, P=0.720). After 6 months, a greater
proportion of patients in the CRIC group exhibited a
decrease in the frequency of short-acting nitrate admin-
istration (70.5% vs. 15.5%, P <0.001; Table 6).

Safety assessment
No cardiovascular death or heart failure events
occurred in either group during the 6-month follow-up

period. A few participants experienced nonfatal myo-
cardial infarction (3 [2.9%] in the CRIC group vs. 2
[1.9%] in the control group; P=0.509). All participants
in the CRIC group tolerated RIC well. A few partici-
pants reported transient hand numbness or sweating
while using the RIC device; however, complete relief
was achieved immediately after the procedure. The
presence of skin ecchymosis or upper extremity pain
was slightly higher in the CRIC group than in the con-
trol group; however, the difference was no statistical
significance (P=0.117 and P=0.351, respectively).
Furthermore, neither group experienced arteriovenous
thrombosis events during the trial (Table 7).
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Table 2 SPECT outcomes
Time CRIC (n=105) Control (n=103) P
MFR Baseline 1.33+£048 1.35+£045 0.757
Follow-up 1.61+0.53 1.31+044 <0.001
P* <0.001 0.608
A 0.27+0.38 —-0.04+0.25 <0.001#
Rest MBF (ml/min/g) Baseline 0.84+0.21 0.82+0.20 0423
Follow-up 0.80+0.16 0.82+0.23 0437
P 0.020 0.872
A —-0.05+0.20 0.00£0.16 0.032#
Stress MBF (ml/min/g) Baseline 1.11+£045 1.09+044 0.828
Follow-up 1.26+0.50 1.07+£046 0.004
P* <0.001 0.147
A 0.15+0.31 —0.03+0.19 <0.001#
RMIE (%) Baseline 39.42+28.15 39.61+28.14 0.961
Follow-up 29.33+£24.66 40.16+2947 0.005
P* <0.001 0.108
A —10.09+£19.01 054+10.74 <0.001#

CRIC Chronic remote ischemic conditioning, MFR Myocardial flow reserve, MBF Myocardial blood flow, RMIE Reversible myocardial ischemia extent, A represents the

difference between the follow-up and baseline
" Paired t-tests were used to compare baseline and follow-up
# Mann-Whitney U test

Discussion

This randomized, proof-of-concept study investigated
the clinical efficacy and safety of CRIC in CSA patients
and found that uninterrupted CRIC treatment twice
daily for 6 months was well-tolerated by all patients and
improved MFR and angina symptoms with assured safety.
Thus, this novel study provides the first evidence to sup-
port the therapeutic potential of CRIC as a low-cost and
non-invasive intervention strategy for symptomatic CSA
treatment.

Although animal studies have revealed underly-
ing mechanisms of RIC in improving microcircula-
tion, results from clinical studies have been inconsistent
regarding the effects of RIC on target organ protection in
different diseases [26—28]. Although a single RIC session
was shown to reduce myocardial infarct size in patients
with AMI undergoing primary PCI, it did not improve
clinical outcomes [29]. Similarly, a single RIC session
failed to improve clinical outcomes and the incidence of
acute kidney injury in patients undergoing cardiac sur-
gery [30]. Perhaps, these findings can be attributed to
insufficient dosing where by the frequency of RCI admin-
istered was too low to induce any effects [31]. However,
another study revealed that increased limb ischemia—
reperfusion cycles or ischemia intervals within one
RIC procedure did not work [32]. Daily repeated RIC
was successfully implemented to increase the dose and
potential enhancement effect in some animal and clinical

studies. Khan et al. [14] showed that>1-month uninter-
rupted daily RIC could promote cerebrovascular remod-
eling in a mouse model of vascular dementia; Ding et al.
[15] demonstrated that repeated RIC for 2 years could
improve cerebral blood perfusion in patients with moy-
amoya disease. The RICA trial reported that a 12-month
RIC reduced the incidence of ischemic stroke in the RIC
group with good compliance [33], though the inter-group
difference was insignificant. However, no previous stud-
ies have investigated the effects of long-term RIC on
MER in patients with chronic myocardial ischemia. Our
results of this study showed that long-term uninter-
rupted RIC improved MFR by increasing stress MBF and
decreasing rest MBE.

MER deficiency is the main cause of angina during
daily activities in patients with CSA. When epicardial
vessel stenosis persists, stress MBF is mainly influenced
by microcirculatory resistance [34]. RIC can increase
stress MBF by either reducing microvascular resist-
ance or improving collateral circulation function [5, 35,
36]. Patients with CHD risk factors often have impaired
endothelium-dependent diastolic function, resulting
in the abnormal regulation of vasomotor function in
resistance artery [37, 38]. RIC stimulates the release of
anti-inflammatory mediators to improve vasomotor and
vascular endothelial function, thus ameliorating high
microcirculatory resistance is ameliorated [5, 39-41].
Sufficient collateral circulation also contributes to an
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Fig. 2 Comparison of myocardial flow outcomes at baseline and the 6-month follow-up evaluation. a There was no significant difference in the rest
myocardial blood flow (MBF) between groups at baseline and 6 months; however, a significant change from baseline at 6 months was observed

in the chronic remote ischemic conditioning (CRIC) group. b There was no significant difference in stress MBF between the groups at baseline;
however, at 6 months, the CRIC group had significantly higher stress MBF and a greater change from baseline than the control group. ¢ There

was no significant difference in myocardial flow reserve (MFR) between groups at baseline; however, the CRIC group had a significantly higher

MFR and greater change from baseline than the control group at 6 months. d There was no significant difference in reversible myocardial ischemia
extent (RMIE) between the groups at baseline; however, the RMIE was significantly lower in the CRIC group than in the control group at 6 months.
The CRIC group showed a greater change from baseline than the control group at 6 months

increased in stress MBF. RIC improves collateral circula-
tion by enhancing the endothelial function of the exist-
ing small vessel network and promoting angiogenesis.
Ischemia and hypoxia, the fundamental stimuli of angio-
genesis [42], can be induced by RIC in limb tissue, result-
ing in release more proangiogenic substances and travel
to the myocardial ischemic tissue. This mechanism has
been confirmed in animal experiments on angiogenesis
using plasma isolated from individuals who received RIC
[16, 43]. In addition, RIC-mediated improvement if small
vessel endothelial function also contributes to the vessel

remodeling of delicate newly generated small vessels into
larger, muscularized functional collateral vessels [44].

Consistent with previous research, CRIC decrease MBF
at rest [10, 17], which may have been attributed to auto-
nomic nervous system regulation [45, 46], whereby RIC
reduced cardiac workload by suppressing sympathetic
excitability, ultimately leading to a reduction in myocar-
dial oxygen consumption.

The results of the present study verified the improve-
ment in angina symptoms by CRIC. Although there were
only small increases in the absolute change in MFR at
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Table 3 CCS classification
CCS classification [n (%)] Time CRIC (h=105) Control (n=103) P
Baseline | 24(22.9) 36 (35.0) 0.156
Il 55(52.4) 46 (44.7)
Il 26 (24.8) 21(204)
Follow-up I 60 (57.1) 31(30.1) <0.001
Il 38(36.2) 39(37.9)
Il 7(6.7) 33(32.0)
CCS classification changed [n (%)] No change 27 (25.7) 60 (58.3) <0.001
Improved 63 (60.0) 15 (14.6)
Deteriorated 15 (14.3) 28 (27.2)
CCS Canadian Cardiovascular Society, CRIC Chronic remote ischemic conditioning
P=0.156 P<0.001
100
90
80
70
60
X 50+
40
30
20
10
0
CRIC  Control CRIC  Control
CCs| == CCSII == CCSII

Fig. 3 The chronic remote ischemic conditioning (CRIC) showed a significant overall improvement in self-reported symptoms according
to the Canadian Cardiovascular Society (CCS) with a change in the composition ratio of the different classifications at the time of follow-up

6 months in the CRIC group, the mean improvement
from baseline was approximately 20%, and the RMIE
decreased by approximately 10%. These changes were
sufficient to induce an improvement in angina symptoms.

In addition to its impact on MFR, CRIC has been found
to stimulate adenosine triphosphate-sensitive potassium
channels, facilitate the expression of anti-ischemic fac-
tors such as protein kinase A and stress proteins, and
augment myocardial resistance to hypoxia [47, 48]. These
effects have also been linked to the alleviation of angina
symptoms.

In this study, not all patients in the CRIC group had
improved MFR and angina symptoms: 19 patients in
the CRIC group had a decrease in MFR. Several reasons
may contribute this phenomenon: (1) patients experi-
enced rapid progression of epicardial stenosis, resulting
in further reduction in blood flow. Note that 15 patients
in the CRIC group in our study had an increase in CCS

classification during 6-month follow-up. (2) The partici-
pants included some diabetic patients, and peripheral
neuropathy due to diabetic complications may lead to
nociceptive insensitivity, which can result in attenuating
the effect of RIC [49, 50].

Study limitations

First, it was a single-center study, and selection bias
cannot be fully avoided. Second, as a proof-of-concept
trial, our principal aim was to investigated the efficacy
and safety of a 6-month CRIC treatment among CSA
patients. Thus, surrogate endpoint (i.e., the 6-month
change of MFR) was chosen. Third, whether a long-term
uninterrupted RIC is beneficial to the clinical prog-
nosis is unknown. Our sample size was not enough to
evaluate the effect of RIC on clinical cardiovascular out-
comes. Further large-scale, multicenter trials with clini-
cal outcomes as study endpoint are required. Fourth, the



Guo et al. BMC Medicine (2023) 21:324 Page 10 of 13

Table 4 Seattle Angina Questionnaire score
Time CRIC (n=105) Control (n=103) P

Physical limitation Baseline 35.56 (33.33~42.22) 35.56 (33.33~42.22) 0.869
Follow-up 46.67 (43.33~51.11) 3556 (33.33~42.22) <0.001
P* <0.001 0622

Anginal stability Baseline 50.00 (50.00 ~50.00) 50.00 (50.00 ~50.00) 0.855
Follow-up 60.00 (50.00 ~ 75.00) 50.00 (40.00~50.00) <0.001
p* <0.001 0.381

Angina frequency Baseline 40.00 (30.00 ~40.00) 40.00 (30.00 ~40.00) 0.208
Follow-up 60.00 (60.00~ 70.00) 40.00 (30.00~60.00) <0.001
P* <0.001 0.203

Treatment satisfaction Baseline 3529 (2941 ~47.06) 41.18 (29.41 ~47.06) 0.249
Follow-up 58.82 (47.06~70.59) 41.18 (35.29~47.06) <0.001
<0.001 <0.001 0.759

Disease perception Baseline 41,67 (41.67~50.00) 50.00 (41.67 ~50.00) 0.142
Follow-up 50.00 (41.67 ~58.33) 50.00 (41.67 ~58.33) 0.126
P* 0.001 0.784

CRIC Chronic remote ischemic conditioning
* Paired analyses were performed using the Wilcoxon two-sample test

P<0.001
80+ |
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g 1
o 407 T
(70}
20
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Physical Angina
limitations stability

——= CRIC Baseline

Control Baseline
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Angina
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=== CRIC Follow-up

=mm Control Follow-up

Treatment Disease
satisfaction
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Fig.4 Changes in the five dimensions of the Seattle Angina Questionnaire (SAQ) score at baseline and follow-up. The chronic remote ischemic
conditioning (CRIC) group patients had improved scores in all five dimensions

Table 5 Six-minute walk test

measurement of MFR in our study was assessed using
SPECT. While positron emission tomography (PET) is

Time CRIC (n=105) Control

P generally considered to be more accurate and repeat-
able than SPECT ([51], it is noteworthy that all SPECT

(n=103)

6-min walk Baseline 400 (320~450) 405 (330~470)

test(m) Follow-up 440 (400~523) 420 (330~475)
p <0001 0.106

0103  Scans in this study were conducted in a core laboratory
0016 and analyzed using MyoFlowQ software with corrections
[52, 53], which demonstrated strong intra- and inter-

CRIC Chronic remote ischemic conditioning
" Paired analyses were performed using the Wilcoxon two-sample test

observer consistency (Additional file 5: Table S1). Lastly,

the mechanisms of limb RIC to protect remote organs
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Table 6 Changes in medical interventions during the study period
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Intervention CRIC (n=105) Control (n=103) P
Revascularization [n (%)]
Percutaneous coronary intervention 3(2.9) 4(3.9) 0.720
Coronary artery bypass graft 0 0 -
Frequency of short-acting nitrates [n (%)]
Decrease 74 (70.5) 16 (15.5) <0.001
No-change 28(26.7) 72 (69.9)
Increase 3(2.9) 15 (14.6)
CRIC Chronic remote ischemic conditioning
Table 7 Safety ana|yses MBF Myocardial blood flow
MFR Myocardial flow reserve

CRIC (n=105) Control (n=103) P

Major adverse cardiovascular events [n (%)]

Death 0 0 -
Nonfatal myocardial 3(2.9) 2(1.9) 0.509
infarction
New-onset heart failure 0 -
Stoke 0
Local response [n (%)]
Skin ecchymosis 12(11.4) (5.8 0117
Limb pain 4(3.8) (19 0351
Limb weakness 3(2.9) 4(3.9) 0.720
Limb arteriovenous 0 0 -
thrombosis
Hand numbness 16 (15.2) 7 (6.8) 0.052
Hand sweating 13(12.4) 8(7.8) 0.269

CRIC Chronic remote ischemic conditioning

are complex and involve a variety of traditional signaling
pathways [54], which warrant more work.

Conclusions

This study demonstrated the efficacy and safety of a
6-month CRIC to improving MFR, angina symptoms,
and exercise performance capacity. This effect may be
induced by improving coronary microcirculation, reduc-
ing resting myocardial oxygen consumption, and enhanc-
ing myocardial resistance to an ischemia and hypoxia
conditions. CRIC may be an effective, noninvasive, and
cost-saving option for symptom relief in managing CSA.

Abbreviations

6-MWT 6-Minute walk test

CCS Canadian Cardiovascular Society

CSA Chronic stable angina

CRIC Chronic remote ischemic conditioning
CABG Coronary artery bypass grafting

CHD Coronary heart disease

cov Coefficient of variation

ICC Interclass correlation coefficient
MACEs Major adverse cardiovascular events

PCl Percutaneous coronary intervention

RIC Remote ischemic conditioning

RMIE Reversible myocardial ischemia extent

SAQ Seattle Angina Questionnaire

SPECT Single-photon emission computed tomography

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512916-023-03041-z.

Additional file 1. CONSORT checklist.

Additional file 2: Figure S1. An example of the myocardial blood flow
(MBF) quantification changes presented by single-photon emission
computed tomography (SPECT) before and after treatment in a chronic
remote ischemic conditioning (CRIC) group patient. Part A: Blood flow
status polar map, with a bar graph to represent the extent for each flow
status; Part B: The blood flow diagram; Part C: Quantification of rest MBF
and stress MBF and myocardial flow reserve (MFR) globally and in indi-
vidual parts of the left ventricle.

Additional file 3. Supplementary methods included Angina pectoris
assessment and Power analysis equation.

Additional file 4: Figure S2. Differences in repeated measurements of
single-photon emission computed tomography outcomes for intra-
observer analysis (A to H) and inter-observer analysis (I to P). The dashed
lines indicate 95% confidence limits. The results show good agreement
across all indicators.

Additional file 5: Table S1. Intra- and Inter-observer variability in SPECT
outcomes.

Authors’ contributions

MWL and JP concepted and designed the study and revised the manuscript.
QG, ZZZ, FY, and ZWZ analyzed and interpreted the data and drafted the
manuscript. XYR and JC analyzed and interpreted the data. QBS, KYL, KZ, HYT,
P, and CM recruited the patients and carried out data collection. All authors
read and approved the final manuscript.

Funding

This work was supported by the Henan Province medical science and
technology research, provincial and ministerial joint construction of major
projects (grant no. SBGJ202101006), National Natural Science Foundation of
China (grant no. 82270474), Natural Science Foundation of Henan Province
(grant no. 202300410465), 23456 Talent Project of Henan Provincial People’s
Hospital (grant no. ZC23456132), and Science and Technology Commission
of Shanghai Municipality (grant no. 22072292400 and 20YF1426100), Shang-
hai Municipal Health Commission (grant no. 2022JC013 and 20232702021),
and Shanghai Hospital Development Center (SHDC12022102). The funding
source did not influence any part of the submitted work, including the study


https://doi.org/10.1186/s12916-023-03041-z
https://doi.org/10.1186/s12916-023-03041-z

Guo et al. BMC Medicine (2023) 21:324

design, collection, analysis, interpretation of data, the writing of the article, or
decision to submit for publication.

Availability of data and materials

The datasets generated and analyzed during the current study are not publicly
available because of patient privacy but are available from the corresponding
author upon reasonable request.

Declarations

Ethics approval and consent to participate

This trial complied with the Declaration of Helsinki and was approved by the
New Business and Technology Ethics Committee of Fuwai Central China Car-
diovascular Hospital, Zhengzhou University (Zhengzhou, China) (2020 No.9).
Each participant signed an informed consent form. The trial was registered
with the Chinese Clinical Trial Registry (ChiCTR2000038649).

Consent for publication
All subjects agree to publish results that do not contain personally identifiable
information.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Cardiology, Department of Coronary Heart Disease of Central
China Fuwai Hospital, Henan Key Laboratory for Coronary Heart Disease, Cen-
tral China Fuwai of Zhengzhou University, Henan Provincial People’s Hospital,
People’s Hospital of Zhengzhou University, No. 1 Fuwai Road, Zhengzhou,
Henan Province, China. 2Department of Cardiology, School of Medicine, Ren
Ji Hospital, Shanghai Jiao Tong University, 160 Pujian Road, Shanghai 200127,
China. *Medicine Department of Xizang, Minzu University, Xianyang, Shanxi,
China.

Received: 16 March 2023 Accepted: 21 August 2023
Published online: 25 August 2023

References

1. Sousa-Uva M, Neumann FJ, Ahlsson A, Alfonso F, Banning AP, Benedetto
U, et al. 2018 ESC/EACTS guidelines on myocardial revascularization. Eur J
Cardiothorac Surg. 2019;55(1):4-90.

2. Davies A, Fox K, Galassi AR, Banai S, Yla-Herttuala S, Luscher TF. Manage-
ment of refractory angina: an update. Eur Heart J. 2021;42(3):269-83.

3. Zhao Z, ShiQ,Guo Q, Peng L, Li X, Rao L, et al. Remote ischemic precondi-
tioning can extend the tolerance to extended drug-coated balloon infla-
tion time by reducing myocardial damage during percutaneous coronary
intervention. Int J Cardiol. 2022,353:3-8.

4. Heusch G, Gersh BJ. The pathophysiology of acute myocardial infarction
and strategies of protection beyond reperfusion: a continual challenge.
Eur Heart J. 2017,38(11):774-84.

5. Lau JK Roy P, Javadzadegan A, Moshfegh A, Fearon WF, Ng M, et al.
Remote ischemic preconditioning acutely improves coronary microcircu-
latory function. J Am Heart Assoc. 2018;7(19): €009058.

6. Heusch G. Myocardial ischaemia-reperfusion injury and cardioprotection
in perspective. Nat Rev Cardiol. 2020;17(12):773-89.

7. Hausenloy DJ, Botker HE, Engstrom T, Erlinge D, Heusch G, Ibanez
B, et al. Targeting reperfusion injury in patients with ST-segment
elevation myocardial infarction: trials and tribulations. Eur Heart J.
2017;38(13):935-41.

8. XuY,YuQ YangJ Yuan F, Zhong, Zhou Z, et al. Acute hemodynamic
effects of remote ischemic preconditioning on coronary perfusion pres-
sure and coronary collateral blood flow in coronary heart disease. Acta
Cardiol Sin. 2018;34(4):299-306.

9. Mcleod SL, lansavichene A, Cheskes S. Remote ischemic perconditioning
to reduce reperfusion injury during acute ST-segment-elevation myocar-
dial infarction: a systematic review and meta-analysis. J Am Heart Assoc.
2017;6(5).e005522.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 12 of 13

. Pryds K, Nielsen RR, Hoff CM, Tolbod LP, Bouchelouche K, Li J, et al.

Effect of remote ischemic conditioning on myocardial perfusion in
patients with suspected ischemic coronary artery disease. J Nucl Cardiol.
2018;25(3):887-96.

. Chong J, Bulluck H, Fw Ho A, Boisvert WA, Hausenloy DJ. Chronic

remote ischemic conditioning for cardiovascular protection. Cond Med.
2019;2(4):164-9.

. Hausenloy DJ, Ng CT, Chong JH. Repeated remote ischemic conditioning

protects against doxorubicin cardiotoxicity: never too much of a good
thing. JACC CardioOncol. 2020;2(1):53-5.

. Pryds K, Nielsen RR, Jorsal A, Hansen MS, Ringgaard S, Refsgaard J, et al.

Effect of long-term remote ischemic conditioning in patients with
chronic ischemic heart failure. Basic Res Cardiol. 2017;112(6):67.

. Khan MB, Hafez S, Hoda MN, Baban B, Wagner J, Awad ME, et al. Chronic

remote ischemic conditioning is cerebroprotective and induces vascular
remodeling in a VCID model. Trans| Stroke Res. 2018;9(1):51-63.

. Ding JY, Shang SL, Sun ZS, Asmaro K, Li WL, Yang Q, et al. Remote

ischemic conditioning for the treatment of ischemic moyamoya disease.
CNS Neurosci Ther. 2020;26(5):549-57.

. Chen Q Huang M, Wu J, Jiang Q, Zheng X. Exosomes isolated from the

plasma of remote ischemic conditioning rats improved cardiac function
and angiogenesis after myocardial infarction through targeting Hsp70.
Aging (Albany NY). 2020;12(4):3682-93.

Kono'Y, Fukuda S, Hanatani A, Nakanishi K, Otsuka K, Taguchi H, et al. Remote
ischemic conditioning improves coronary microcirculation in healthy sub-
jects and patients with heart failure. Drug Des Devel Ther. 2014;8:1175-81.

. Schulz KF, Altman DG, Moher D, CONSORT Group. CONSORT 2010 State-

ment: updated guidelines for reporting parallel group randomised trials.
BMC Med. 2010;2010(340):c332.

. Kottenberg E, Thielmann M, Kleinbongard P, Frey UH, Heine T, Jakob

H, et al. Myocardial protection by remote ischaemic pre-conditioning

is abolished in sulphonylurea-treated diabetics undergoing coronary
revascularisation. Acta Anaesthesiol Scand. 2014;58(4):453-62.

Chan HP, Chang CC, Hu C, Wang WH, Peng NJ, Tyan YC, et al. The evalua-
tion of left ventricle ischemic extent in patients with significantly suspi-
cious cardiovascular disease by (99m)Tc-sestamibi dynamic SPECT/CT
and myocardial perfusion imaging: a head-to-head comparison. Diagnos-
tics (Basel). 2021;11(6):1101.

Johnson NP, Gould KL. Integrating noninvasive absolute flow, coronary
flow reserve, and ischemic thresholds into a comprehensive map of
physiological severity. JACC Cardiovasc Imaging. 2012;5(4):430-40.

Chen LC, Hung HF, Jong BH, Lin SC, Yeh CL, Ku CT, et al. A method to
measure the extent of myocardial ischemia and steal with SPECT myocar-
dial blood flow quantitation. Ann Nucl Med. 2020;34(9):682-90.
Guimaraes WVN, Nicz PFG, Garcia-Garcia HM, Abizaid A, Santos LM, Rosa
VE, et al. Seattle Angina Pectoris Questionnaire and Canadian Cardio-
vascular Society angina categories in the assessment of total coronary
atherosclerotic burden. Am J Cardiol. 2021;152:43-8.

ZhaoY, Lu X, Wan F, Gao L, Lin N, He J, et al. Disruption of circadian
rhythms by shift work exacerbates reperfusion injury in myocardial infarc-
tion. J Am Coll Cardiol. 2022;79(21):2097-115.

Pu J,Ding S, Ge H, Han'Y, Guo J, Lin R, et al. Efficacy and safety of a
pharmaco-invasive strategy with half-dose alteplase versus primary
angioplasty in ST-segment-elevation myocardial infarction: EARLY-MYO
trial (Early Routine Catheterization After Alteplase Fibrinolysis Versus
Primary PCl in Acute ST-Segment-Elevation Myocardial Infarction). Circu-
lation. 2017;136(16):1462-73.

Koike Y, Li B, Ganji N, Zhu H, Miyake H, Chen'Y, et al. Remote ischemic con-
ditioning counteracts the intestinal damage of necrotizing enterocolitis
by improving intestinal microcirculation. Nat Commun. 2020;11(1):4950.
Le Page S, Bejan-Angoulvant T, Angoulvant D, Prunier F. Remote ischemic
conditioning and cardioprotection: a systematic review and meta-analy-
sis of randomized clinical trials. Basic Res Cardiol. 2015;110(2):11.

Heusch G, Rassaf T. Time to give up on cardioprotection? A critical
appraisal of clinical studies on ischemic pre-, post-, and remote condi-
tioning. Circ Res. 2016;119(5):676-95.

Hausenloy DJ, Kharbanda RK, Moller UK, Ramlall M, Aaroe J, Butler R, et al.
Effect of remote ischaemic conditioning on clinical outcomes in patients
with acute myocardial infarction (CONDI-2/ERIC-PPCI): a single-blind
randomised controlled trial. Lancet. 2019;394(10207):1415-24.



Guo et al. BMC Medicine

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

(2023) 21:324

Zhou C, Jeon Y, Meybohm P, Zarbock A, Young PJ, Li L, et al. Renopro-
tection by remote ischemic conditioning during elective coronary
revascularization: a systematic review and meta-analysis of randomized
controlled trials. Int J Cardiol. 2016;222:295-302.

Bell RM, Basalay M, Botker HE, Beikoghli Kalkhoran S, Carr RD, Cunning-
ham J, et al. Remote ischaemic conditioning: defining critical criteria for
success-report from the 11th Hatter Cardiovascular Workshop. Basic Res
Cardiol. 2022;117(1):39.

Bromage DI, Pickard JM, Rossello X, Ziff OJ, Burke N, Yellon DM, et al.
Remote ischaemic conditioning reduces infarct size in animal in vivo
models of ischaemia-reperfusion injury: a systematic review and meta-
analysis. Cardiovasc Res. 2017;113(3):288-97.

Hou C, Lan J, LinY, Song H, Wang Y, Zhao W, et al. Chronic remote ischae-
mic conditioning in patients with symptomatic intracranial atheroscle-
rotic stenosis (the RICA trial): a multicentre, randomised, double-blind
sham-controlled trial in China. Lancet Neurol. 2022;21(12):1089-98.
Billinger M, Fleisch M, Eberli FR, Meier B, Seiler C. Collateral and collateral-
adjacent hyperemic vascular resistance changes and the ipsilateral
coronary flow reserve. Documentation of a mechanism causing
coronary steal in patients with coronary artery disease. Cardiovasc Res.
2001;49(3):600-8.

Pryds K, Bottcher M, Sloth AD, Munk K, Rahbek Schmidt M, Botker HE,

et al. Influence of preinfarction angina and coronary collateral blood flow
on the efficacy of remote ischaemic conditioning in patients with ST
segment elevation myocardial infarction: post hoc subgroup analysis of a
randomised controlled trial. BMJ Open. 2016;6(11): e013314.

Kingma JG Jr, Simard D, Voisine P, Rouleau JR. Role of the autonomic nerv-
ous system in cardioprotection by remote preconditioning in isoflurane-
anaesthetized dogs. Cardiovasc Res. 2011;89(2):384-91.

Campia U, Tesauro M, Di Daniele N, Cardillo C. The vascular endothelin
system in obesity and type 2 diabetes: pathophysiology and therapeutic
implications. Life Sci. 2014;118(2):149-55.

Levy Bl, Heusch G, Camici PG. The many faces of myocardial ischaemia
and angina. Cardiovasc Res. 2019;115(10):1460-70.

Shimizu M, Konstantinov IE, Kharbanda RK, Cheung MH, Redington AN.
Effects of intermittent lower limb ischaemia on coronary blood flow and
coronary resistance in pigs. Acta Physiol (Oxf). 2007;190(2):103-9.
Heusch G, Kleinbongard P, Skyschally A, Levkau B, Schulz R, Erbel R. The
coronary circulation in cardioprotection: more than just one confounder.
Cardiovasc Res. 2012;94(2):237-45.

Kleinbongard P, Heusch G. A fresh look at coronary microembolization.
Nat Rev Cardiol. 2022;19(4):265-80.

LiS, Zhang Y, Shao G, Yang M, Niu J, Lv G, et al. Hypoxic precondition-

ing stimulates angiogenesis in ischemic penumbra after acute cerebral
infarction. Neural Regen Res. 2013;8(31):2895-903.

Hummitzsch L, Zitta K, Fritze L, Monnens J, Vollertsen P, Lindner M, et al.
Effects of remote ischemic preconditioning (RIPC) and chronic remote
ischemic preconditioning (cRIPC) on levels of plasma cytokines, cell sur-
face characteristics of monocytes and in-vitro angiogenesis: a pilot study.
Basic Res Cardiol. 2021;116(1):60.

Allahwala UK, Khachigian LM, Nour D, Ridiandres A, Billah M, Ward M,

et al. Recruitment and maturation of the coronary collateral circulation:
Current understanding and perspectives in arteriogenesis. Microvasc Res.
2020;132: 104058.

Noronha Osorio D, et al. Autonomic nervous system response to remote
ischemic conditioning: heart rate variability assessment. BMC Cardiovasc
Disord. 2019;19(1):211.

Gardner RN, et al. Two weeks of remote ischaemic precondition-

ing alters sympathovagal balance in healthy humans. Exp Physiol.
2020;105(9):1500-6.

Aggarwal S, et al. Exploring the role and inter-relationship among nitric
oxide, opioids, and KATP channels in the signaling pathway underlying
remote ischemic preconditioning induced cardioprotection in rats. Iran J
Basic Med Sci. 2019;22(7):820-6.

Loukogeorgakis SP, et al. Transient limb ischemia induces remote precon-
ditioning and remote postconditioning in humans by a K (ATP)-channel
dependent mechanism. Circulation. 2007;116(12):1386-95.

Hansen CS, Jorgensen ME, Fleischer J, Botker HE, Rossing P. Efficacy of
long-term remote ischemic conditioning on vascular and neuronal
function in type 2 diabetes patients with peripheral arterial disease. J Am
Heart Assoc. 2019;8(13):e011779.

50.

51

52.

53.

54.

Page 13 of 13

Tyagi S, Singh N, Virdi JK, Jaggi AS. Diabetes abolish cardioprotective
effects of remote ischemic conditioning: evidences and possible mecha-
nisms. J Physiol Biochem. 2019;75(1):19-28.

de Souza A, Harms HJ, Martell L, Bibbo C, Harrington M, Sullivan K, et al.
Accuracy and reproducibility of myocardial blood flow quantification by
single photon emission computed tomography imaging in patients with
known or suspected coronary artery disease. Circ Cardiovasc Imaging.
2022;15(6): €013987.

Hsu B, Hu LH, Yang BH, Chen LC, Chen YK, Ting CH, et al. SPECT myocar-
dial blood flow quantitation toward clinical use: a comparative study with
(13)N-Ammonia PET myocardial blood flow quantitation. Eur J Nucl Med
Mol Imaging. 2017;44(1):117-28.

Klein R, Hung GU, Wu TC, Huang WS, Li D, deKemp RA, et al. Feasibility
and operator variability of myocardial blood flow and reserve measure-
ments with (99m)Tc-sestamibi quantitative dynamic SPECT/CT imaging. J
Nucl Cardiol. 2014,21(6):1075-88.

Kleinbongard P, Skyschally A, Heusch G. Cardioprotection by remote
ischemic conditioning and its signal transduction. Pflugers Arch.
2017;469(2):159-81.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Chronic remote ischemic conditioning treatment in patients with chronic stable angina (EARLY-MYO-CSA): a randomized, controlled proof-of-concept trial
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 
	Trial registration 

	Background
	Methods
	Trial design
	Participants
	RIC tolerance assessment
	Randomization
	Implementation of treatment and follow-up
	Primary and secondary study endpoints
	SPECT assessment
	Angina pectoris assessment
	Safety assessment
	Sample size
	Statistical analysis

	Results
	Population characteristics
	SPECT outcomes
	Reproducibility of SPECT outcomes
	Angina pectoris assessment
	Changes in medical interventions
	Safety assessment

	Discussion
	Study limitations
	Conclusions
	Anchor 31
	References


