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Background: The angiography-derived index of microvascular resistance (A-IMR) is
a novel tool for diagnosing coronary microvascular dysfunction (CMD) addressing
limitation of unavailability. However, the clinical value of A-IMR remains controversial.
Methods: A systematic review and meta-analysis was conducted. PubMed,
EMBASE, Cochrane Library and Web of Science were searched for relevant
studies. Studies that reported estimates of A-IMR's diagnostic accuracy
(with thermodilution-based IMR as the reference test) and/or predictions of
adverse cardiovascular events were selected. Pooled sensitivity, specificity, area
under the summary receiver operating characteristic curve (sROC) were
calculated to measure diagnostic performance; pooled hazard/risk ratio (HR/RR)
and 95% confidence interval (95% Cl) of major adverse cardiovascular events
(MACE) or other independent adverse events were calculated to measure
prognostic effect. This study was registered with PROSPERO (CRD42023451884).
Results: A total of 12 diagnostic studies pooling 1,642 vessels and 12 prognostic
studies pooling 2,790 individuals were included. A-IMR yielded an area under
sROC of 0.93 (95% CI: 0.91, 0.95), a pooled sensitivity of 0.85 (95% Cl: 0.79,
0.89) and a pooled specificity of 0.89 (95% Cl: 0.83, 0.93) for the diagnosis of
CMD. CMD diagnosed using A-IMR was associated with higher risks of MACE
(HR, 2.73, 95% CIl. 2.16, 3.45), CV death (RR, 2.39, 95% CI: 1.49, 3.82) and
heart failure hospitalization (HR, 2.30, 95% CI: 1.53, 3.45).

Conclusion: A-IMR demonstrated high diagnostic accuracy for CMD and showed
a strong prognostic capability in predicting the risk of adverse CV outcomes.

Systematic Review  Registration:  https://www.crd.york.ac.uk/prospero/

display_record.php?ID=CRD42023451884, PROSPERO (CRD42023451884).
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coronary microvascular dysfunction, angiography-derived index of microvascular
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GRAPHICAL ABSTRACT

1 Introduction

Coronary microvascular dysfunction (CMD) is commonly
observed in clinical settings. It relates to abnormalities in the heart’s
microcirculation, specifically impacting the arterioles and capillaries
responsible for regulating myocardial blood flow (1). CMD may arise
subsequent to acute myocardial infarction (AMI) (2) and is also
evident in patients diagnosed with either obstructive or non-
obstructive coronary artery disease (3). Pathogenetically, CMD
primarily arises from endothelial dysfunction. However, in the
of AMI, lead to
microcirculatory ~ embolism, constituting another significant
mechanism of CMD. Regardless of its association with AMI, CMD
is consistently associated with a poor prognosis (4, 5). Therefore,
the identification of CMD is crucial for improving patient

context intracoronary thrombosis can

outcomes (6).
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Currently, the diagnostic approaches for CMD are categorized
into invasive and non-invasive strategies. The thermodilution-
based (T-IMR) is
recommended as the gold standard for the invasive methods

index of microvascular resistance
(7). However, T-IMR requires adenosine-induced hyperemia,
which often introduces chest discomfort and dyspnea (8); the
use of additional intra-vascular devices (pressure wire) increases
the risk of coronary artery dissection; administering additional
heparin to prevent thrombosis can also heighten the risk of
hemorrhage. These limitations have restricted the widespread
use of the T-IMR test.

For non-invasive strategies, cardiac Positron Emission
Tomography (PET) and cardiac magnetic resonance imaging
(CMR) are recommended (9). Cardiac PET is currently recognized
as the gold standard reference of non-invasive assessment (2);

CMR provides high diagnostic accuracy, complemented by their

frontiersin.org


https://doi.org/10.3389/fcvm.2024.1360648
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Wang et al.

advantages in high-resolution and localization (10, 11). However,
both techniques have inherent limitations, including high costs,
extended test durations, and constraints associated with venue,
equipment, and resource availability (2).

The angiography-based index of microvascular resistance
(A-IMR) is a novel approach to CMD diagnosis. A-IMR is based on
a principle akin to that of T-IMR. The distinction lies in that, in
A-IMR, the blood flow velocity is calculated based on coronary
angiography images, while the intracoronary pressure is calculated
according to aortic pressure (12). Several A-IMR systems have
emerged in recent years, such as QAngio (13), FlashAngio (12),
AccuIMR (14) and AngioPlus (15). At present, only limited small-
sample clinical studies on A-IMR diagnostic accuracy have been
published. Furthermore, the role of A-IMR in predicting clinical
outcomes remains unknown.

Therefore, we conducted a systematic review and meta-analysis
to evaluate current evidence of A-IMR’s diagnostic accuracy for
CMD and its associated prognostic significance for adverse
cardiovascular (CV) outcomes.

2 Methods
2.1 Registration
The protocol of this studies was registered with PROSPERO

(No. CRD42023451884) (16). This
and reported according to the Preferred Reporting Items

review was conducted

for a Systematic Review and Meta-analysis of Diagnostic
Test Accuracy Studies (PRISMA-DTA) (17) and the PRISMA
2020 update (18).

2.2 Data sources and searches

The literature searches were conducted in the following four
databases: PubMed, EMBASE, Cochrane Library and Web of
Science. The publication time was set from the inception to 5th
August 2023. We used the following subject terms and free
words to perform search: “index of microvascular resistance”,
“coronary microvascular dysfunction”, “angiography-derived”,
“pressure wire free”, “non-invasive” etc. See Supplementary

Table S1 for search strategies in detail.

2.3 Eligibility criteria, study selection and
data extraction

Studies were considered eligible for inclusion if they met
following criterion: (1) were published as a full-length article; (2)
were written in English; (3) were cohort study or diagnostic test
study; (4) included patients underwent coronary angiography due
to confirmed or suspected CAD; (5) reported at least one of the
following outcomes: estimates of the diagnostic accuracy of A-IMR
compared with invasive T-IMR as the reference test; adjusted
hazard ratio (HR) of major adverse cardiovascular events (MACE)
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with 95% confidence interval (CI) among participants with either
a positive or negative A-IMR diagnosed CMD; raw data or risk
ratio (RR) for heart failure (HF) hospitalization, CV death and
other adverse events. Studies were eligible regardless of whether
they included patients with myocardial infarction and regardless of
the type/band of A-IMR software/system used.

Two independent reviewers (DW and XL) scanned titles and
abstracts according to the inclusion criteria, reviewed full-text
articles, and determined their eligibility. Any discrepancy regarding
searches and selection was discussed in consultation with and
resolved by a third reviewer (WP). The full text was retrieved for
further inspection if a study potentially met the inclusion criteria.

Two reviewers independently conducted data extraction. The
data included: (1) study-level general information; (2) baseline
characteristic of population; (3) outcomes from original eligible
sources (the ascertainment of clinical events was accepted as
reported). Discrepancy, if any, was verified and resolved by a
third reviewer (WP). Records of studies was managed with the
Endnote X9 software.

2.4 Quality assessment

In the diagnostic test section, the risk of bias and
applicability of each study were evaluated using the Quality
Assessment of Diagnostic Accuracy Studies, version 2 tool
(QUADAS-2) (19). The risk of bias in cohort studies was
(NOS) (20).
Specifically, we stipulated that a follow-up duration of at least

assessed using the Newcastle-Ottawa Scale
1 year would be scored to account for the occurrence of
MACE or other events.

2.5 Statistical analysis

In the diagnostic test, the presence of a threshold effect was
determined by calculating the Spearman correlation coefficient
using MetaDiSc 1.4 software (21). If there’s no threshold effect, a
pooled analysis was conducted.

A bivariate random-effects model was employed for the
meta-analysis of diagnostic studies. For each study, raw data of
true-positives, true-negatives, false-positives, and false negatives
were either extracted from the study or generated from reported
diagnostic estimates. Subsequently, sensitivity and specificity were
calculated. Study-level findings were summarized using a summary
receiver operating characteristic (ROC) curve plot. From the meta-
analysis, pooled estimates of sensitivity, specificity, negative
likelihood ratio (-LR), and positive likelihood ratio (+LR) for
A-IMR were used to generate forest plots. The I® statistic was
employed to assess inter-study heterogeneity. To further explore
the sources of heterogeneity, a meta-regression test was conducted.
STATA 14 (22) (StataCorp) with MIDAS module (23) were
employed to conduct statistical analyses in diagnostic meta-analysis.

In the prognostic meta-analysis, summary effect size for MACE
were calculated using pooled HR. Independent events of all-cause
death, CV death, AMI,

non-fatal revascularization, HF
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hospitalization and angina hospitalization were calculated using
RR. A random-effects model was used in all the outcomes. We
did not conduct pooled analyses for outcomes reported in fewer
than three studies. Inter-study heterogeneity was assessed using
the I* statistic, which was defined as I°-values of 50% or greater.
The z statistic was computed for each outcome of interest, and
the results were considered statistically significant at 1-sided
P <0.05. Meta-analysis results were presented using forest plots.

Subgroup analyses were performed to investigate possible sources
of heterogeneity and to assess the effect of specific variables on results,
including population of STEMI (after PCI), population of ischemia
with non-obstructive coronary arteries (INOCA), prospective
cohort, A-IMR systems, and adenosine-induced hyperemia during
procedure. To evaluate the robustness, we performed a sensitivity
analysis for each outcome. This involved sequentially excluding
individual studies to ascertain their impact on the total results.
RevMan 5.4.1 software (24) were employed to conduct statistical
analyses in the prognostic meta-analysis.

The publication bias was assessed using funnel plots by displaying
individual study effect for the outcomes of interest. Funnel plot
asymmetry was also evaluated using Deeks’ test for diagnostic
studies and Egger’s test for prognostic studies (with 1-sided p <0.1
indicating significant publication bias). The publication bias
assessments were conducted using STATA 14 (22) software.

3 Results
3.1 Study selection and characteristics

From the initial search, 1,313 records were obtained, of which
434 duplicates were removed. Of the 879 remaining records, 847
were excluded after screening titles and abstracts due to
irrelevance with A-IMR or inappropriate article types. After
assessing the full text of the remaining 32 articles, we excluded 3
records due to population discrepancies, 2 for reference test
discrepancies, 1 for exposure discrepancies, and 4 for outcomes
discrepancies. Ultimately, 22 studies met the inclusion criterion
and were included in the systematic review. Among them, twelve
studies (12-15, 25-32) were included in the meta-analysis of
diagnostic test, and twelve in prognostic test (7, 30, 31, 33-41).
The study selection process is illustrated in Figure 1.

In the diagnostic meta-analysis, a total of 1,642 lesions were
included. Twelve studies encompassed four types of software,
including FlashAngio, QAngio, AngioPlus, and AcculMR. Three
studies induced hyperemia during the measurement of A-IMR
values. In studies or cohorts involving STEMI, a cutoff value of
40 mmHg-s/mm was used for CMD. In studies without the
STEMI population, a 25 mmHg-s/mm cutoff was utilized, with
one exception (26). The general information of included studies
was displayed in Table 1.

The prognostic meta-analysis assessed a total of 2,790 patients.
Except for one study (40) with a one-month follow-up, the follow-
up periods in the remaining 11 studies ranged from 1 to 7.3 years.
Primary endpoints of the included studies varied and are detailed
in Table 1. Eleven studies employed multivariable analysis to
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adjust HR. Supplementary Table S2 lists the adjustment of
confounders in the included studies. Table 2 displays the baseline
characteristics of the 22 studies.

3.2 Diagnostic meta-analysis

3.2.1 Quality assessment

The quality of the included studies, as assessed by QUADAS-2,
is illustrated in Figure 2. Given that A-IMR is a novel technology,
many studies did not prespecify the cutoff value; instead, they
determined the optimal cutoff value based on their study data
(even though most of these studies converged on a consistent
optimal cutoff). Consequently, most of the studies categorized
the Index Test domain as “high risk”.

3.2.2 Diagnostic performance

The area under the sROC was 0.93 (95% CI: 0.91, 0.95)
(Figure 3). The pooled sensitivity, specificity, +LR and —LR of A-
IMR were 0.85 (95% CI: 0.79, 0.89), 0.89 (95% CI: 0.83, 0.93),
7.66 (95% CIL 4.89, 11.99) and 0.17 (95% CIL: 0.12, 0.24),
respectively (Figures 4A,B).

We conducted additional subgroup analyses of diagnostic
the STEMI

excluding

performances using following criteria: within
STEMI

retrospective studies, and excluding the INOCA population. The

population, excluding the population,
results were consistent irrespective of patient presentation or
study type. We also compared the diagnostic performance of
different A-IMR systems. The FlashAngio system and QAngio
system were used in four and five studies respectively. Both
systems exhibited favorable diagnostic accuracy (Supplementary
Figure S1). The AccuMR and AngioPlus systems were used in

fewer than three studies, thus precluding meta-analysis.

3.2.3 Heterogeneity analysis

For the threshold effect, the calculated Spearman correlation
coefficient was —0.382 (p-value =0.247), which indicated the
absence of a threshold effect, as depicted in Supplementary
Figure S2A. Regarding the non-threshold effect, with Cochrane-
Q=57.40, p<0.001, the P-values for pooled sensitivity and
specificity stood at 73.9% and 88.8%, respectively, as shown
in Figure 3, indicating the exitance of heterogeneity arising
from a non-threshold effect. Consequently, we performed a
meta-regression to identify the sources of heterogeneity. The
meta-regression analysis identified the presence of STEMI as a
significant contributor to heterogeneity in both sensitivity and
specificity. Additionally, the presence of INOCA and the study
design (retrospective or prospective) are also potential sources of
heterogeneity in sensitivity (Supplementary Figure S3).

3.2.4 Publication bias

The funnel plot (Supplementary Figure S2B) of showed
asymmetry. Deek’s test obtained p-value of 0.78, indicating that
there was no publication bias in statistics.

frontiersin.org


https://doi.org/10.3389/fcvm.2024.1360648
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Flow chart of study selection process.

Wang et al. 10.3389/fcvm.2024.1360648
(
Identification of Studies via Databases J
g
'd N\
Records identified from Duplicate records removed
.5 database searching: (n=1313) (n=434)
8 Cochrane Library (n=60)
:*_é EMBASE (n=666) » Conference abstract or
) webpage with full-text
o PubMed (n=136) .
- unavailable (n= 324)
Web of Science (n=451)
~ - « Articles published before
( ) 2017 (n=186)
* Non-clinical study (n= 8)
* Not associated with
Records screened (n=879) > angiography (n= 141)
(o))
é * Review or systematic
8 review (n=73)
o
(9] + Other unfit type of study
’ (n=18)
Full-text articles assessed for | |, Other records irrelevant
eligibility (n=32) after abstract screening
l (n=97)
— PSR 2N R
N /, . . ‘\‘
; 22 studies included ; Population discrepancy (n= 2)
- Studied included in Index test discrepancy (n= 1)
% diagnostic accuracy test i || Reference/control
S b (n=12) i )
s : : discrepancy (n= 3)
c : g ; :
- i Studied included in : Outcome discrepancy (n=4)
i | prognostic prediction test i
L o \(n:12)
FIGURE 1

3.3 Prognostic assessment

3.3.1 Prognostic performance

Of the twelve studies in the prognostic meta-analysis, eleven
reported the incidence of MACE. Heterogeneity assessment
showed an I’ statistic of 0% with a p-value of 0.96, indicating
minimal heterogeneity. A random-effects model was employed in
the meta-analysis, resulting in a pooled HR of 2.73 (95% CI:
2.16, 3.45). Additionally, we conducted subgroup analyses based
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on the inclusion of patients with STMEI and the A-FFR value.
The findings demonstrated HRs of 2.59 (95% CI: 1.89, 3.56) for
the STEMI population and 2.90 (95% CIL 2.05, 4.10) for
the population without STEMI. In all included
where A-FFR > 0.8, HRyiace was 3.10 (2.08, 4.63), similar to the
overall cohort. These results suggest a notable increase in the
occurrence of long-term MACE in patients diagnosed with CMD

studies

by A-IMR, in comparison to those with a normal A-IMR
value (Figure 5A).
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TABLE 1 General characteristic of included studies.

10.3389/fcvm.2024.1360648

dy ID 0 O are Populatio per o A De on O ollo d
eslo O a P a P desig
patie R 0 omes" period
Diagnostic accuracy test®
Ai et al. (12) China FlashAngio | INOCA 57 25 Yes - - Prospective
De Maria et al. (13) UK. QAngio STEMI 92 40 No - - Prospective
Tebaldi et al. (26) Ttaly QAngio CCS 44 442 Yes - - Prospective
Choi et al. (30) South Korea | FlashAngio | STEMI 31 40 No - - Prospective
Kotronias et al. (31) UK. QAngio STEMI 262 43 Yes - - Retrospective
Mejia-Renteria et al. (32) | Spain/ QAngio CCS 115 25 Yes - - Prospective
South Korea

Scarsini et al. (20) UK. QAngio

CCS cohort CCs 131 25 Yes - - Prospective

NSTE-ACS cohort NSTE-ACS 63 25 Yes - - Prospective

STEMI cohort STEMI 52 40 Yes - - Prospective
Fan et al. (15) China AngioPlus | CAD 257 25 Yes - - Prospective
Jiang et al. (14) China AccuIMR | CCS 239 25 Yes - - Retrospective
Fan et al. (29) China AcculMR

CCS cohort CCS 90 25 Yes - - Retrospective

NSTEMI cohort NSTEMI 85 25 Yes - - Retrospective

STEMI cohort STEMI 57 40 Yes - - Retrospective
Huang et al. (28) China FlashAngio | Suspected INOCA 113 25 Yes - - Prospective
Mejia-Renteria et al. (32) | Spain QAngio INOCA 104 25 Yes - - Prospective
Prognostic prediction test
Abdu et al. (34) China FlashAngio | MINOCA 109° 43 Yes DOOB®D 2.0 Retrospective
Choi et al. (30) South Korea | FlashAngio | STEMI 309" 40 No [O®) 7.3 Retrospective
Dai et al. (7) China FlashAngio | CAD 187* 25.1 Yes [O®) 23 Retrospective
Kotronias et al. (31) UK. QAngio STEMI 242% 43 Yes 260 4.2 Retrospective
Duan et al. (36) China FlashAngio | STEMI 213° 40 Yes | O@ODG®D 1.0 Retrospective
Feng et al. (39) China FlashAngio | CCS 282° 25 Yes OOC® 29 Retrospective
Zhang et al. (38) China FlashAngio | CCS 290° 25 Yes OOB® 2.9 Retrospective
Liu et al. (35) China FlashAngio | INOCA 151° 25 Yes | D@ODDG® 2.9 Retrospective
Luo et al. (40) China AngioPlus | STEMI 942% 25 Yes ®@ 0.1 Retrospective
Mohammed et al. (37) China FlashAngio | HFpEF 137° 25 Yes O] 1.25 Retrospective
Wang B et al. (41) China FlashAngio | Post-RA 118° 25 Yes BD® 1.8 Retrospective
Wang H et al. (33) China AngioPlus | STEMI 506" 25 Yes 20®® 1.0 Retrospective

°Number of patients for prognostic cohort.

PDefinition of primary outcomes: Mcardiac death; @readmission of heart failure; ®myocardial infarction; @revascularization; ®all-cause death; ®stroke; @angina
rehospitalization; ®resuscitated cardiac arrest. “In the diagnostic meta-analysis, all studies employed T-IMR as diagnostic references.

IMR, index of microvascular resistance; NH, non-hyperemic; MACE, major adverse cardiovascular events; INOCA, ischemia with non-obstructive coronary arteries;
MINOCA, myocardial infarction with non-obstructive coronary arteries; STEMI, ST elevated myocardial infarction; CCS, chronic coronary syndrome; CAD, coronary
artery disease; ACS, acute coronary syndrome; HFpEF, heart failure with preserved ejection fraction; PCl, percutaneous coronary intervention; RA, rotational atherectomy.

Eight studies reported the outcome of CV death. Heterogeneity
analysis showed an I” of 0% and a p-value of 0.47. A random-effects
model was used for the meta-analysis, yielding a pooled RR of 2.39
(95% CI: 1.49, 3.82) as depicted in Figure 5B. Similarly, eight out of
12 studies reported outcomes of HF hospitalization. Heterogeneity
analysis yielded an I*=44% with a p-value of 0.08. We employed
random-effects model for the meta-analysis, resulting in a pooled
RR of 2.30 with 95% CI: 1.53-3.45 (Figure 5C).

Furthermore, we evaluated outcomes for other independent
events, as shown in Supplementary Figure S4, which included
all-cause mortality (HR, 1.78, 95% CI: 1.21-2.60), non-fatal AMI
(HR, 1.73, 95% CI: 0.92-3.24), and revascularization (HR, 2.12,
95% CI: 1.34-3.35). Due to the limited number of studies
addressing outcome of unstable angina hospitalization, we did
not perform a pooled statistical analysis.

Frontiers in Cardiovascular Medicine 06

3.3.2 Quality assessment and sensitivity analysis

NOS scores for the included studies ranged from 5 to 8,
indicating the high quality of the literature (Supplementary
Table S3). Sensitivity analyses entailed the sequential exclusion of
individual studies to determine their influence on the overall
effect size. By omitting study Choi (30), the pooled HR of CV
death changed to 1.88 (95% CI: 0.97-3.63). The effect size of
CMD on MACE, or HF hospitalization remained consistent, even
with the exclusion of any individual study, suggesting that the
findings are robust (Supplementary Figure S5).

3.3.3 Publication bias
The funnel plot for MACE, CV death and HF hospitalization
S6A-C) demonstrates

(Supplementary  Figures asymmetry,
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TABLE 2 Baseline characteristic of included studies.

10.3389/fcvm.2024.1360648

dy ID e Age opulatio D perlipide e
ale? ea % % % 0 %

Diagnostic accuracy test
Ai et al. (12) 53.6 61.9 INOCA - 53.6 50.0 66.1 28.6 65.9
De Maria et al. (13) 77.8 61.5 STEMI - 62.2 17.7 42.2 57.0 49.3
Tebaldi et al. (26) 77.3 70 CCS - 77 59 59 - -
Choi et al. (30) 87.1 63.9 STEMI - 61.3 38.7 61.3 29.0 56.7
Kotronias et al. (31) 82.1 62 STEMI - 46 41 39 14 50
Mejia-Renteria et al. (27) 76 64.2 CCS - 63.5 35.6 43.3 28.8 -
Scarsini et al. (25) -

CCS cohort 66.6 67.0 CCS - 66.6 16.7 47.2 38.9 -

NSTE-ACS cohort 60.5 63.0 NSTE-ACS - 60.5 13.9 32.6 46.5 -

STEMI cohort 84.8 63.5 STEMI - 50.0 13.6 36.4 51.5 -
Fan et al. (15) 64.4 62.8 CAD - 65.6 25.2 35.6 35.6 -
Jiang et al. (14) 69.0 64 CCS - 59.1 29.1 9.8 21.2 -
Fan et al. (29) 58 64 CAD - 59 26 32 33 59
Huang et al. (28) 56.6 62.9 INOCA - 66.1 43.1 25.7 339 65.8
Mejia-Renteria et al. (32) 31 61.2 INOCA - 52 14 42 12 58
Prognostic prediction test
Abdu et al. (34) 514 63.8 MINOCA 0.95+0.02 50.4 17.4 18.4 489 54.9
Choi et al. (30) 74.8 61.4 STEMI 0.88 +0.09 47.2 50.2 343 269 51.7
Dai et al. (7) 69.6 65 CAD 0.91+£0.06 72.5 36.2 8.0 26.1 59.7
Kotronias et al. (31) 82.1 62 STEMI 0.94 (0.90, 0.98) 46 41 39 14 50
Duan et al. (36) 84.0 58.3 STEMI Post-PCI NM 49.47 17.84 - 49.29 52.1
Feng et al. (39) 67.7 64.9 CCS 0.92 (0.91, 0.95) | 70.75 34.0 20.92 24.11 63
Zhang et al. (38) 69.3 64.8 CCS 0.92 £0.06 70 35.1 20.7 24.5 62.3
Liu et al. (35) 41.1 60.6 INOCA 0.93+0.03 50.3 14.6 10.6 152 63
Luo et al. (40) 84.6 57.8 STEMI Post-PCI NM 55.8 16.8 15.1 - 54.9
Mohammed et al. (37) 67.2 72.4 HFpEF 0.9+0.02 71.5 33.6 48.9 21.2 60
Wang B et al. (41) 68.9 72.4 Post-RA 0.92+£0.03 78.8 49.2 11.0 254 58.0
Wang H et al. (33) 82.2 63 STEMI Post-PCI NM 52.4 27.1 27.3 45.3 54

A-FFR, angiography derived fractional flow reverse; HT, hypertension; DM, diabetes mellitus; LVEF, left ventricular ejection fraction; INOCA, ischemia with non-obstructive
coronary arteries; STEMI, ST elevated myocardial infarction; CCS, chronic coronary syndrome; CAD, coronary artery disease; ACS, acute coronary syndrome; HFpEF, heart
failure with preserved ejection fraction; PCl, percutaneous coronary intervention; RA, rotational atherectomy; NM, not mentioned.

indicating potential publication bias. The Egger’s test produced a
result of Tovace)=2.75 with a p-value of 0.019, indicating a
significant publication bias (Supplementary Figure S6D).
Sensitivity analysis involved the stepwise exclusion of
individual studies from the analysis to assess their impact on
the results. The pooled effects of OAC treatment on all-
cause mortality were impacted by the exclusion of 2 studies
[Ouellet (16) and Orkaby (8)] and the effect on ischemic
stroke was similarly influenced by the exclusion of 2 studies
[Orkaby (8) and Subic (7)]. The effects of
major bleeding remained unchanged with the omission of a

pooled

single study.

3.3.4 Publication bias

The funnel plot (Supplementary Figure S1) of OAC treatment on
all-cause mortality, major bleeding and ischemic stroke showed
asymmetry, indicating possible publication bias. Egger’s test obtained
tall—cause mortality = —0.749 (p = 0.112), tmajor bleeding = —0.02 (p =0.577),
and tischemic stroke = —0.28 (p=0.260) respectively, indicating that
there was no publication bias in statistics (Supplementary Figure S2).
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4 Discussion

4.1 Main findings

In the present study, we reviewed all published articles on
diagnostic tests employing the A-IMR technique for CMD
diagnosis and prognostic studies predicting adverse CV events.
Results indicate that A-IMR provide a favorable diagnostic effect
for CMD. CMD, as confirmed by A-IMR, is strongly associated
with subsequent adverse CV These findings
underscore the diagnostic and prognostic value of A-IMR in
patients with CMD.

outcomes.

4.2 Interpretation

From a mechanistic perspective,

originates from functional changes, such as vasodilator anomalies

CMD  predominantly

and microvascular spasms, and structural modifications including
adverse arteriole remodeling and intimal thicken (2). Among
AMI patients, microvascular

CMD pathogenesis involves
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embolism (42). Within our diagnostic meta-analysis, we stratified
the studies/cohorts based on STEMI. We found that irrespective
of STEMI presence, the A-IMR consistently demonstrated robust
diagnostic efficacy (Figures 5A,B). Some of the included studies
induced hyperemia during the A-IMR procedure (13, 25).
Theoretically, the induction of hyperemia might counteract
microvascular spasm, potentially improving diagnostic accuracy.
However, substantial evidence supporting this assertion is still
absent. Given the cost and potential risk of hyperemia induction,
we recommend against its application in the A-IMR test.

A sequential prognostic meta-analysis emphasized the clinical
relevance of A-IMR concerning adverse CV events. The pooled
HR for A-IMR in predicting long-term MACE was 2.73 (95% CI:
2.16, 3.45), and consistent in both populations with and without
STEMI. Compared with other CMD diagnosis methods, A-IMR
did not manifest clear inferiority to T-IMR [HRyacg ranges
from 2.2 to 4.1 (43)] or electrocardiography [HRyace ranges
from 143 to 1.68 (44)]; contrarily, in comparison to CMR
(44, 45) and cardiac PET (46), the HRpyacg of A-IMR was
comparatively lower.

Nevertheless, the primary advantage of A-IMR is availability.
As mentioned above, current methods (including T-IMR, MRI,
and cardiac PET) each possess inherent limitations in terms of
availability. The benefits of A-IMR are obvious. In contrast to
T-IMR, A-IMR avoids the need for additional pressure wires or
drugs, presenting a cost-effective solution; it avoids the
requirement for intra-coronary operations, emphasizing its
simplicity; it avoids the use of adenosine-induced hyperemia,
thereby preventing associated hypotension and tachycardia,
enhancing its safety profile; it avoids extra data collection as all
necessary data can be derived from routine coronary
angiography, showcasing its efficiency. In comparison to non-
invasive techniques, A-IMR primarily has economic and
efficiency advantages. The acquisition and ongoing upkeep of
CMR and cardiac PET devices pose significant financial burdens,
often hindering their adoption in many healthcare institutions
(2); conversely, a A-IMR system can be seamlessly integrated
into conventional cathlab. The CMR procedure might extend to
an hour and cardiac PET takes up to approximately 40 min, both
necessitate substantial patient compliance; A-IMR primarily
requires patient cooperation during coronary angiography
without further prerequisites. Furthermore, conditions require
CMD evaluation encompass INOCA (3) and during the
completion of primary percutaneous coronary intervention in
AMI cases (47). Each of these contexts can supply the required
coronary angiographic imagery for A-IMR. Therefore, A-IMR
should be regarded as a non-invasive assessment method.

4.3 Clinical application suggestion

In terms of applicability, it is crucial to note that A-IMR
demands high-quality coronary angiography images. A-IMR’s
primary drawback lies in its high demand for coronary
angiography images. Additionally, in certain situations such as
myocardial bridging, left main artery stenosis, and vascular
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FIGURE 4
Forest plot of pooled analysis of diagnostic test. (A) Sensitivity and specificity. (B) +LR and —LR. DLR, diagnostic likelihood ratio.

tortuosity, the utility of A-IMR is limited. However, these scenarios Despite IMR value (primarily based on T-IMR) has been

are not uncommon in clinical practice. We found that most of the  validated for its prognostic value, it does not influence clinical
included studies excluded certain patients during the analysis stage  decision-making in most cases. There is currently no evidence
due to insufficient quality of coronary angiography images  supporting the improvement of patient clinical outcomes through
(Supplementary Figure S4). This proportion is notably high in  drug therapy guided by IMR. Some centers have attempted targeted
retrospective studies (up to over 30%). In prospective studies,  therapeutic interventions based on IMR, for instance, considering
operators can adjust the angle of projections and quality of long-term administration of medications like nicorandil and
coronary angiography. Therefore, we posit that A-IMR is ranolazine to ameliorate microcirculation in patients with IMR >
25 mmHg-s/mm. The availability advantage of A-IMR enables the

assessment of CMVD for most patients in clinical settings, thus

better suited for prospectively assessing patient prognosis
rather than relying on retrospective angiographical images for

prognostic analysis. facilitating evidence-based support for drug therapy guided by IMR.
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FIGURE 5
Forest plot of total MACE (A), subgroup analysis involving CV death (B) and HF readmission (C). A-IMR, angiography-derived index of microvascular
resistance.

Frontiers in Cardiovascular Medicine 10 frontiersin.org


https://doi.org/10.3389/fcvm.2024.1360648
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Wang et al.

4.4 Comparison with previous studies

Previous investigations have encompassed two meta-analyses
that evaluated the diagnostic and prognostic value of A-IMR
(48, 49). Our study aligns with the findings of those two
analyses. Notably, we have integrated a more expansive and
comprehensive evidence in both diagnostic and prognostic
dimensions, thereby enhancing the reliability of the results.

We also identified studies employing CMR and CZT-SPECT as
reference tests. Within these studies, the AUC of A-IMR for
diagnosing CMD were 0.716 (50), 0.821 (51) and 0.84 (7)
respectively. In comparison, A-IMR showed superior performance
in studies where the T-IMR strategy was used as the reference test.
We speculate the main reason is that the A-IMR employs the
same rationale as T-IMR (12), resulting in A-IMR measurements
that closely align with those of T-IMR.

4.5 Strengths & limitations

A key strength of this study is its comprehensive systematic
review of A-IMR’s diagnostic role in CMD, encompassing a
broader range of evidence than earlier research. Additionally, we
integrated diagnostic and prognostic meta-analysis, which
provided direct evidence of A-IMR in clinical settings.

This study has several limitations. (1) The diagnostic meta-analysis
show heterogeneity. We have confirmed that the heterogeneity derived
from non-threshold effects and have clarified sources of heterogeneity
using meta-regression. (2) In prognostic meta-analysis, Egger’s test
revealed a publication bias, which might influence the accuracy of
the overall results. (3) The prognostic meta-analysis did not
incorporate any prospective studies. A-IMR is a newly emerged
technology, and prospective studies based on A-IMR might still be
ongoing or not yet published. Thus, studies that have been published
to date relied on previously documented coronary angiography
image for A-IMR calculation. (4) In the prognostic meta-analysis, as
depicted in Table 1, the studies employed different definitions of
MACE. We based the decision to conduct a pooled MACE analysis
on several reasons. Predominantly, only HR of MACE were adjusted
via multivariate Cox regression models. Moreover, in the majority of
these studies, MACE encompassed HR hospitalization and CV
death. These two occurrences were the major contributors to the
total MACE count, with other events exerting minimal influence. (5)
Considering INOCA is one of the main indications for measuring
IMR, a subgroup analysis focusing on INOCA patients should have
been conducted. However, only three studies focused on INOCA
population. Due to limitations in STATA software, meta-analysis
and sROC plotting for outcomes with fewer than four studies were
not applicable. Despite these limitations, we maintain that the overall
findings of this study remain robust.

5 Conclusion

In this systematic review and meta-analysis, we observed that
A-IMR demonstrated high diagnostic accuracy for diagnosing
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CMD in patients with known or suspected CAD. A-IMR also
provided robust prognostic value on subsequent MACE or other
adverse CV events. Considering the economic and operational
benefits associated with A-IMR, we advocate for its broader
implementation to curtail healthcare expenses and enhance
clinical outcomes for patients.
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