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Abstract

Background Phase-contrast cine cardiovascular magnetic resonance (CMR) of the coronary sinus has emerged as a
non-invasive method for measuring coronary sinus blood flow and coronary flow reserve (CFR). However, its clinical
utility has not yet been established. Here we performed a meta-analysis to clarify the clinical value of CMR-derived
CFR in various cardiovascular diseases.

Methods An electronic database search was performed of PubMed, Web of Science Core Collection, Cochrane
Advanced Search, and EMBASE. We compared the CMR-derived CFR of various cardiovascular diseases (stable coro-
nary artery disease [CAD], hypertrophic cardiomyopathy [HCM], dilated cardiomyopathy [DCM]) and control subjects.
We assessed the prognostic value of CMR-derived CFR for predicting major adverse cardiac events (MACE) in patients
with stable CAD.

Results A total of 47 eligible studies were identified. The pooled CFR from our meta-analysis was 3.48 (95% con-
fidence interval [Cl], 2.98-3.98) in control subjects, 2.50 (95% Cl, 2.38-2.61) in stable CAD, 2.01 (95% Cl, 1.70-2.32)

in cardiomyopathies (HCM and DCM). The meta-analysis showed that CFR was significantly reduced in stable

CAD (mean difference [MD] = —1.48;95% Cl, —1.78 to —1.17; p<0.001; 1> =0%; p for heterogeneity =0.33), HCM
(MD=-—1.20;95% Cl, —1.63 to —0.77; p<0.007; 12=0%; p for heterogeneity =0.49), and DCM (MD = —1.53; 95% Cl,
—1.93to —1.13; p<0.001; I =0%; p for heterogeneity = 0.45). CMR-derived CFR was an independent predictor of
MACE for patients with stable CAD (hazard ratio=0.52 per unit increase; 95% Cl, 0.37-0.73; p<0.001; 12 =84%, p for
heterogeneity < 0.001).

Conclusions CMR-derived CFR was significantly decreased in cardiovascular diseases, and a decreased CFR was asso-
ciated with a higher occurrence of MACE in patients with stable CAD. These results suggest that CMR-derived CFR has
potential for the pathological evaluation of stable CAD, cardiomyopathy, and risk stratification in CAD.
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Introduction

Evaluating the microcirculation is extremely impor-
tant in the diagnosis of coronary artery disease (CAD).
A new disease concept, ischemic nonobstructive CAD
(INOCA), was proposed to describe a condition in
which myocardial ischemia occurs despite the absence
of an obstructive lesion in the epicardial coronary artery.
American Heart Association/American College of Car-
diology guidelines also emphasize the importance of
microcirculatory disturbances in INOCA. Moreover,
microcirculatory disturbances are involved in the patho-
genesis of various cardiovascular diseases [1]. The preva-
lence of microvascular dysfunction (MVD) is higher than
ever in many clinical settings [2, 3], and its presence is
associated with worse clinical outcomes [4]. Various indi-
ces have been proposed to evaluate microcirculatory dis-
turbances, one of which is coronary flow reserve (CFR).
CFR is an index of a combination of the epicardial coro-
nary artery and the microvasculature [5]. In the absence
of epicardial CAD, impairment of the CFR suggests the
presence of MVD. Positron emission tomography (PET)
is an established non-imaging modality for evaluating
CFR [6]. However, PET imaging has some limitations,
including radiation exposure, availability, and high cost.
These disadvantages limit the widespread clinical use of
PET for assessing CFR.

Phase-contrast cine cardiovascular magnetic resonance
(CMR) of the coronary sinus is another method used to
quantify myocardial blood flow (MBF) [7]. An estimated
96% of the blood flow is returned through the myocar-
dium through the coronary sinus. Therefore, coronary
sinus blood flow can approximate the total MBF. The vol-
ume of myocardial blood flow per gram of myocardium
can be estimated by dividing the coronary sinus blood
flow by the myocardial weight. The ratio of MBF can
be used to calculate CFR during pharmacological stress
divided by that at rest, which is linearly correlated with
PET-derived CFR [7]. Owing to its ability to test with-
out radiation exposure, CMR-derived CFR overcomes
the limitations of PET-derived CFR. However, owing to
limited evidence, the clinical relevance of CMR-derived
CER is not well known. Therefore, here we performed a
meta-analysis to compare CMR-derived CFR findings of
patients with cardiovascular diseases and healthy con-
trols. We also assessed the prognostic value of CMR-
derived CFR in patients with stable CAD.

Materials and methods

Literature search

We searched the electronic databases PubMed, Web of
Science Core Collection, Cochrane Advanced Search,
and EMBASE using the search formulas listed in the
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Appendix (Additional file 1). We performed the data-
base search on May 25, 2022. After screening all abstracts
from the search results, potentially relevant studies were
reviewed by two reviewers (SK and MA) for final eligi-
bility. A third reviewer resolved disagreements between
them. This meta-analysis adhered to the Preferred
Reporting Items for Systematic Reviews and Meta-Anal-
yses guidelines. This protocol was registered in the Uni-
versity Medical Informatics Network (R000054826). We
did not obtain institutional review board approval since
this study was a meta-analysis.

Eligibility criteria and outcomes

We included prospective and retrospective studies that
included data on CFR evaluated by phase-contrast CMR
of the coronary sinus in patients with cardiovascular
diseases and CAD risk factors. The subjects included
healthy individuals and controls (a group of patients who
underwent CMR for some clinical reason but in whom
no abnormalities were detected), those with CAD, and
those with cardiomyopathy (hypertrophic cardiomyopa-
thy [HCM] and dilated cardiomyopathy [DCM]). Studies
of other diseases were excluded from the meta-analysis.
We did not include studies on myocardial perfusion
reserve using stress-perfusion CMR, as the methodology
is completely different. Only articles published in English
were included in this study.

Two reviewers extracted the study characteristics,
including author name, publication year, country of ori-
gin, patients’ diseases, and CMR parameters (SK, MA).
First, the disease, age, sex, and CMR parameters for each
study were extracted (in addition to CFR from phase-
contrast cine CMR, which was the focus of the study,
MBEF calculated from blood flow in the coronary sinus,
left ventricular (LV) function, LV volume, and late gad-
olinium enhancement (LGE). Second, we compared the
CER between cardiovascular disorders and healthy con-
trols. Finally, the hazard ratio (HR) of CER for the major
adverse cardiac event (MACE) was evaluated in patients
with CAD.

In the literature, two separate methods are used to cal-
culate CFR. The first method calculates the CFR by divid-
ing the blood flow in the coronary sinus at stress by the
blood flow at rest. The second method is to divide the
coronary sinus blood flow by the LV myocardial weight to
calculate the MBF (mL/min/g) and then divide the MBF
at stress by the MBF at rest to calculate CFR. Because the
CER values are the same for both methods, those cal-
culated by these two methods are harmonized. We also
used the Newcastle-Ottawa Quality Assessment Scale
and Case Control Studies to evaluate the risk of bias [8]
(Additional file 1).
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Statistical analysis

A random model meta-analysis was performed using
RevMan 5.41 (Cochrane Collaboration, London, UK).
Using the mean difference (MD), the CFR results were
compared between patients with cardiovascular dis-
ease (stable CAD, HCM, DCM), and a healthy control
HR meta-analysis was performed of stable CAD using
the general inverse variance method. Heterogeneity was
indicated by I?, where 0% indicated no heterogeneity and
100% indicated strong heterogeneity (p <0.05), which was
considered statistically significant.

Results

Study characteristics

Of the 565 candidate studies, 47 were deemed eligible for
inclusion [7, 9-55] (Fig. 1). Fourteen studies presented
two populations each [9, 11, 15-17, 23, 25, 27, 29, 31, 32,
34, 47, 49], while two studies presented four populations
each [30, 35]. Therefore, a total of 67 independent popu-
lations were included. Among the 47 studies, 22 were
from Japan [19-21, 23-37, 42, 44, 45, 47], eight from the
United States [7, 14, 22, 40, 41, 48, 51, 55], five from Swe-
den [12, 16, 17, 53, 54], three from Germany and Sweden
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[11, 15, 46], two from Finland [38, 39], and one each from
Australia [18], France [43], Italy [9], Norway [13], Turkey
[10], the United Kingdom [49], Switzerland [7], and the
Netherlands [50]. Year of publication ranged from 1992
to 2022. In 35 studies, 1.5T CMR systems were used [7,
9-12, 15-17, 19-21, 24-32, 34-40, 42, 46-49, 51, 52,
54]; in nine studies, 3T CMR systems were used [13,
14, 18, 22, 33, 41, 43, 53, 55]; in one study, both 1.5 and
3T CMR units were used [44]; and in one study, a 0.6T
CMR system was used [50]. Information on pharmaco-
logical stress was extracted from 41 studies. Four stud-
ies used the cold pressor test [21, 33, 41, 43], while two
studies did not perform any stress testing [9, 50]. Because
CPT detects endothelial function—dependent increases
in blood flow that differ significantly from pharmacologi-
cal stress, only resting blood flow was extracted and inte-
grated from the four CPT studies [21, 33, 41, 43]. A total
of 28 (68%) studies used adenosine triphosphate infusion,
10 (24%) used dipyridamole, and three (8%) used the
regadenoson. However, no study has employed exercise-
stress testing. The median value of velocity encoding
(VENC) was set at 50 cm/s at rest (range, 40—200 cm/s).
Most studies used the same VENC during rest and stress.

Records identified through
database search (n = 565)
(Pubmed n = 110, EMBASE n =239,
Cochranen =9, WOS n = 207)

Additional records identified
through other sources (n = 7)

'

.

Records after duplicates
removed
(n =380)

|

Records screened
(n =380)

|

Records excluded
(n=272)
-conference paper,
review paper,
unrelated literature etc.

Full-text articles
assessed for eligibility
(n=108)

!

Full-text articles excluded (n =61)

Studies included in
qualitative synthesis
(n=47)

-Coronary artery flow (n=14)

-Diseases other than cardiac disease (n = 8)
-Vessels other than the heart (n=6)

-First pass CMR (n = 5)

|

synthesis
(meta-analysis)
(47 articles including 67
cohorts)

Studies included in quantitative

-Bypass graft flow (n = 3)

-Magnetic resonance angiography (n=3)
-Case report (n=2)

-Others (n=20)

Fig. 1 Preferred reporting items for systematic reviews and meta-analyses flow diagram
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In six studies, different VENC were used during phar-
macological stress. In four studies [10, 12, 40, 48], the
VENC during stress was 200 cm/s. In the study by Gyl-
lenhammar et al. [16], the VENC was 120 cm/s. Accord-
ing to Moro et al. [43], the VENC was 150 cm/s. Thirteen
studies performed phase-offset correction using adjacent
myocardial tissue [21, 28-31, 33, 35-39, 47, 55], and one
study used static tissue regions in the chest wall [55].
The standard imaging parameters and analytical images
related to phase-contrast cine CMR are presented (Addi-
tional files 1, 2).

CFR of patients with cardiovascular diseases
versus controls
Among the control subjects, the pooled CFR from the
meta-analysis was 3.48 (range, 2.98-3.98; ?’=97%; p
for heterogeneity<0.001) (Fig. 2). The estimated CFR
was 2.50 (range, 2.38-2.61; [*’=97%; p for heterogene-
ity <0.001) for patients with stable CAD (Fig. 3) and 2.01
(range, 1.70-2.32; 1?’=82%; p for heterogeneity <0.001)
for those with cardiomyopathies (HCM and DCM)
(Fig. 4). Coronary sinus blood flow and MBF values are
summarized in Figs. 5, 6 and 7. Among the control sub-
jects, mean coronary sinus blood flow was 100 mL/min
(range, 83—118 mL/min) at rest and 312 mL/min (range,
251-374 mL/min) during stress, while the mean MBF
was 0.79 mL/min/g (range, 0.69—-0.90 mL/min/g) at rest
and 2.8 mL/min/g (range, 2.13-3.39 mL/min/g) during
stress (Fig. 5).

Among the stable CAD patients, mean coronary
sinus blood flow was 102 mL/min (range, 94—-110 mL/
min) at rest and 240 mL/min (range, 222-257 mL/min)

17 cohorts, 263 controls
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during stress, while the MBF was 0.9 mL/min/g (range,
0.8-1.0 mL/min/g) at rest and 2.0 mL/min/g (range, 1.8—
2.2 mL/min/g) during stress (Fig. 6).

Among the patients with cardiomyopathies, the mean
coronary sinus blood flow was 127 mL/min (range,
99-155 mL/min) at rest and 253 mL/min (range,
171-336 mL/min) during stress, while the mean MBF
was 0.7 mL/min/g (range, 0.5-0.8 mL/min/g) at rest
and 1.8 mL/min/g (range, 1.0-2.7 mL/min/g) dur-
ing stress (Fig. 7). The meta-analysis showed that the
mean CFR was significantly reduced among the patients
with stable CAD (MD=-1.48; 95% CI, -1.78 to -1.17;
p<0.001; ’=0%; p for heterogeneity=0.48) (Fig. 8A),
HCM (MD=-1.20; 95% CI, — 1.63 to — 0.77; p<0.001;
I>=0%; p for heterogeneity=0.49) (Fig. 8B), and DCM
(MD =-1.53; 95% CI, — 1.93 to — 1.13; p<0.001; I*=0%;
p for heterogeneity=0.45) (Fig. 8C) compared to the
control subjects.

Association between CFR and MACE

Four studies showed outcomes data for patients with
stable CAD [22, 27, 30, 35] (Table 1). All studies defined
the outcome as a composite endpoint (MACE). Indorkar
et al. [22] defined MACE as death, nonfatal myocardial
infarction (MI), heart failure hospitalization, sustained
ventricular tachycardia, and late revascularization. Kanaji
et al. [25] defined MACE as all-cause death, nonfatal MI,
hospitalization for congestive heart failure, and stroke.
In another study, Kanaji et al. [27] defined MACE as car-
diac death, MI, clinically driven remote revasculariza-
tion (>3 months after the index percutaneous coronary
intervention), or hospitalization for heart failure (HF).
Kato et al. [35] defined MACE as cardiovascular death,

CFR
1V, Random, 95% CI

Study or Subgroup N CFR
Aras 2007 1 3 0.298 5.9% 3.00 [2.42, 3.58] —
Bietenbeck 2018 17 3.18 0.30802024 5.8% 3.18 [2.58, 3.78] —
Carlsson 2015 16 5.32 0.19 6.2% 5.32 [4.95, 5.69] =
Cuyper 2012 10 2 0.136 6.3% 2.00 [1.73, 2.27] T
Drakos 2021 17 4.82 0.535 5.0% 4.82(3.77, 5.87) —
Gyllenhammar 2018 22 4.3 0.23452079 6.0% 4.30 [3.84, 4.76] -
Gyllenhammar 2022 24 4.6 0.24494897 6.0% 4.60 [4.12, 5.08] -
Kato 2016 18 3.83 0.172 6.2% 3.83 [3.49,4.17) s
Kawada 1999 9 3.01 0.25 6.0% 3.01 [2.52, 3.50] —
Koskenvuo 2001_2 13 2.51 0.358 5.7% 2.51[1.81, 3.21) —
Lund 2003 10 4.2 0.47434165 5.2% 4.20[3.27, 5.13) T——
Sakuma 1997 10 3.14 0.187 6.2% 3.14 [2.77, 3.51] -
Schwitter 2000 16 4.4 0.325 5.8% 4.40 [3.76, 5.04] ——
schwitter 2007 14 2.55 0.08819621 6.3% 2.55[2.38, 2.72] 5
Shomanova 2017 19 3.1 0.39085644 5.5% 3.10 [2.33, 3.87] —
Watzinger 2005 12 3.51 0.372 5.6% 3.51[2.78, 4.24) g
Wijesurendra 2018 25 2:11 0.088 6.3% 2.11 [1.94, 2.28] -
Total (95% CI) 100.0%  3.48 [2.98, 3.98] B
Heterogeneity: Tau? = 1.03; Chi’ = 464.00, df = 16 (P < 0.00001); I> = 97% =Y _97 3 3
CFR

Fig. 2 Coronary flow reserve among control subjects. CFR coronary flow reserve
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25 cohorts, 4368 CAD patients CER o
Study or Subgroup N CFR SE_Weight 1V, Random, 95% CI IV, Random, 95% CI
Akhtar 2007 6 1.4 0.40824829 1.4% 1.40 [0.60, 2.20]
Aras 2007 20 1.45 0.07155418 4.6% 1.45 [1.31, 1.59]) -
Dandekar 2014 108 2.43 0.01924501 4.9% 2.43 [2.39, 2.47) R
Gyllenhammar 2022 19 2.9 0.41294832 1.4% 2.90 [2.09, 3.71) S
Hair 2021 13 2.2 0.2718031 2.4% 2.20[1.67, 2.73] -1
Hayama 2018 34 2.5 0.12056125 4.1% 2.50 [2.26, 2.74] =
Hayama 2019 151 2.72 0.10850513 4.2% 2.72 [2.51, 2.93] ==
Kanaji 2018 50 2.65 0.21056069 3.0% 2.65 [2.24, 3.06] ——
Kanaji 2021 131 2.39 0.08672322 4.4% 2.39 [2.22, 2.56) -
Kato 2013 127 2.75 0.09139772 4.4% 2.75 [2.57, 2.93] =
Kato 2017_known CAD 276 2.69 0.03611576 4.8% 2.69 [2.62, 2.76) -
Kato 2017_suspected CAD 400 2.87 0.0305 4.9% 2.87 [2.81, 2.93] =
Kato 2019_with DM 262 2.83 0.03645032 4.8% 2.83 [2.76, 2.90] -
Kato 2019_without DM 742 2.58 0.02459647 4.9% 2.58[2.53, 2.63] d
Kato 2021_known CAD 693 2.84 0.03456804 4.8% 2.84 [2.77,2.91] &
Kato 2021_suspected CAD 519 2.85 0.03687191 4.8% 2.85[2.78, 2.92]
Kirigaya 2016 143 2.81 0.07944299 4.5% 2.81 [2.65, 2.97]
Koskenvuo 2001 20 1.99 0.10509519 4.2% 1.99 [1.78, 2.20] =
Lund 2003 10 2.3 0.28460499 2.3% 2.30 [1.74, 2.86] ===
Misawa 2022 118 2.32 0.11115086 4.2% 2.32[2.10, 2.54] & o
Nakamoro 2018 96 2.9 0.12247449 4.0% 2.90 [2.66, 3.14] =
Sakuma 1997 10 1.62 0.15811388 3.6% 1.62 [1.31, 1.93] -
Shomanova 2017 58 2.3 0.15562244 3.6% 2.30[1.99, 2.61) —r
Sugimoto 2021_with AF 90 2.45 0.04427189 4.8% 2.45 [2.36, 2.54] -
Sugimoto 2021_without AF 272 2.71 0.03516767 4.8% 2.71[2.64, 2.78) v
Total (95% CI) 100.0% 2.50 [2.38, 2.61] ¢
Heterogeneity: Tau® = 0.07; Chi® = 693.71, df = 24 (P < 0.00001); I* = 97% _’2 -:l 3 1 2
CFR
Fig. 3 Coronary flow reserve among patients with stable CAD. CAD coronary artery disease, CFR coronary flow reserve
7 cohorts, 112 cardiomyopathies
CFR CFR
Study or Subgroup N CFR SE Weight 1V, Random, 95% CI IV, Random, 95% CI
Aras 2007 20 1.45 0.07155418 20.9%  1.45 [1.31, 1.59) -
Bietenbeck 2018_DCM 14 2.07 0.20044593 16.1% 2.07 [1.68, 2.46) -
Bietenbeck 2018_HCM 16 2.38 0.3075 11.9% 2.38(1.78, 2.98]) —
Drakos 2021 16 3.07 0.57962963 5.5% 3.07 [1.93, 4.21] =—
Kawada 1999 29 1.72 0.09099072 20.3% 1.72 [1.54, 1.90] ez
Lund 2003 10 2.3 0.28460499 12.7% 2.30 [1.74, 2.86) S
Watzinger 2005 7 2.19 0.29103264 12.5% 2.19[1.62, 2.76) —
Total (95% Cl) 100.0% 2.01[1.70, 2.32] 3
Heterogeneity: Tau® = 0.11; Chi? = 32.99, df = 6 (P < 0.0001); I* = 82% _54 _52 ) 5 jt
CFR

Fig.4 Coronary flow reserve among patients with cardiomyopathies. CFR coronary flow reserve, MBF myocardial blood flow

acute MI, unstable angina, HF hospitalization, or ven-
tricular tachyarrhythmia necessitating defibrillation. A
meta-analysis revealed that a higher CMR-derived CFR
was significantly associated with a lower MACE rate
(HR=0.52 per unit increase; 95% CI, 0.37-0.73; p <0.001;
I>=84%; p for heterogeneity < 0.001) (Fig. 9).

Discussion

The main findings of this study are as follows: (1) CMR-
derived CFR was substantially decreased in patients with
cardiovascular diseases versus control subjects; and (2)
a decreased CFR was associated with a higher rate of
MACE among patients with stable CAD. These results

suggest that CMR-derived CFR might be applicable as a
non-invasive marker to identify abnormal microvascular
function in patients with various cardiovascular diseases.

Importance of microvascular function and CFR assessment
by PET imaging

The epicardial coronary arteries (diameter >400 um) are
conductance vessels, whereas the pre-arterioles (diam-
eter 100-400 pm) and intramural arterioles (diam-
eter<100 pum) are resistance vessels [5]. Myocardial
flow distribution is mainly regulated by small vessels
such as the pre-arterioles or arterioles. In MVD, several
structural and functional abnormalities occur in these
small vessels, such as microvascular remodeling and
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Coronary sinus flow at rest MBF at rest
CSF CSF MBF MBF
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Fig. 6 Coronary sinus flow and myocardial blood flow among patients with stable CAD. CAD coronary artery disease, MBF myocardial blood flow

endothelial dysfunction [56]. These abnormalities are
related to attenuated vasodilator response of the smooth
muscle cells of vessels resistive to adenosine and dipy-
ridamole associated with impaired CFR. CFR is a func-
tional measure of the epicardial coronary artery and the
coronary microcirculation. In the absence of epicardial
stenotic disease, a decreased CFR can be a surrogate
marker of coronary microvascular dysfunction [57]. PET
is the most firmly established non-invasive quantita-
tive assessment method for MBF and CFR. Recent data
have demonstrated that the prevalence of a CFR impair-
ment is higher than expected in patients with known

or suspected CAD [5]. Moreover, the predictive value
of PET-derived CFR is well established [6]. Based on
robust clinical evidence, the United States Food and Drug
Administration approved the application of 3?Rubidium
and > N-Ammonia PET for assessing CFR [5]. However,
the utility of PET for evaluating myocardial perfusion has
not yet been established.

CFR assessment using phase-contrast cine MRI

of the coronary sinus

Despite the rich clinical evidence of PET imaging for
assessing CFR, it features some limitations, such as
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Fig. 7 Coronary sinus flow and myocardial blood flow in cardiomyopathies. MBF myocardial blood flow
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Fig. 8 Comparison of CFR between cardiovascular diseases and controls. A-C Meta-analysis showed that CFR was significantly decreased in various
cardiovascular diseases, such as CAD, HCM, and DCM, compared with control subjects. CAD coronary artery disease, CFR coronary flow reserve, DCM

dilated cardiomyopathy, HCM hypertrophic cardiomyopathy

radiation exposure, limited accessibility, and high cost.
Phase-contrast cine CMR of the coronary sinus is also
used to quantify CFR. This method has an absolute
advantage over PET in that it does not involve radiation
exposure. The coronary sinus theoretically drains approx-
imately 96% of the total LV myocardial blood flow [58];

therefore, the LV myocardial blood flow can be calculated
by measurement of coronary sinus blood flow. Previous
studies reported that phase-contrast cine CMR-derived
coronary sinus blood flow correlates well with myocar-
dial blood flow by PET [7]. This evidence demonstrates
the high accuracy of CMR-derived CFR.
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Table 1 Hazard ratio of CFR for predicting MACE

Study Variable Outcome HR (95% Cl)

Kanaji 2022 [25] MACEs: all-cause death, nonfatal
myocardial infarction (MI), hospitaliza-
tion for congestive heart failure, and

stroke

MACE: cardiac death, MI, clinically
driven remote (>3 months after
the index PCl) revascularization, or
hospitalization for congestive heart
failure (HF)

MACE: death, nonfatal myocardial
infarction, heart failure hospitaliza-
tion, sustained ventricular tachycar-
dia, and late revascularization

MACE: cardiovascular death, acute MI,
unstable angina, hospitalization for
heart failure or ventricular tachyar-
rhythmia necessitating defibrillation

MACE: cardiovascular death, acute MI,
unstable angina, hospitalization for
heart failure or ventricular tachyar-
rhythmia necessitating defibrillation

Corrected g-CFR (per unit increase) 0.62 (047-0.82)

Kanaji 2019 [27] Corrected CSF reserve (per unit

increase)

0434 (0.270-0.699)

Indorkar 2019 [22] CFR (per unit increase) 0.808 (95% Cl: 0.677-0.964 This model

uses LGE size and ischemia extent as
continuous variables

Kato 2017_known CAD [35] CFR (univariable), (per unit increase) 0.44 (0.30-0.64)

Kato 2017_suspected CAD [35]  CFR (univariable), (per unit increase) 0.36 (0.26-0.49)

CFR coronary flow reserve, CSF coronary sinus flow, g-CFR global-coronary flow reserve, MACE major adverse cardiac events, LGE late gadolinium-enhancement, M/

myocardial infarction, PC/ percutaneous coronary intervention

Hazard ratio of CFR for predicting adverse events in patients with CAD

Log Hazard Ratio Hazard Ratio
Study or Subgroup N (Hazardratio) SE Weight IV, Random, 95% CI IV, Random, 95% CI
Indorkar 2019 507 -0.21 008 23.0% 0.81 [0.68, 0.97) —a
Kanaji 2019 110 -0.83 024 16.6% 0.44[0.27,0.70) -_—
Kanaji 2022 523 -0.48 014 211% 0.62[0.47,0.81) . —
Kato 2017_known CAD 276 -082 019 189% 0.44 [0.30, 0.64) -_—
Kato 2017 _suspected CAD 400 -1.02 016 20.3% 0.36 [0.26, 0.49] —
Total (95% CI) 100.0% 0.52[0.37, 0.73] R ol
Heterogeneity: Tau*= 0.12; Chi*= 25.68, df= 4 (P < 0.0001); F= 84% 095 D}? 1*5 5

Test for overall effect: Z= 3.77 (P = 0.0002)

High CFR s preventive ~ High CFR s risk

Fig. 9 Forest plot of the hazard ratio of CFR among patients with CAD. The meta-analysis revealed that a higher CMR-derived CFR was significantly
associated with a lower rate of MACE (HR=0.52 per unit increase; 95% Cl, 0.37-0.73; p<0.001; 12 =849, p for heterogeneity < 0.001). CAD coronary
artery disease, CFR coronary flow reserve, Cl confidence interval, CMR cardiac magnetic resonance, MACE major adverse cardiac events

To date, clinical evidence of CMR-derived CER is rel-
atively limited. Therefore, here we performed a meta-
analysis to determine its clinical relevance. Compared
with controls, we found a significant decrease in CFR
in various cardiovascular diseases, such as CAD and
cardiomyopathies (Figs. 2, 3 and 4). Moreover, CMR-
derived CFR can provide prognostic information for
patients with CAD. Regarding its technical aspects,
setting VENC and phase-offset correction is essen-
tial to an accurate evaluation of the blood flow within
the coronary sinus. The median VENC was 50 cm/s
at rest (40-200 cm/s). Suboptimal VENC settings can
lead to aliasing, which can lead to blood flow under- or

overestimations. A 40 cm/s VENC at adenosine loading
is generally not considered sufficient to increase coro-
nary flow by a factor of 3 to 4, especially during stress;
therefore, the VENC should be increased appropriately.

Regarding phase offset correction, 13 studies used adja-
cent myocardial tissue and one used static tissue regions
at the chest wall. Other studies did not perform phase
offset correction. Some studies reported the impor-
tance of the impact of phase offset correction but did not
explain why phase offset correction was not performed.
In addition, because of our limited technical knowledge
of phase offset correction, we could not adequately deter-
mine its importance (whether it is absolutely necessary)
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in this study. Further research on this topic is required.
Evaluation of the effect of medical therapy, such as angi-
otensin-converting enzyme inhibitors/angiotensin recep-
tor blockers and statins on CFR, is of interest. A recent
meta-analysis showed the impact of medical therapies
on CFR [59]. However, CMR data were not included
thus, further studies are warranted to assess the utility of
phase-contrast CMR in the serial impact of medical ther-
apies on CFR.

We believe that our data will contribute to the accu-
rate assessment of CFR using phase-contrast cine CMR
of the coronary sinus. However, the relationship between
the CMR-derived CFR and stress-perfusion CMR should
be recognized. Although this study shows great potential
for CMR-derived CFR, the mainstream method remains
stress-perfusion CMR. CMR-derived CFR should be
performed within a protocol featuring stress-perfusion
CMR. However, CMR-CFR has the potential to assess the
global microcirculation, which is difficult to assess using
stress-perfusion CMR, and may add new CMR value to
the diagnosis of INOCA in the post-ischemia era [60].

Limitations

Our study has several limitations. First, evidence of the
prognostic value of CMR-derived CFR mainly targets
patients with known or suspected CAD. However, this
should be recognized as a limitation because event defi-
nitions differed among the studies integrated here. The
predictive value of future adverse events for other car-
diovascular diseases remains unknown. Second, CMR-
derived CFR can assess global and not regional CFR. It
is important to remember that stress-perfusion CMR
is the mainstream examination method for diagnos-
ing ischemia, whereas phase-contrast cine CMR is an
ancillary examination. For example, regional ischemia
can occur in patients with a reduced or normal CFR,
and stress-perfusion CMR is important. Recent Ameri-
can Heart Association/American College of Cardiology
guidelines also recommend a combination of ischemia
and CFR for the evaluation of INOCA and do not rec-
ommend using CFR alone for risk stratification. Third,
in the present study, data were integrated with and with-
out phase-offset correction. This should be recognized
as a limitation because the possibility of a significant
impact of phase-offset correction on MBF values cannot
be denied. Fourth, it is important to reiterate that CMR-
derived CFR is not a microcirculation-specific index but
rather a composite index of epicardial and endocardial
coronary perfusion. That is, the studies included in this
review did not necessarily exclude epicardial coronary
artery stenosis by invasive X-ray coronary angiography or
coronary computed tomography; therefore, caution must
be exercised in interpreting the results. Fifth, several
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studies used CPT as a stress method, but we integrated
only resting status data in the present meta-analysis since
CPT exhibits an endothelial function—dependent blood
flow-increasing response, creating the need to clearly
distinguish it from endothelial function—independent
blood flow-increasing responses to other agents (e.g.,
adenosine, regadenoson, adenosine triphosphate, and
dipyridamole).

Conclusions

Phase-contrast cine CMR-derived CFR was significantly
decreased in stable CAD and cardiomyopathy, while a
decreased CFR was associated with the occurrence of
adverse cardiovascular events in patients with stable
CAD. These results suggest that CMR-derived CFR has
great potential for the pathological evaluation of stable
CAD, cardiomyopathy, and risk stratification in CAD.
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