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Background: Microvascular dysfunction in patients with nonobstructive coronary artery disease is 
increasingly being recognized as an important health issue. This systematic review and meta-analysis 
evaluated the effectiveness of ranolazine, an antianginal agent, in improving coronary microvascular function.
Methods: We conducted a comprehensive literature search of the Cochrane Library, PubMed, Embase, 
China National Knowledge Infrastructure, the Chinese BioMedical Literature Database, and gray 
literature databases until September 30, 2023. The included studies were randomized controlled trials 
(RCTs) published in the English or Chinese languages that screened for eligibility using two independent 
investigators. Risk of bias was evaluated with the Cochrane Collaboration tool. Subgroup and sensitivity 
analyses were used to identify sources of heterogeneity. Meta-analysis was performed using RevMan version 
5.4 (Cochrane) and Stata version 16.0 (StataCorp).
Results: From 1,470 citations, 8 RCTs involving 379 participants were included in this analysis. Our 
findings showed that ranolazine increased coronary flow reserve (CFR) over an 8 to 12-week follow-up 
period [standardized mean difference =1.16; 95% confidence interval (CI): 0.4–1.89; P=0.002]. Ranolazine 
increased the global myocardial perfusion reserve index (MPRI) [weighted mean difference (WMD) =0.18; 
95% CI: 0.07–0.29; P=0.002] and the midsubendocardial MPRI (WMD =0.10; 95% CI: 0.02–0.19; P=0.02). 
Moreover, ranolazine improved 3 of the 5 Seattle Angina Questionnaire scores, namely, physical functioning 
(WMD =4.89; 95% CI: 0.14 to 9.64; P=0.04), angina stability (WMD =17.31; 95% CI: 7.13–27.49; 
P=0.0009), and quality of life (WMD =10.11; 95% CI: 3.57–16.65; P=0.0003). Trial sequential analysis 
showed that the meta-analysis of angina stability and quality of life scores had a sufficient sample size and 
statistical power.
Conclusions: Our analysis suggests that ranolazine is associated with improvements in CFR, myocardial 
perfusion, and the Seattle Angina Questionnaire scores in patients with nonobstructive coronary artery 
disease. However, further large-scale RCTs with long-term follow-up are recommended to validate 
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Introduction

Recently, a growing recognition has emerged regarding 
patients who exhibit symptoms of myocardial ischemia 
but lack coronary artery obstruction (1). Microvascular 
angina is a prevalent symptomatic manifestation of transient 
myocardial ischemia and has been confirmed to result from 
microvascular dysfunction with nonobstructive coronary 
artery disease. As one of the endotypes of ischemia with 
unobstructed coronary arteries (2), microvascular angina 
results from coronary vasospasm and microvascular 
dysfunction. However, treatment of microvascular angina 
symptoms is extremely challenging due to its unclear 
pathophysiological mechanism and a lack of homogeneous 
randomized controlled trials (RCTs) with large sample sizes.

The “Diamond approach” (3), an expert-proposed 
algorithm, involves the personalized treatment of 
symptomatic angina, factoring in comorbidities and 
potential mechanisms of transient myocardial ischemia. 
The treatment mainly leverages first-line (calcium-channel 
blockers, β-blockers, short-acting nitrates) or second-line 
drugs (nicorandil, ranolazine, ivabradine, trimetazidine). 
Pharmacological treatment of coronary microvascular 
dysfunction (CMD) poses challenges, as 20–30% of 
patients remain symptomatic despite first-line antianginal  
treatment (4). In such instances, second-line drugs, 
approved based on rigorous protocols and cohort data 
from long-term follow-up studies (5), are recommended as 
monotherapy or in combination therapy, especially when 
contraindications exist.

Ranolazine, a second-line antianginal drug, inhibits late 
sodium channels, preventing intracellular calcium overload, 
thus improving diastolic tension, myocyte relaxation, and 
angina symptoms (6). CMD may be secondary to changes 
in the microcirculation or vasomotor dysfunction. The 
failure of the coronary vasculature to augment blood flow 
in response to increased myocardial demand, defined as 
impaired coronary flow reserve (CFR) (7), is a diagnostic 

method recommended by the European Society of 
Cardiology guidelines (8) for identifying patients with 
microvascular angina. Our study chose ranolazine over 
other second-line drugs such as nicorandil or ivabradine 
due to its unique inhibitory action in the late phase of the 
inward sodium current in cardiac myocytes, which reduces 
myocardial oxygen demand without significantly affecting 
heart rate or blood pressure (9,10). Ranolazine is considered 
for patients with refractory angina who are intolerant to 
other antianginal therapy (11). Moreover, it generally 
has a side-effect profile that is well-tolerated, especially 
in contrast to, for example, nicorandil's association with 
ulcerative complications and ivabradine's potential to cause 
bradycardia (12,13). Nevertheless, ranolazine’s effects on 
nonobstructive coronary artery disease are unclear, with 
discrepant findings being reported in previous meta-
analyses regarding CFR improvement (14-16). Myocardial 
perfusion reserve index (MPRI), an imaging marker 
of small-vessel vasodilation capacity, has shown varied 
responses to ranolazine treatment (17-19). Thus, the effects 
of ranolazine on CFR and MPRI remain a subject of debate, 
with insufficient research on treatment time and drug dose 
effects on CFR via subgroup analysis.

Given the inconsistencies among different meta-analyses, 
our study applied evidence-based medicine principles 
to evaluate RCTs of individuals with nonobstructive 
coronary artery disease to assess ranolazine's effectiveness 
in improving coronary microvascular function. This article 
is presented in accordance with the PRISMA reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-1029/rc).

Methods

Search strategy

Cochrane Library, PubMed, Embase, China National 
Knowledge Infrastructure (CNKI), and the Chinese 

these findings and provide a more comprehensive understanding of the effects of ranolazine on coronary 
microvascular function. 
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BioMedical Literature Database (CBM) were searched 
for published RCTs in English or Chinese languages. The 
keywords were “ranolazine”, “late sodium channel blocker”, 
“nonobstructive coronary artery disease”, “ischemia with 
nonobstructive coronary arteries”, “coronary microvascular 
dysfunction”, “microvascular angina”, “angina with 
nonobstructive coronary arteries”, “microcirculatory 
function”, and “cardiac syndrome X”. We conducted our 
final searches on the databases on the following dates: 
the Cochrane Library on September 29, 2023; PubMed 
on September 30, 2023; Embase on September 30, 2023; 
CNKI on September 30, 2023; and CBM on September 
30, 2023. Furthermore, in our pursuit of comprehensive 
data collection, we made a concerted effort to include 
potentially relevant studies that might have reported 
negative results. To this end, we extended our search to 
gray literature databases, specifically OpenGrey and the 
Healthcare Management Information Consortium (HMIC). 
This strategy was instrumental in ensuring the breadth 
and inclusivity of our research scope. The search terms are 
listed in detail in Table S1. The meta-analysis protocol and 
systematic search strategy are registered in PROSPERO 
(International Prospective Register of Systematic Reviews; 
registration ID: CRD42022298144).

Study selection

Studies were independently selected by two investigators 
(Y Li and XT Liu). Any disparities in study selection were 
resolved through consultation between the two investigators 
or with deference to a third reviewer (BW Li). The 
inclusion criteria were as follows: (I) RCTs on individuals 
with nonobstructive coronary artery disease indicated by 
invasive assessment (e.g., coronary angiography); (II) studies 
of ranolazine treatment for individuals with nonobstructive 
coronary artery disease; (III) studies including assessment of 
coronary microcirculatory function assessment (CFR and/
or MPRI); and (IV) studies in which the outcome measure 
was the Seattle Angina Questionnaire (SAQ), including 
the physical functioning, angina stability, quality of life, 
angina frequency, and treatment satisfaction scores. Due to 
language proficiency of the review team, we included in the 
analysis only those studies that were published in English or 
Chinese. The exclusion criteria were as follows: (I) reviews, 
editorials, letters, case reports, meta-analyses, and animal 
studies; (II) non-RCTs; (III) studies of obstructive coronary 
artery disease; (IV) studies that did not assess coronary 
microvascular function; and (V) studies whose full text or 

data could not be obtained.

Data extraction

Two invest igators  performed the data  extract ion 
independently. Discrepancies were resolved through 
consultation between the two investigators (SJ Fu and MT 
Xu) or with deference to a third investigator (H Ling). Data 
on the lead author, publication date, study design, study 
size, follow-up period, inclusion and exclusion criteria, 
method of coronary microvascular function assessment, 
dosage, and duration of ranolazine were extracted from the 
RCTs. The included RCTs were evaluated in 7 domains 
of risk of bias (random sequence generation, allocation 
concealment, blinding of participants and personnel, 
blinding of outcome assessment, incomplete outcome data, 
selective outcome reporting, and other potential sources of 
bias) in accordance with the Cochrane Collaboration.

Statistical analysis

The meta-analysis was performed with RevMan version 5.4 
(Cochrane) and Stata version 16.0 (StataCorp). Summary 
results for CFR or MPRI outcome data are presented as 
the standardized mean difference (SMD) or weighted mean 
difference (WMD) with 95% confidence intervals (CIs) 
for different measurement methods. The chi-squared Q 
test and I2 statistics were reflected in the assessment of 
heterogeneity between RCTs. If the P value of the Q test 
was <0.05 or of I2 was more than 50%, a random-effects 
model was used, whereas if the P value of the Q test was 
>0.05 or I2 was less than 50%, a fixed-effects model was 
used. I2 less than 25% indicated no heterogeneity, 25% 
to 50% indicated moderate heterogeneity, and greater 
than 50% indicated severe heterogeneity. If there was 
heterogeneity in the results, a leave-one-out sensitivity 
analysis was used to evaluate the stability of the results. P 
values of <0.05 indicated that the test of group differences 
had statistical significance. As the total number of studies 
was less than 10, a funnel plot evaluation for publication 
bias was not performed because the test power was too low 
to distinguish chance from real asymmetry (20).

Trial sequential analysis (TSA)

TSA software (beta version 0.9.5.10) was performed to 
quantify the statistical reliability of outcomes adjusting 
the significance levels for sparse data. TSA provides the 
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required information size (RIS) and controls the risks of 
type I errors due to systematic bias in order to help to clarify 
whether additional trials are needed. If the cumulative 
Z-curve crosses the monitoring threshold, the result of the 
trials is conclusive. According to boundary type, the two-
sided option was selected. The risk of type I error was set at 
5% with a power of 80%.

Results

Selection of eligible studies

A total of 1,470 citations were obtained from a systematic 
search. First, 118 duplicate records were removed, and then, 
1,273 records were excluded on the basis of title and abstract 
screening. After reviewing full-text articles, of the remaining 
79 studies, a total of 71 studies were excluded based on 
several criteria. These included the presence of obstructive 
coronary artery disease (n=29), absence of an assessment 
mechanism for coronary microvascular function (n=31), 
and the use of a non-RCT design (n=9). Furthermore, the 
studies by Birkeland et al. (21) and Rambarat et al. (22) were 
considered as substudies of the trial by Bairey Merz et al. (19)  
and were thus also excluded (n=2). Additionally, in our 
study selection process, we observed that the principal 
investigators of two RCTs (18,19) were associated with 
the same medical institution. However, upon thorough 
scrutiny of the inclusion and exclusion criteria, the duration 
of ranolazine treatment and the specific methodologies 
and timelines of each study, we ascertained that these trials 
were independently conducted with distinct objectives and 
designs. Accordingly, we deemed it appropriate to include 
both studies in our meta-analysis, thereby ensuring a 
comprehensive and rigorous examination of the available 
literature. Consequently, eight RCTs (18,19,23-28) were 
eligible for the meta-analysis (Figure 1).

Study characteristics

In total, 379 participants were enrolled in these eight 
studies. The general features of each study are shown in 
Table 1. The proportion of female patients varied widely, 
ranging from 7% to 100%. The median follow-up duration 
under treatment was 4 weeks. Across the included studies, 
in addition to ranolazine therapy, patients received 
other concomitant anti-ischemic medicines (β-blockers, 
calcium-channel blockers, angiotensin-converting enzyme 
inhibitors/angiotensin receptor blockers, and short- or long-

acting nitrates). Coronary microvascular function indicators 
included CFR, fractional flow reserve (FFR), hyperemic 
myocardial resistance (HMR), and in some studies, MPRI. 
All studies provided information on the effects of ranolazine 
on CFR as evaluated by invasive or noninvasive assessments. 
Invasive assessments included intracoronary Doppler 
flow wire (n=3), and noninvasive technologies included 
transthoracic Doppler echocardiography (n=3) and positron 
emission tomography–computed tomography (PET-CT) 
(n=2). However, 2 studies (18,19) did not provide the CFR 
value. Only one study (28) provided the value of FFR 
and HMR, in which there were no significant changes in 
coronary physiology parameters, including FFR and HMR, 
between any of the groups delineated (P>0.05). In addition, 
the MPRI was measured by coronary magnetic resonance 
(CMR) imaging in three studies (18,19,22), including one of 
the substudies by Bairey Merz et al. (19).

Quality of studies

The quality assessment of 8 RCTs is presented in Figure S1.  
All included studies mentioned randomized grouping. 
Three of the studies were considered to have a low risk 
of bias because they specified the use of computerized 
or online randomization (23,25,28). Other studies had 
an unclear risk of bias because they did not define their 
randomization methods. Allocation concealment was 
considered to carry an unclear risk of bias in all studies 
because the concealment methods were insufficiently 
described. Three studies (19,25,26) specified the number 
of participants who withdrew consent and dropped out 
midtrial, and the risk of attrition bias was indicated as low 
in those studies.  

Effects of ranolazine on CFR and MPRI

In comparison with the control treatment, ranolazine 
was associated with no significant differences in the 
improvement of CFR among patients followed up for 2 to 
12 weeks (SMD =0.40; 95% CI: −0.10 to 0.90; P=0.12; chi-
squared heterogeneity =17.23; I2=71%; Pheterogeneity=0.004) 
(Figure 2A). After the sensitivity analysis (Figure S2), 
when the trial by Tagliamonte et al. (24) was removed, no 
heterogeneity was detected in the five remaining trials (chi-
squared heterogeneity =2.59; I2=0%; Pheterogeneity=0.63), and 
the five studies still revealed no significant differences in the 
improvement of CFR (SMD =0.14; 95% CI: −0.15 to 0.44; 
P=0.34) (Figure S3). However, we subsequently conducted 
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a subgroup analysis to determine the cause of heterogeneity 
and the effect of ranolazine on CFR. It was noted that 
ranolazine was associated with a significant improvement 
in CFR after 8 to 12 weeks (SMD =1.16; 95% CI: 0.42–
1.89; P=0.002; chi-squared heterogeneity =1.56; I2=36%; 
Pheterogeneity=0.21) (Figure 2B). No significant differences 
in CFR were observed in the dose-dependent subgroups 
(Figure 2C), either in the 500-mg subgroup (SMD =0.06; 
95% CI: −0.45 to 0.56; P=0.83; chi-squared heterogeneity 
=0.00; I2=0%; Pheterogeneity=0.96) or in the 500 to 1,000-mg 
subgroup (SMD =0.69; 95% CI: −0.04 to 1.41; P=0.06; chi-
squared heterogeneity =13.45; I2=78%; Pheterogeneity=0.004). 
Sensitivity testing showed that the RCT by Shah et al. (26)  
might have been the potential source of heterogeneity 

in the high-dose subgroup (Figure S4). After this study 
was excluded, there was low heterogeneity in the 500- to 
1,000-mg subgroup (chi-squared heterogeneity =2.71; 
I2=26%; Pheterogeneity=0.26). The results revealed a significant 
difference in CFR in the ranolazine-treated group (SMD 
=1.04; 95% CI: 0.52–1.56; P<0.0001) (Figure S5). TSA 
provided important information on the trial sequential 
monitoring boundaries. The TSA of CFR among patients 
followed up for 2 to 12 weeks in Figure 3 shows that the 
cumulative Z-curve did not cross or even reach the RIS [646] 
or TSA boundary value, which suggests that the current 
clinical effects of ranolazine in the improvement of CFR 
among individuals with nonobstructive coronary artery 
disease need to be confirmed by more trials. In comparison 
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Figure 1 The PRISMA flow diagram of detailed study search and selection process. CNKI, China National Knowledge Infrastructure; 
CBM, Chinese BioMedical Literature Database; RCT, randomized controlled trial; CAD, coronary artery disease.
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Table 1 Main features of eight RCTs included in the meta-analysis

First author 
and year of 
publication

Study 
design

Age (year), 
mean ± SD

Participants,  
n [% females]

Weeks
Ranolazine dose and  
follow-up weeks

Method for coronary 
microvascular function test

Relevant 
adverse effects

Mehta  
et al. (18)

RCT, 
double-
blind

57.0±11.0 20 [100] 4 500 mg twice daily in  
2 weeks and 1,000 mg twice 
daily in an additional 2 weeks

CFR was measured by  
Doppler flow-wire, and MPRI 
was measured by CMRI

Not clear

Bairey Merz 
et al. (19)

RCT, 
double-
blind

55.2±9.8 153 [96] 2 500 mg twice daily in first  
week and 1,000 mg twice  
daily in second week

CFR was measured by  
Doppler flow-wire, and MPRI 
was measured by CMRI

①②④⑤⑥ 
⑦⑧⑨⑩⑮

Villano  
et al. (23)

RCT, 
double-
blind

58.5±10.0 46 [80] 4 375 mg twice daily in  
4 weeks

CFR-ADO and CFR-CPT were 
measured by transthoracic 
Doppler echocardiography

No side effects 
related to the 
treatment

Tagliamonte 
et al. (24)

RCT, 
double-
blind

65.5±10.5 58 [33] 8 350 mg twice daily in 4 weeks 
and 500 mg twice daily in an 
additional 4 weeks

Noninvasive assessment CFR 
was measured by transthoracic 
Doppler echocardiography

①②③

Safdar  
et al. (25)

RCT, 
double-
blind

50.0±5.7 31 [71] 4 500 mg twice daily in 1 week 
and 1,000 mg twice daily in  
3 weeks

CFR was measured by  
PET-CT

①③⑤⑬⑭

Shah  
et al. (26)

RCT, 
double-
blind

64.0±4.6 35 [49] 4 500 mg twice daily in 1 week 
and 1,000 mg twice daily in  
3 weeks

CFR was measured by  
PET-CT

①⑤⑧⑪⑫

Golino  
et al. (27)

RCT, 
single-
blind

67.3±5.4 15 [7] 3 375 mg twice daily in  
3 weeks

CFR-ADO and CFR-CPT were 
measured by transthoracic 
echo-color Doppler

Not clear

Koh  
et al. (28)

RCT, 
double-
blind

53.3±12.9 21 [76] 12 500 mg twice daily in 2 weeks 
and 1,000 mg twice daily in  
10 weeks

CFR, FFR, and HMR were 
measured by Doppler flow 
velocity guidewire

Not clear

RCT, randomized controlled trial; SD, standard deviation; CFR, coronary flow reserve; CFR-ADO, coronary flow response to adenosine; 
CFR-CPT, coronary flow response to cold pressor test; MPRI, myocardial perfusion reserve index; CMRI, cardiac magnetic resonance 
imaging; PET-CT, positron emission tomography–computed tomography; FFR, fractional flow reserve; HMR, hyperemic myocardial 
resistance; ① gastrointestinal effects (nausea); ② shortness of breath or bronchospasm; ③ palpitations; ④ chest pain; ⑤ dizziness; ⑥ 
arm shaking; ⑦ back pain; ⑧ renal abnormality; ⑨ throat swelling; ⑩ rectocele; ⑪ hypoglycemia; ⑫ transaminitis; ⑬ constipation; ⑭ 
headache; ⑮ syncope.

with the control treatment, ranolazine improved the 
global MPRI (baseline global MPRI <2 or CFR <2.5) 
(WMD =0.18; 95% CI: 0.07–0.29; P=0.002; chi-squared 
heterogeneity =0.30; I2=0%; Pheterogeneity=0.58) (Figure 4A) 
and the midsubendocardial MPRI (WMD =0.10; 95% 
CI: 0.02–0.19; P=0.02; chi-squared heterogeneity =1.93; 
I2=48%; Pheterogeneity=0.16) (Figure 4B).

Effects of ranolazine on SAQ scores

In comparison with the control group, ranolazine improved 
3 of the 5 SAQ scores, namely, physical functioning 
(WMD =4.89; 95% CI: 0.14–9.64; P=0.04; chi-squared 

heterogeneity =12.47; I2=68%; Pheterogeneity=0.01) (Figure 5A),  
angina stability (WMD =17.31; 95% CI: 7.13–27.49; 
P=0.0009; chi-squared heterogeneity =21.34; I2=81%; 
Pheterogeneity=0.0003) (Figure 5B), and quality of life (WMD 
=10.11; 95% CI: 3.57–16.65; P=0.002; chi-squared 
heterogeneity =18.94; I2=84%; Pheterogeneity=0.0003) (Figure 5C).  
However, ranolazine did not significantly improve angina 
frequency (WMD =7.11; 95% CI: 0.10–14.12; P=0.05; chi-
squared heterogeneity =13.28; I2=70%; Pheterogeneity=0.01) 
(Figure 5D) or treatment satisfaction (WMD =1.38; 95% CI: 
−4.96 to 7.73; P=0.67; chi-squared heterogeneity =22.57; 
I2=82%; Pheterogeneity=0.0002) (Figure 5E). Sensitivity testing 
did not show the cause of heterogeneity in the physical 
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A

B

C

Figure 2 Forest plot of outcomes of CFR. (A) CFR among patients followed up for 2 to 12 weeks. (B) CFR according to follow-up period 
subgroups. (C) CFR according to subgroups of dose variability. Std, standardized; SD, standard deviation; CI, confidence interval; IV, 
inverse variance; CFR, coronary flow reserve.
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Figure 3 TSA of outcomes of CFR among patients followed up for 2 to 12 weeks. The blue line indicates the cumulative Z score. The 
horizontal green dashed lines indicate the conventional boundaries. Sloping red lines indicate the trial sequential monitoring boundaries. 
RIS, required information size; TSA, trial sequential analysis; CFR, coronary flow reserve.

Figure 4 Forest plot of outcomes of the MPRI. (A) Change in the global MPRI (baseline global MPRI <2 or CFR <2.5). (B) Change in the 
midsubendocardial MPRI. SD, standard deviation; IV, inverse variance; CI, confidence interval; MPRI, myocardial perfusion reserve index; 
CFR, coronary flow reserve.

functioning score (Figure S6), whereas for the angina stability 
score, the study by Bairey Merz et al. (19) was identified as 
the potential source of heterogeneity (Figure S7). After this 
study was removed, there remained high heterogeneity (chi-
squared heterogeneity =9.71; I2=69%; Pheterogeneity=0.02), and 
there was still a significant difference in the angina stability 
score in the ranolazine-treated group (WMD =21.01; 
95% CI: 10.60–31.41; P<0.0001) (Figure S8). Moreover, 

sensitivity testing did not identify the source of heterogeneity 
in the quality of life score (Figure S9). Additionally, subgroup 
analysis revealed that the duration of ranolazine intervention 
exhibited heterogeneity in the quality of life score (chi-
squared heterogeneity =13.63; I2=85.3%; P=0.001). It was 
noted that ranolazine improved the quality of life score after 
8 weeks (WMD =14.70; 95% CI: 10.90–18.50; P<0.00001) 
(Figure S10), suggesting that the duration was not the cause 

https://cdn.amegroups.cn/static/public/QIMS-23-1029-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-1029-Supplementary.pdf
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Figure 5 Forest plot of outcomes of Seattle Angina Questionnaire scores. (A) Physical functioning score. (B) Angina stability score. (C) 
Quality of life score. (D) Angina frequency score. (E) Treatment satisfaction score. SD, standard deviation; CI, confidence interval; IV, 
inverse variance.
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of heterogeneity in the subgroup analysis and that ranolazine 
may improve the quality of life score after 8 weeks. In the 
TSA results for angina stability and quality of life scores 
shown in Figure 6A,6B, the cumulative Z-curve crosses the 
RIS threshold (RIS =210 and 328, respectively) and TSA 
boundary value, suggesting that the existing clinical data on 
ranolazine in the improvement of these two outcomes are 
sufficient and conclusive. In the TSA result of the physical 
functioning score shown in Figure 6C, the cumulative Z-curve 
crosses both the TSA boundary value and the conventional 
boundary, although the sample size did not exceed the RIS 
[499]; thus, the result of this meta-analysis is reliable evidence 
for the efficacy of ranolazine, but the expected values were 
not attained.

Discussion

In this meta-analysis ,  we evaluated the effects of 
the antianginal drug ranolazine on individuals with 
nonobstructive coronary artery disease. Our analysis 
revealed that although there were no significant results 
in the improvement of CFR among individuals who were 
followed up for 2 to 12 weeks, more trials are needed to 
confirm this conclusion. In the CFR subgroups, ranolazine 
was associated with improvement in patients followed up 
for 8 to 12 weeks. No significant differences in CFR were 
observed in the dose-dependent subgroups. Additionally, 
ranolazine improved the MPRI and the SAQ scores for 
physical functioning, angina stability, and quality of life.
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Figure 6 TSA of outcomes of the Seattle Angina Questionnaire scores. (A) TSA of the angina stability score. (B) TSA of the quality of life 
score. (C) TSA of the physical functioning score. The blue line indicates the cumulative Z score. The horizontal green dashed lines indicate 
the conventional boundaries. The sloping red lines indicate the trial sequential monitoring boundaries. RIS, required information size; TSA, 
trial sequential analysis.



Quantitative Imaging in Medicine and Surgery, Vol 14, No 2 February 2024 1461

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(2):1451-1465 | https://dx.doi.org/10.21037/qims-23-1029

The Coronary Vasomotion Disorders International 
Study Group (COVADIS) (29) established the clinical 
criteria for suspicion of microvascular angina and an 
evidence base to provide guidance in this continually 
growing  pat ient  popula t ion .  The  d iagnos i s  and 
management of microvascular angina in these individuals 
with angina and unobstructed coronary arteries are still 
major challenges compared to the same tasks in patients 
with conventional angina. Ranolazine is a well-tolerated 
antianginal medication more recently used as a second-
line drug for microvascular angina (30). It is a potent and 
selective inhibitor that blocks the late sodium channels 
and reduces calcium influx (31,32), decreasing frequency-
dependent diastolic tension and improving coronary blood 
flow (33). This distinct mechanism represents an alternative 
therapeutic method for ischemia with nonobstructive 
coronary arteries (INOCA), differing from conventional 
antianginal drugs and potentially suiting patients who 
cannot tolerate these drugs (34). However, additional 
clinical evidence is needed to confirm these effects. 

The impact of ranolazine on coronary microcirculatory 
function remains a subject of debate in evidence-based 
medicine. Meta-analyses offer mixed perspectives, some 
asserting no improvement in CFR with ranolazine and 
others suggesting significant enhancements (14-16). Key 
differences lie in the application of fixed-effects or random-
effects models, contingent on data heterogeneity. Our 
study, examining data from RCTs, undertook TSA to 
evaluate ranolazine’s effect on CFR over a 2- to 12-week  
follow-up period. The TSA results indicated the necessity 
for additional prospective clinical studies given the 
substantial risk of false negatives. Notably, despite the high 
heterogeneity in CFR studies, previous meta-analyses did 
not conduct subgroup analyses based on follow-up duration 
or dose variability. Our data suggest ranolazine is associated 
with the improvement of CFR in patients with an 8- to 
12-week follow-up. In the context of long-term angina 
treatment, ranolazine may demonstrate selective efficacy 
in individuals with compromised microvascular function. 
In particular, patients with severe baseline microvascular 
dysfunction and impaired CFR demonstrated notable 
improvement. Ranolazine appears to exert benefits mediated 
by the coronary vasodilatory effect observed in this cohort, 
a phenomenon that has also been reported in patients with 
diabetes (35,36). Our meta-analysis also indicates that the 
current ranolazine dosing regimens may not be optimal for 
INOCA. Further clinical studies must explore the effects 
of various doses and durations of ranolazine treatment, 

specifically for homogenous cohorts (e.g., patients with 
diabetes, postpercutaneous coronary intervention patients) 
with severe endothelial dysfunction.

Aside from CFR, the effects of ranolazine on other 
coronary microvascular functions [e.g., the index of 
microcirculatory resistance (IMR) and HMR] are crucial 
because they influence both the pressure and the flow of 
blood in the coronary microcirculation. One non-RCT 
study by Ahmed et al. (37) showed that ranolazine decreases 
IMR, which offers an advantage over CFR by excluding 
the impact of resting hemodynamics and measuring 
distal pressure at the microvascular level. Koh et al. (28) 
used invasive coronary hemodynamic testing (HMR 
measurement) to assess the effect of ranolazine in individuals 
with nonobstructive coronary artery disease; the change in 
coronary physiology was similar between the placebo and 
ranolazine groups. Further studies must evaluate the effects 
of ranolazine on INOCA more comprehensively.

Moreover, using MPRI may help to identify the diffuse 
hypoperfusion caused by microvascular dysfunction. 
Thomson et al. (38) observed a reduction in MPRI among 
women with extensive invasive coronary reactivity testing 
abnormalities. One of our major findings is that ranolazine 
improves MPRI in patients with a lower baseline global 
MPRI (<2) or CFR (<2.5), which is consistent with prior 
meta-analysis findings (15), suggesting that ranolazine may 
substantially improve MPRI in nonobstructive coronary 
artery disease populations with more severe CMD. In 
addition, our meta-analysis showed that ranolazine increased 
midsubendocardial MPRI, with moderate heterogeneity. 
Midsubendocardial MPRI reflects a more localized perfusion 
pattern when responding to microcirculatory change in 
patients with microvascular angina and may be less affected 
by epicardial stenosis than may global MPRI (22,39).

In line with several studies, our meta-analysis found 
improvement in at least one domain of the SAQ in patients 
taking ranolazine along with other antianginal drugs, 
adhering to the guidelines that recommend ranolazine 
as a secondary treatment when first-line drugs are 
ineffective, contraindicated, or poorly tolerated (8,15,16). 
This improvement was observed in three out of five 
SAQ subscales. Notably, a more recent included that was 
included (28) demonstrated statistical heterogeneity with 
lower SAQ scores, potentially due to the innovative use of 
cardiopulmonary exercise testing to evaluate microvascular 
ischemia. Our subgroup analysis suggests ranolazine may 
enhance the quality of life score after 8 weeks of treatment. 
Further, two retrospective studies (40,41) with long-
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term follow-ups (1.9 years and 17 months, respectively) 
demonstrated significant improvement in anginal 
symptom control and various SAQ domains, supporting 
ranolazine as an effective treatment option for patients 
with microvascular angina and refractory angina pectoris. 
In parallel, enhanced external counterpulsation (EECP) 
has gained traction in recent years for alleviating clinical 
symptoms in patients with refractory angina pectoris and 
enhancing cardiac function in patients with heart failure 
deemed unsuitable for revascularization procedures (42,43). 
As an adjunct to pharmacological therapy, EECP fosters the 
development of coronary collateral vessels, boosting CFR in 
patients with refractory angina (44,45). Importantly, EECP 
has been shown to significantly improve patients’ quality 
of life, with sustained benefits noted in clinical follow-ups 
ranging from 3 months to 2 years posttreatment (46,47). 
This underscores the potential for multimodal treatment 
strategies incorporating both ranolazine and EECP to 
enhance symptom management and quality of life in 
patients with refractory angina.

The limitations of this meta-analysis should be 
acknowledged. While our results suggest potential benefits 
of ranolazine on CFR, MPRI, and SAQ scores, the 
interpretation of these findings should be tempered with 
consideration to the small sample sizes and short follow-
up periods in some of the included studies. A significant 
challenge in this field is the heterogeneity of patient 
cohorts, particularly within the context of multifaceted 
CMD phenotypes. For instance, patients with diabetes 
and those who have undergone percutaneous coronary 
intervention may present distinct CMD profiles. Due to the 
lack of a sufficient number of RCTs providing disaggregated 
data for these particular patient groups, we could not 
conduct a subgroup analysis in our study. This underscores 
a crucial area for future research. Comprehensive clinical 
trials are needed that examine the effects of ranolazine while 
taking into account different doses, treatment durations, 
and CMD phenotypes. Another limitation lies in the 
methodological heterogeneity across studies, particularly 
in the techniques used to measure CFR and MPRI, as this 
could have potentially influenced the outcomes. Lastly, 
given that the longest follow-up duration in the included 
studies was only 12 weeks, there is a pressing need for 
long-term trials. These would help in comprehensively 
understanding the impacts of ranolazine on major adverse 
cardiovascular events and recurrent ischemia in patients 
with nonobstructive coronary artery disease.

Conclusions

Ranolazine was associated with the improvement of CFR 
in individuals with nonobstructive coronary artery disease 
over different follow-up periods. In addition, ranolazine 
increased myocardial perfusion in patients with low baseline 
global MPRI or CFR and improved the SAQ scores for 
physical functioning, angina stability, and quality of life. 
An extended duration of ranolazine treatment may be 
associated with an increased quality of life score in the 
SAQ. Long-term ranolazine treatment provides benefits to 
patients with ischemia and nonobstructive coronary artery 
disease; however, further data are needed to determine its 
effect on the incidence of major adverse cardiovascular 
events.
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