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OBJECTIVES This study assessed the ability to identify coronary microvascular dysfunction (CMD) in patients with

angina and nonobstructive coronary artery disease (NOCAD) using high-resolution cardiac magnetic resonance (CMR) and

hypothesized that quantitative perfusion techniques would have greater accuracy than visual analysis.

BACKGROUND Half of all patients with angina are found to have NOCAD, while the presence of CMD portends greater

morbidity and mortality, it now represents a modifiable therapeutic target. Diagnosis currently requires invasive

assessment of coronary blood flow during angiography. With greater reliance on computed tomography coronary

angiography as a first-line tool to investigate angina, noninvasive tests for diagnosing CMD warrant validation.

METHODS Consecutive patients with angina and NOCAD were enrolled. Intracoronary pressure and flow measurements

were acquired during rest and vasodilator-mediated hyperemia. CMR (3-T) was performed and analyzed by visual and

quantitative techniques, including calculation of myocardial blood flow (MBF) during hyperemia (stress MBF), transmural

myocardial perfusion reserve (MPR: MBFHYPEREMIA / MBFREST), and subendocardial MPR (MPRENDO). CMD was defined

dichotomously as an invasive coronary flow reserve <2.5, with CMR readers blinded to this classification.

RESULTS A total of 75 patients were enrolled (57 � 10 years of age, 81% women). Among the quantitative perfusion

indices, MPRENDO and MPR had the highest accuracy (area under the curve [AUC]: 0.90 and 0.88) with high sensitivity

and specificity, respectively, both superior to visual assessment (both p < 0.001). Visual assessment identified CMD with

58% accuracy (41% sensitivity and 83% specificity). Quantitative stress MBF performed similarly to visual analysis

(AUC: 0.64 vs. 0.60; p ¼ 0.69).

CONCLUSIONS High-resolution CMR has good accuracy at detecting CMD but only when analyzed quantitatively.

Although omission of rest imaging and stress-only protocols make for quicker scans, this is at the cost of accuracy

compared with integrating rest and stress perfusion. Quantitative perfusion CMR has an increasingly important role in

the management of patients frequently encountered with angina and NOCAD. (J Am Coll Cardiol Img 2020;-:-–-)
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A ngina and nonobstructive coronary
artery disease (NOCAD) is an
increasingly recognized diagnosis,

accounting for nearly one-half of all patients
undergoing invasive angiography (1). Within
this heterogeneous group of patients, those
with coronary microvascular dysfunction
(CMD) have a greater risk of major adverse
cardiovascular events (2). With emerging ev-
idence that CMD represents a modifiable
therapeutic target, accurate diagnosis of
this condition has become ever more para-
mount; however, current diagnostic path-
ways require invasive physiological
assessment during angiography (3–5). Car-
diac magnetic resonance (CMR) has recently
shown promise in detection of CMD among
stable angina populations using
semi-quantitative analysis of hyperemic
myocardial blood flow (6). Transmural mal-
distribution of myocardial blood flow (MBF)
during hyperemia is a hallmark of CMD, suggesting
that high-resolution perfusion CMR with quantifica-
tion of MBF across myocardial layers may have
greater accuracy at identifying this condition
compared with measuring flow across the whole
myocardium (7,8). Higher throughput sequences
increasingly forgo acquisition of rest perfusion im-
ages and rely on visual assessment alone in the inter-
est of time, and while this approach is acceptable
when ruling out obstructive coronary artery disease,
the impact of these abbreviations on the accuracy
for diagnosing CMD is unclear (9,10).

We hypothesize that quantitative analysis of high-
resolution perfusion images will identify CMD with
greater accuracy than visual assessment alone.
Among the quantitative perfusion techniques, we
also sought to evaluate whether both hyperemic and
rest images are required or whether the assessment of
hyperemic images alone is sufficient.

METHODS

STUDY POPULATION. Patients undergoing elective
diagnostic angiography for investigation of angina
pectoris were enrolled into the study. Inclusion
criteria were preserved left ventricular systolic
s attest they are in compliance with human studies committe

and Food and Drug Administration guidelines, including patien
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function (ejection fraction >50%) and unobstructed
coronary arteries (<30% diameter stenosis or frac-
tional flow reserve >0.80). Exclusion criteria were
intolerance to adenosine, chronic kidney disease
(estimated glomerular filtration rate <30 ml/min/m2),
concomitant valve disease (greater than mild on
echocardiography), recent acute coronary syndrome,
or cardiomyopathy. Antianginal medications were
withheld, and patients abstained from caffeine 24 h
before all study visits. Subjects gave written informed
consent in accordance with the protocol approved by
the UK National Research Ethics Service (17/LO/0203).
The study was registered with the National Institute
for Health Research UK Clinical Research Network
portfolio database (Central Portfolio Management
System identifier: 33170).

CATHETERIZATION PROTOCOL. Catheterization was
performed via the right radial artery using standard
coronary catheters. A dual pressure and Doppler
sensor-tipped 0.014-inch intracoronary wire (Com-
boWire; Philips Volcano, Rancho Cordova, California)
was used to measure distal coronary pressure and
average peak flow velocity in the left anterior
descending artery. Hemodynamic measurements
were recorded under resting conditions and during
intravenous adenosine-mediated hyperemia (140 mg/
kg/min). Signals were sampled at 200 Hz, with data
exported into a custom-made study manager program
(Academic Medical Centre; University of Amsterdam,
Amsterdam, Netherlands) and analyzed on custom-
made software, Cardiac Waves (King’s College
London, London, United Kingdom). Coronary flow
reserve (CFR) was calculated as hyperemic flow
divided by resting flow. Patients were classified
off-line as reference group (CFR $2.5) and CMD
(CFR <2.5), with researchers blinded to this classifi-
cation throughout the study protocol (11).

3-T PERFUSION CMR PROTOCOL. All scans were
performed on a dedicated 3-T CMR scanner (Achieva
TX; Philips Healthcare, Best, the Netherlands).
Contiguous short-axis slices were acquired from the
base to the apex for calculation of left ventricular
function and mass (CVI42, v5.1.1, Circle Cardiovas-
cular Imaging, Calgary, Ontario, Canada). Following
3 min of intravenous adenosine (140 mg/kg/min) with
symptoms and signs confirming hyperemia, stress
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perfusion data were acquired in 3 short-axis slices
using a saturation-recovery k-t sensitivity encoding
accelerated gradient-echo method (k-t factor 5 and 11
training profiles with a repetition time of 3.0 ms,
echo time of 1.0 ms, flip angle of 15�, in-plane spatial
resolution at 1.3 � 1.3 mm2, slice thickness of 10 mm)
(12,13). A dual-bolus gadobutrol (Gadovist; Bayer,
Berlin, Germany) contrast agent scheme was used to
correct for signal saturation of the arterial input
function as previously described (14). Resting
perfusion imaging was performed 15 min following
stress, before acquisition of late gadolinium
enhancement imaging (total contrast agent dose
0.2 mmol/kg) (15). A proton density acquisition was
performed before stress and rest acquisitions to
correct for spatial inhomogeneities of surface coils
(16). Prior to quantitative analysis, the perfusion
images were motion corrected according to
published methods (17). Quantitative analysis was
performed as previously described by Fermi-
constrained deconvolution; myocardial blood
flow (MBF) was quantified in ml/min/g during rest
and hyperemic stress and myocardial perfusion
reserve (MPR) was defined as hyperemic MBF / rest
MBF (8). MPR was also assessed specifically in the
subendocardial layer (MPRENDO) (defined as hyper-
emic MBFENDO / rest MBFENDO). Endocardial to
epicardial perfusion (Endo/Epi) ratios were calcu-
lated during hyperemic stress by dividing stress MBF
estimates within the inner and outer layers of
myocardium. Unless otherwise specified, all quanti-
tative analysis was carried out globally across basal,
mid, and apical left ventricular slices. As a separate
analysis, MPR was calculated in specific coronary
territories; left anterior descending artery, left
circumflex artery, and right coronary artery, based
on the American Heart Association 17-segment model
(18). Visual analysis was carried out by a level-3
accredited operator (European Association of Car-
diovascular Imaging) with >10 years expertise in
perfusion imaging (P.G.M.); the CMR reader was
aware that all these patients had NOCAD but was
blinded to the physiological classification and other
demographic data. A perfusion abnormality was
defined visually according to the criteria previously
described in the MR-INFORM (MR Perfusion Imaging
to Guide Management of Patients With Stable
Coronary Artery Disease) trial (19), as a delayed
wash-in of contrast persisting for $5 dynamics in $1
American Heart Association segments compared
with normal remote myocardium. Scans were
adjudged to display “ischemia” or “no ischemia” as
binary endpoints.
STATISTICAL ANALYSES. The primary hypothesis of
this study was to determine if MPR was superior to
visual assessment of CMD using high-resolution im-
aging. On 1.5-T imaging, visual analysis has not
demonstrated the ability to discriminate between
CMD and reference group patients (20). Pilot data
demonstrate an area under the curve (AUC) of 0.6
using visual analysis of 3.0-T perfusion imaging, and
assuming an AUC of 0.78 using quantitative MPR, 75
patients would provide 80% power (⍺ ¼ 0.05) to
detect a difference between both techniques (20). The
diagnostic performance of CMR indices for detecting
CMD (as defined by invasive coronary physiology
testing) was assessed by using the receiver-operating
characteristic (ROC) curve, reporting sensitivity,
specificity, accuracy, positive predictive values, and
negative predictive values with 95% confidence in-
tervals (CIs) where appropriate. Likelihood ratios
were used to determine optimal cutoff values and the
difference between 2 indices was assessed using the
DeLong ROC comparison analysis (where comparison
was performed against visual assessment). Contin-
uous normally distributed data are expressed as mean
� SD and compared using unpaired and paired Stu-
dent’s t-tests where appropriate, while categorical
variables were compared with chi-square tests. For all
analyses, a p value of 0.05 was considered significant,
and all p values were 2-sided. Statistical analyses
were performed using Prism 8.0 (GraphPad Software,
San Diego, California) and MedCalc Statistical Soft-
ware 19.2.0 (MedCalc Software, Ostend, Belgium).

RESULTS

A total of 75 patients were recruited into the study (45
were classified as CMD and 30 as the reference group
with normal invasive CFR); a higher proportion had
CMD, as these patients were more likely to have car-
diovascular risk factors and refractory symptoms
warranting angiography. Groups were well matched
for cardiovascular risk factors and pre-procedural
medications (Table 1).

CMR MEASURES. Reference group and patients with
CMD were well matched in terms of left ventricular
function and mass, and no patients had evidence of
scar during late gadolinium enhancement imaging
(Table 2). Patients with CMD had higher resting MBF,
lower stress MBF, and therefore lower MPR compared
with reference patients (1.38 � 0.38 ml/min/g vs. 1.14
� 0.20 ml/min/g; p ¼ 0.004; 2.67 � 0.69 ml/min/g vs.
2.99 � 0.53 ml/min/g; p ¼ 0.04; and 2.00 � 0.43 ml/
min/g vs. 2.68 � 0.47 ml/min/g; p < 0.001, respec-
tively). In patients with CMD, territorial MPR in the
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TABLE 1 Patient Characteristics and Long-Term Medication Prior

to Angiography

Reference Group
(n ¼ 30)

CMD
(n ¼ 45) p Value

Demographics

Female 22 (73) 39 (87) 0.15

Age, yrs 56 � 10 57 � 11 0.48

Hypertension 18 (60) 24 (53) 0.57

Diabetes mellitus 6 (20) 11 (24) 0.65

Hypercholesterolemia 15 (50) 22 (49) 0.93

Smoker 10 (33) 10 (22) 0.29

Medication prior to angiography

Aspirin 9 (30) 12 (27) 0.75

Statin 16 (53) 23 (51) 0.85

ACE inhibitor/ARB 7 (23) 12 (27) 0.79

Beta-blocker 10 (33) 13 (29) 0.68

CCB 6 (20) 8 (18) 0.81

Invasive coronary physiology

FFR 0.93 � 0.05 0.92 � 0.05 0.24

CFR 3.2 � 0.6 1.9 � 0.3 <0.001

Values are n (%) or mean � SD.

ACE ¼ angiotensin-converting enzyme; ARB ¼ angiotensin receptor blocker; CCB ¼ calcium-
channel blocker; CFR ¼ coronary flow reserve; CMD ¼ coronary microvascular dysfunction;
FFR ¼ fractional flow reserve.
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left anterior descending artery, left circumflex artery,
and right coronary artery territories were 1.95 � 0.38
versus 2.03 � 0.46 versus 1.99 � 0.46 (p ¼ 0.10 and
p ¼ 0.35 compared with left anterior descending
ng Measures in Reference Group Versus CMD

Reference Group (n ¼ 30) CMD (n ¼ 45) p Value

a

s/min 68 � 10 71 � 12 0.42

ats/min 100 � 14 104 � 14 0.41

129 � 13 131 � 14 0.68

128 � 13 129 � 23 0.79

8,759 � 1,592 9,251 � 1,848 0.38

12,804 � 2,227 13,414 � 2,988 0.49

rs

% 65 � 5 67 � 6 0.22

45 � 17 43 � 11 0.67

1.14 � 0.20 1.38 � 0.38 0.004

1.01 � 0.03 1.01 � 0.02 0.45

g 2.99 � 0.53 2.67 � 0.69 0.04

1.04 � 0.11 0.95 � 0.09 0.001

rameters

2.68 � 0.47 2.00 � 0.43 <0.001

2.68 � 0.52 1.87 � 0.44 <0.001

scular dysfunction; CMR ¼ cardiac magnetic resonance; Endo/Epi ¼ subendocardial to
ood flow ratio; LV¼ left ventricular; MBF ¼myocardial blood flow; MPR ¼myocardial
¼ subendocardial myocardial perfusion reserve index; RPP ¼ rate-pressure product;

ure.
artery, respectively). Examples of perfusion maps
with corresponding MPR and CFR values are shown in
Figure 1.

QUANTITATIVE PERFUSION ANALYSIS DIAGNOSTIC

PERFORMANCE. Visual assessment of first-pass
perfusion data for the detection of CMD yielded an
accuracy of 58% (95% CI: 46% to 69%), sensitivity of
41% (95% CI: 27% to 57%), and specificity of 83%
(95% CI: 65% to 94%) against invasive CFR values.
The positive predictive value was 79% (95% CI: 61% to
90%) and the negative predictive value was 48%
(95% CI: 41% to 55%). Using ROC analysis, the AUC
was calculated as 0.60.

Among quantitative perfusion indices, MPRENDO

(AUC: 0.90) and MPR (AUC: 0.88) were superior to
visual analysis (both p < 0.001), while stress Endo/Epi
numerically performed better (AUC: 0.79; p < 0.001)
and almost reached statistical significance when
compared directly with visual analysis (p ¼ 0.06).
Stress MBF performed similarly to visual assessment
(AUC: 0.64 vs. 0.60; p ¼ 0.69) (Figure 2).

An MPR threshold of 2.19 showed excellent speci-
ficity for detecting CMD on ROC analysis, with a
sensitivity of 70% (95% CI: 53% to 83%), specificity of
90% (95% CI: 74% to 98%), accuracy of 79% (95% CI:
68% to 88%), positive predictive value of 90%
(95% CI: 76% to 97%), and negative predictive value
of 70% (95% CI: 59% to 79%). An MPRENDO threshold
of 2.41 showed excellent sensitivity for detecting
CMD on ROC analysis, with a sensitivity of 95%
(95% CI: 83% to 99%), specificity of 72% (95% CI: 52%
to 87%), accuracy of 85% (95% CI: 75% to 92%), pos-
itive predictive value of 82% (95% CI: 72% to 89%),
and negative predictive value of 91% (95% CI: 72% to
98%).
DISCUSSION

This is the first study to compare contemporary 3-T
CMR techniques including high-resolution fully
quantitative perfusion and to determine the ability to
identify CMD as defined by an invasive reference
standard. CMD is associated with homogenous
circumferential inducible ischemia with a greater
predilection for the subendocardial layer of the
myocardium and can be identified with high accuracy
using 3-T CMR with quantitative perfusion.
Compared with visual assessment, quantitative
perfusion analysis techniques had a higher accuracy
for correctly identifying the presence of CMD. If only
hyperemic images are obtained, transmural blood
flow distribution (stress Endo/Epi) yields greater ac-
curacy for identifying CMD. The change in



FIGURE 1 Quantitative Perfusion Maps
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correctly identify coronary microvascular dysfunction. CFR ¼ coronary flow reserve; MBF ¼ myocardial blood flow.
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subendocardial perfusion from rest during
vasodilator-mediated hyperemia performed the best
out of the quantitative techniques with excellent
sensitivity, demonstrating the importance of
acquiring both rest and hyperemic perfusion images
and incorporating high spatial resolution imaging and
quantitative techniques (Central Illustration).
SUBENDOCARDIAL HYPOPERFUSION. Myocardial perfu-
sion abnormalities occur early in the ischemic
cascade, while the subendocardial layer is the most
vulnerable to ischemia during periods of increased
myocardial oxygen demand (21). Tests designed to
interrogate the latter stages of the ischemic cascade
such as exercise electrocardiography and stress
echocardiography have demonstrated poor accuracy
for identifying CMD, with sensitivity of 18%, speci-
ficity of 80% and sensitivity of 29%, specificity 57%,
respectively (22). Nuclear perfusion imaging,
hampered by limited spatial resolution, has fared
similarly poorly, with sensitivity of 51% and speci-
ficity of 52% (23). Semi-quantitative analysis using
1.5-T vasodilator stress CMR has demonstrated
greater performance in identification of CMD (73%
sensitivity and 74% specificity) and if extrapolating
from published data for the detection of coronary
artery disease, the use of 3-T imaging should be
associated with greater diagnostic performance still
(20,24). The significantly higher diagnostic accuracy
of 3-T perfusion found in our study can be attributed
to an increased signal-to-noise ratio enabling
the acquisition of high spatial resolution series, the
assessment of subendocardial hypoperfusion and the
reduced occurrence of dark-rim artifact (24). With
higher throughput clinical sequences, rest perfusion
images are increasingly sacrificed; however, global
assessment of stress myocardial blood flow alone is
insufficient even at 3-T (9,10). Abnormalities in sub-
endocardial perfusion correlate well with exertional
ischemia in patients with NOCAD (25). In this sce-
nario, measuring Endo/Epi ratio during stress will
increase the sensitivity and overall accuracy of this
technique to detect CMD, and indeed subendocardial
hypoperfusion is often considered the pathophysio-
logical hallmark of the microvascular disease process
(7). Kotecha et al. (6) recently demonstrated that
stress MBF can be used to identify patients with CMD
when defined by measuring the thermodilution
derived index of microvascular resistance calculated
during vasodilator-mediated hyperemia. This para-
digm has recently been challenged, in which it has
been demonstrated that over one-half of all patients
with CMD have preserved coronary flow during
vasodilator hyperemia, but diminished vasodilator
flow reserve, or “functional” CMD (25). In the context
of NOCAD, dynamic changes in invasive measure-
ment of CFR correlate better with exercise patho-
physiology and risk of major adverse cardiovascular
events compared with static measures of microvas-
cular resistance, and indeed this remains the most
widely used index recommended for the identifica-
tion of CMD (23,26). Our data demonstrate the
importance of rest perfusion image acquisition to
accurately identify all CMD endotypes; the biologic
basis of this has recently been discovered, in which



FIGURE 2 Diagnostic Performance of Cardiac Magnetic Resonance Techniques in the

Identification of Coronary Microvascular Dysfunction
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The areas under the curve (AUCs), p values, and 95% confidence intervals (CIs) were as

follows: for visual analysis (AUC: 0.60; 95% CI: 46% to 69%; p ¼ 0.09), stress

myocardial blood flow (MBF) (AUC: 0.64; 95% CI: 49% to 77%; p ¼ 0.06), sub-

endocardial to subepicardial MBF during hyperemia (stress Endo/Epi) (AUC: 0.79;

95% CI: 77% to 92%; p < 0.0001), myocardial perfusion reserve (MPR) (AUC: 0.88;

95% CI: 78% to 96%; p < 0.0001), and subendocardial MPR (MPRENDO) (AUC: 0.90;

95% CI: 82% to 97%; p < 0.0001). An MPR threshold of 2.19 has sensitivity and

specificity values of 70% and 90%, and an MPRENDO threshold of 2.41 has sensitivity

and specificity values of 95% and 72%, respectively. Using DeLong receiver-operator

characteristic (ROC) comparison analysis, MPRENDO and MPR both performed better than

visual analysis (both p < 0.001), while stress Endo/Epi and stress MBF did not reach

statistical significance (p ¼ 0.06 and 0.69, respectively). Apart from visual analysis and

stress MBF, all tests identified coronary microvascular dysfunction with good accuracy.

Asterisks denote tests reaching statistical significance with ROC analysis (p < 0.05).
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nitric oxide dysregulation underlies resting perfusion
abnormalities and pathophysiology consistent with a
CMD diagnosis (25,27). Previous studies have
demonstrated that in patients with risk factors for
CMD, while MPR was lower compared with healthy
control subjects, resting flow was similar between
groups; our study demonstrates that in patients with
CMD confirmed on invasive testing, abnormalities in
resting flow is a frequent pathological finding (28).
DIAGNOSTIC PATHWAYS. Coronary computed to-
mography angiography has recently gained a class I
indication for assessment of recent onset chest pain
in the European Society of Cardiology guidelines, yet
this approach can yield a NOCAD diagnosis upwards
of 90% (26,29). Although it is impractical to perform
invasive testing in this entire cohort, noninvasive
functional testing may have a role as a gatekeeper test
for identifying those with CMD. Risk-stratifying those
who have an ischemic substrate of chest pain repre-
sents a challenge to appropriate use of health care
resources, particularly as risk factors and typicality of
symptoms do not necessitate the presence of CMD
(30). An angiographic diagnosis of NOCAD can now be
readily stratified by use of pressure and flow wire–
based measurements, yet invasive testing is still
associated with a small risk of complications and
higher initial resource cost (5,31). High-resolution
perfusion CMR with quantitative analysis represents
a powerful gatekeeper to identifying CMD in patients
with refractory symptoms despite normal coronary
computed tomography angiography, potentially cir-
cumventing the need for invasive testing in several
patients. Indeed, among patients who have persistent
refractory symptoms despite a normal coronary
computed tomography angiography and perfusion
CMR, coronary reactivity testing may be considered,
as coronary vasospasm and endothelial dysfunction
currently remain invasive diagnoses (11,32). This
patient-centric pathway serves to minimize invasive
burden to patients, while maximizing diagnostic yield
(Figure 3). Prospective studies will be required to
further validate the outcomes utilizing this approach
and indeed among patients with high pre-test prob-
ability for CAD, perfusion CMR has recently been
shown to reduce the rate of “unnecessary angiog-
raphy and angioplasty” without additional risk of
harm to patients (19). CMR may have a role in iden-
tifying distinct endotypes of CMD and facilitate
development of stratified therapy in this large patient
population (27). Quantitative perfusion CMR has been
limited in the past by the intense and time-
consuming post-processing required to generate
detailed perfusion maps (33,34). Recent technical
advances permit robust full automation of quantita-
tive analysis, and this is likely to become the method
of choice in the years to come on the basis of high
diagnostic accuracy, strong prognostic value, and
independency from operators training (34–39).

As we increasingly recognize that NOCAD is not a
benign clinical entity, clarity into patient groups at
risk of cardiovascular morbidity and mortality is



FIGURE 3 CMR Pathway for Diagnosis of CMD

1. NOCAD
2. Refractory angina

3-Tesla CMR with Qperf
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Reassure,
unlikely CMD Likely CMD
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Anti-Anginal Therapy

The asterisk indicates that an MPR value can be substituted with an MPRENDO value of

2.41, which will have greater sensitivity at the cost of specificity. An MPR threshold of

2.19 has sensitivity and specificity values of 70% and 90%, and an MPRENDO threshold of

2.41 has sensitivity and specificity values of 95% and 72%, respectively.

ACE ¼ angiotensin-converting enzyme; CMD ¼ coronary microvascular dysfunction;

CMR ¼ cardiac magnetic resonance; NOCAD ¼ nonobstructive coronary artery disease;

Qperf ¼ quantitative perfusion; other abbreviations as in Figure 2.
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warranted. With lack of exposure to ionizing radia-
tion and the benefit of myocardial function and tissue
characterization, perfusion CMR may form the
cornerstone tool of assessing patients with suspected
angina.

STUDY LIMITATIONS. This was a small single-center
study; however, to date, it is the largest NOCAD
population in which both invasive coronary physi-
ology and high-resolution myocardial perfusion data
with absolute quantification have been acquired. This
was a group of patients known to have NOCAD, a
larger study would need to include patients with
epicardial CAD to assess the discriminatory power of
novel quantitative perfusion parameters. Further-
more, CFR was only assessed in the left anterior
descending artery, while all patients had NOCAD;
therefore, microvascular physiology would be ex-
pected to be similar across perfusion territories,
subtle regional variations in flow may exist. Patients
with normal CFR are not true control subjects, as they
still have symptoms of angina that have warranted
angiography and indeed may have occult abnormal-
ities such as endothelial dysfunction and coronary
CENTRAL ILLUSTRATION Incremental Value of Quantitative Stress and Rest Perfusion Cardiac Magnetic
Resonance in Identifying Coronary Microvascular Dysfunction

Accuracy of 3-T Cardiac Magnetic Resonance at Identifying Coronary Microvascular Dysfunction

Stress subendocardial 
to subepicardial 
blood flow ratio

vs.

Subendocardial 
myocardial 
perfusion 
reserve 

79%79% 90%90%

Subendocardial assessment is
more accurate than transmural

assessment

58%

Visual assessment

Quantitative perfusion is more
accurate than visual

assessment alone

Stress myocardial 
blood flow

Myocardial 
perfusion reserve

vs.64%64% 88%88%

Stress & rest perfusion is more
accurate than stress

perfusion alone

Rahman, H. et al. J Am Coll Cardiol Img. 2020;-(-):-–-.

Techniques need to be incorporated to ensure that adequate vasodilator hyperemia is achieved. Endo/Epi ¼ subendocardial to subepicardial blood flow

ratio; MBF ¼ myocardial blood flow; MPR ¼ myocardial perfusion reserve; MPRENDO ¼ subendocardial myocardial perfusion reserve.



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: CMD

is associated with a poor prognosis and is usually

diagnosed by invasive coronary physiology testing.

We have now shown that high-resolution CMR can

accurately diagnose CMD but only when quantitative

analysis is performed.

TRANSLATIONAL OUTLOOK: Quantitative perfu-

sion CMR can be used to diagnose coronary micro-

vascular dysfunction in patients with unobstructed

epicardial arteries in routine clinical practice and

future research protocols.
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vasospasm; however, prognostic data in the NOCAD
population comprise mainly studies assessing the
response to endothelial-independent vasodilatation
with adenosine. Additionally, these findings may not
necessarily extend to other patient populations like
heart failure or renal failure, who may exhibit
different patterns of microcirculatory abnormalities
and perfusion defects. Gadobutrol contrast dose
administration was in accordance with the Society for
Cardiovascular Magnetic Resonance guidance; how-
ever, it is unclear whether these findings will be
replicated with lower total doses of gadolinium
contrast administration in a recently approved trial
by the Food and Drug Administration (NCT01890421).
Further studies would be required to test reproduc-
ibility across all scanner vendors. Finally, this study
did not directly compare 3.0-T with contemporary
1.5-T image acquisition, and indeed the latter may
have been suitable for identifying CMD with suffi-
cient fidelity using modern post-processing tools;
however the higher rate of dark-rim artifact is likely
to be problematic when assessing subtle sub-
endocardial perfusion abnormalities.

CONCLUSIONS

High-resolution quantitative perfusion CMR can di-
agnose CMD with high accuracy. Accuracy is
improved by acquisition of vasodilator stress and rest
perfusion imaging compared with stress perfusion
alone and by the use of high spatial resolution se-
quences. With increasing recognition that angina and
NOCAD represents a heterogeneous cohort at risk of
cardiovascular morbidity, CMR may represent an
ideal risk-stratification tool and should form an inte-
gral part of chest pain algorithms. Prospective
outcome studies will be required to assess if this
potentially cost-saving measure will be associated
with better patient outcome.
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