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Quantitative stress perfusion (qPerf) cardiac magnetic resonance (CMR) imaging is a noninvasive approach used to quantify
myocardial blood flow (MBF). Compared with visual analysis, qPerf CMR has superior diagnostic accuracy in the detection of
myocardial ischemia and assessment of ischemic burden. In the evaluation of epicardial coronary artery disease (CAD), gPerf
CMR improves the distinction of single-vessel from multivessel disease, yielding a more accurate estimate of the ischemic
burden, and in turn improving patient management. In patients with chest pain without epicardial CAD, the findings of lower
stress MBF and myocardial perfusion reserve (MPR) allow the diagnosis of microvascular dysfunction (MVD). Given its accuracy,
MBF quantification with stress CMR has been introduced into the most recent recommendations for diagnosis in patients who
have ischemia with nonobstructive CAD. Recent studies have shown a greater decrease in stress MBF and MPR in patients with
three-vessel CAD compared with those in patients with MVD, demonstrating an important role that quantitative stress CMR
can play in differentiating these etiologies in patients with stable angina. In cases of hypertrophic cardiomyopathy and cardiac
amyloidosis, qPerf CMR aids in early diagnosis of ischemia and in risk assessment. Ischemia also results from alterations in
hemodynamics that may occur with valve disease such as aortic stenosis or in cases of heart failure. gPerf CMR has emerged as
a useful noninvasive tool for detection of cardiac allograft vasculopathy in patients who have undergone heart transplant. The
authors review the basic principles and current primary clinical applications of qPerf CMR.

©RSNA, 2025 « radiographics.rsna.org

' DIAC IMAGING

luse only. To order copies, contact reprints@rsna.org.



https://pubs.rsna.org/doi/10.1148/rg.240229

March 2025

Catania et al

Supplemental /TestYour |.—
Material /Knowledge |cue

leited

Commentary

RadioGraphics 2025; 45(3):e240115
https://doi.org/10.1148/rg.240115

Content Codes: CA, MR

Abbreviations: AIF = arterial input function, AUC = area under receiver op-
erating characteristic curve, CAD = coronary artery disease, CAV = cardiac
allograft vasculopathy, CMR = cardiac magnetic resonance, GBCA = gado-
linium-based contrast agent, HCM = hypertrophic cardiomyopathy, ICA =
invasive coronary angiography, LGE = late gadolinium enhancement, MBF =
myocardial blood flow, MPR = myocardial perfusion reserve, MVD = micro-
vascular dysfunction, gPerf = quantitative stress perfusion, SBP = systolic
blood pressure, SSO = splenic switch-off

TEACHING POINTS

B |nstudies on quantitative CMR with invasive coronary angiography (ICA)
as the reference standard, average normal rest MBF values of between
0.8 and 1.3 mL/min/g, average normal stress MBF values of between 2.3
and 3.7 mL/min/g, and average normal MPR values of between 2.6 and
4.1 have been reported.

B The mostimportant added value of gPerfimaging is based on its greater
capability in distinguishing single-vessel from multivessel disease.

B While stress MBF of 2.25 mL/g/min or greater can be used to differenti-
ate normal from abnormal (either obstructive CAD or MVD) blood flow
with high accuracy (AUC, 0.96), stress MBF of 1.82 mL/g/min or lower
can be used to differentiate obstructive three-vessel CAD from MVD
(AUC, 0.99).

B perfusion defects have been reported in both the hypertrophied myo-
cardium and normal myocardium, and gPerf CMR may be an early as-
sessment tool in HCM gene mutation carriers.

B gPerf CMR can help to assess for inadequate vasodilator response with
decreased stress MBF and MPR. These findings can also mimic myocar-
dial perfusion defects. However, in the setting of inadequate response,
stress MBF will be nearly identical to rest MBF, with the MPR close to 1.0.

Introduction

Stress perfusion cardiac magnetic resonance (CMR) imaging
is an established noninvasive examination for the diagnosis
of obstructive coronary artery disease (CAD) (1). Among non-
invasive imaging modalities, PET and stress perfusion CMR
have the highest combination of sensitivity and specificity to
detect anatomically and functionally significant CAD (2). Fur-
thermore, stress perfusion CMR provides prognostic informa-
tion and can serve as a gatekeeper for cardiac catheterization
in patients suspected of having CAD (3). In addition, perfusion
imaging can be incorporated into other CMR techniques for
comprehensive assessment of cardiac structure, function, vi-
ability, tissue characterization, and blood flow velocities in a
single examination (2).

Beyond the visual assessment of perfusion defects, tech-
niques have been developed to provide fully quantitative
evaluation of myocardial blood flow (MBF, in mL/min/g) us-
ing stress perfusion CMR and have been shown to improve
diagnostic accuracy of stress perfusion CMR. Quantification
of MBF with use of CMR is particularly well suited for the eval-
uation of microvascular dysfunction (MVD), and as a result,
it is now included in the recommendations for diagnostic
testing in patients suspected of having ischemia with nonob-
structive CAD (4).
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In this article, the authors review the state of the art in fully
quantitative stress perfusion (qPerf) CMR, including the ba-
sic principles and main clinical applications of this examina-
tion. This review is focused on true quantitative techniques
(as opposed to semiquantitative methods), with attention to
the most studied diseases, including epicardial CAD, ischemia
with nonobstructive CAD, MVD in nonobstructive cardiomy-
opathy with a focus on hypertrophic cardiomyopathy (HCM)
and amyloidosis, and cardiac allograft vasculopathy (CAV) af-
ter heart transplant. The authors also discuss situations that
may lead to the misinterpretation of qPerf CMR findings and
provide recommendations for troubleshooting.

Myocardial Blood Flow

MBEF is a critical aspect of cardiac function, and understand-
ing the basic physiology of MBF is fundamental to the ade-
quate interpretation of normal and pathologic findings of
gPerf CMR. This interpretation process involves the coordi-
nated response of epicardial coronary arteries, prearterioles,
and arterioles to numerous stimuli, including neural, hor-
monal, and local metabolic factors; tissue compressive forces;
and coronary perfusion pressures. This process results in the
regulation of coronary vascular resistance and ultimately cre-
ates a continuous supply of oxygen and nutrients to meet the
high and varying metabolic demands of the myocardium (5).

MBEF is primarily determined by the epicardial coronary
arteries, which serve as the primary capacitance conduits of
oxygenated blood to the myocardium and further branch into
prearterioles (most responsive to pressure changes) and arte-
rioles (responsive to the metabolic regulation) and ultimately
into capillaries, forming an extensive microvascular network
throughout the myocardium (Fig1) (6,7).

At rest, MBF remains constant over a wide range of perfu-
sion pressures due to coronary vascular resistance autoregu-
lation by the arterial microvasculature (7,8). Since at rest up to
80% of coronary blood oxygen is already extracted, when the
metabolic demand increases (eg, during exercise), the myo-
cardium relies on nearly immediate increases in MBF to meet
the increased oxygen demand (7). Vasodilation occurs mostly
at the level of the arterioles in response to this demand. As a
result, under stress conditions, the MBF can increase up to
four- to fivefold to respond to the increased oxygen demand
(Fig 2A). The increased coronary flow achievable from basal
perfusion to maximal vasodilatation corresponds to the myo-
cardial perfusion reserve (MPR), which is calculated as the
MBEF at stress divided by the MBF at rest.

In epicardial CAD, autoregulation of microvascular tone
maintains adequate resting myocardial perfusion pressure
despite obstructive stenosis, but at the expense of the vaso-
dilator reserve. Maximal MBF augmentation will be dimin-
ished and MBF will be insufficient to meet demand, resulting
in myocardial ischemia (Fig 2B). With MVD, there is loss of
microvasculature dilation capability due to multiple dif-
ferent causes (eg, hypertension, diabetes), resulting in im-
paired stress MBF and MPR (Fig 2C), even in the absence of
significant epicardial CAD (Table 1) (7-9). The endocardium
experiences greater perfusion limitations than the epicar-
dium due to the longer intramural path that arteries must
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Figure 1. Drawing illustrates the coronary circulation. Epicardial arteries serve as conduit arteries. Prearterioles can regulate their diameter in
response to pressure changes (myogenic response). Intramural arterioles are sensitive to metabolic changes (7).

traverse, delayed early diastolic microcirculatory perfusion,
and higher compressive forces from intraventricular diastolic
pressure. Under normal conditions, these effects are offset by
an autoregulatory decrease in subendocardial microvascu-
lar resistance. Vasodilator reserve is consequently reduced,
and susceptibility to ischemia is increased in the endocardi-
um relative to the epicardium. During vasodilator stress, in-
creasing degrees of coronary artery stenosis will increase the
transmural perfusion gradient, resulting in subendocardial
hypoperfusion (7,8).

Stress Agents

Stress agents (vasodilator or inotropic) administered during
stress perfusion CMR induce pharmacologic stress and un-
mask the presence of myocardial ischemia. Although a de-
tailed discussion of this phenomenon is beyond the scope of
this article, the fundamentals of the most commonly used
stress agents are briefly summarized in Table 2.

Adenosine, a vasodilator, mainly activates Al, A2b, and A3
receptors. This stress agent has a short half-life (~10 seconds),
making it ideal for controlled stress induction (10). Caution is
warranted, as the use of adenosine is contraindicated in cases
of second- or third-degree atrioventricular block, systolic blood
pressure (SBP) lower than 90 mm Hg, uncontrolled reactive air-
way disease, sinus bradycardia with a heart rate lower than 40
beats per minute, and hypersensitivity. Furthermore, the ad-
ministration of adenosine and gadolinium-based contrast agent
requires two intravenous access sites in contralateral arms.

Regadenoson is another vasodilator that is a specific A2a
receptor agonist (11). The longer elimination phase for regad-
enoson, as compared with that for adenosine, is noteworthy.
When rest images are acquired, the use of regadenoson re-
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quires an antagonist agent (aminophylline) to be adminis-
tered immediately after the stress image acquisition by means
of slow intravenous injection for 30-60 seconds at a dose of
50-250 mg. The advantage of using regadenoson is that it
can be administered as a single bolus without two separate
venous accesses being required. However, despite the use of
an antagonist agent, the vasodilator effect can persist during
rest acquisition, leading to an overestimation of resting MBF
and an underestimation of the MPR (12).

Inotropic stress agents such as dobutamine stimulate Bl
and B2 receptors, providing more physiologic stress. Dobu-
tamine is preferred for stress echocardiography and is con-
sidered a second-line option for other myocardial perfusion
imaging examinations (13). Contraindications to these stress
agents include arrhythmias, history of recent myocardial in-
farction, left ventricular outflow tract obstruction, and aortic
dissection.

Stress CMR Protocol

A typical stress CMR protocol includes (a) stress perfusion,
(b) rest perfusion, (c) late gadolinium enhancement (LGE),
and (d) short-axis cine imaging. While the primary objective
of stress CMR is ischemia evaluation, an important strength
of this examination is the capability to yield additional quan-
titative and qualitative information that provides an important
context in the diagnosis or risk stratification of patients. These
applications may include left and right ventricle volumetric
and functional assessments (including strain), myocardial tis-
sue characterization with T1 and T2 mapping and LGE imaging,
aorta or other vascular assessments, and quantitative evalua-
tion of blood flow and velocities if necessary for assessment of
valvular heart disease (14).
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Figure2. Physiology of MBF. (A) The normal myocardium already
extracts 80% of oxygen at rest. Coronary autoregulation allows an up
to four- to fivefold increase in MBF in response to increased oxygen
demand. The increased coronary flow that is achievable during basal
perfusion to maximal vasodilatation is the myocardial perfusion
reserve (MPR [red arrows]). (B) In the presence of epicardial CAD,
autoregulation maintains adequate resting myocardial perfusion at
the expense of the MPR (red arrows), which then results in ischemia
when the MBF is insufficient to meet demand. (€) With MVD, which
can occur with or without myocardial disease (eg, HCM, amyloido-
sis), there is loss of microvascular dilation capability, resulting in
impaired stress MBF and MPR, even in the absence of significant
epicardial CAD (7). Red arrows indicate MPR, orange dashed lines
indicate stress MBF, and green dashed lines indicate rest MBF.
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Table 1: Classification of Myocardial Vascular Dysfunction

Epicardial coronary arteries
Atherosclerotic disease
Vasospastic disease

Coronary microcirculation
With myocardial disease

HCM
Dilated cardiomyopathy
Amyloidosis
Other disorders
Without myocardial disease

Sources.—References 7 and 8.

The stress perfusion CMR protocol used at our institution
is outlined in Figure 3 (15-19). Initially, localizer and full-
field-of-view precontrast images of the chest are obtained.
Long-axis balanced steady-state free-precession cine im-
ages in two-, three-, and four-chamber views, as well as T1
and T2 mapping, are obtained before contrast material is
administered. Gadolinium-based contrast agents (GBCAs)
are used for myocardial flow and fibrosis detection owing to
their shortening of T1 relaxation time (20,21). Stress and rest
perfusion images are each acquired with a contrast agent
bolus; thus, the total contrast agent dose, which is calculat-
ed on the basis of the patient’s weight, is divided in half at a
dose of 0.05-0.1 mmol/kg for each phase. Alternatively, the
total dosage can be divided into three parts, with an addi-
tional smaller dose administered after rest imaging to im-
prove the LGE images.

When adenosine is used, it is generally recommended to
perform stress imaging first and allow sufficient time (~8-10
minutes) before rest imaging to allow the effect of the stress
agent and contrast material within the blood pool to subside.
To optimize the acquisition time, we obtain our short-axis
stack of balanced steady-state free-precession cine images
between stress and rest perfusion image acquisitions. Stress
imaging only (without rest imaging) can also be performed to
enhance efficiency (22). The main disadvantage of using this
approach in the setting of qPerfimaging is that the MPR cannot
be quantified without rest MBF. In general, acquiring stress im-
ages before rest images is recommended to optimize workflow
and allow ischemia evaluation in the rare circumstance that a
patient cannot complete the remainder of the examination.

After the completion of rest imaging, it is important to al-
low ample time for the contrast agent to “wash in” to the myo-
cardium for adequate LGE imaging. Ideally, there should be at
least 10 minutes between the GBCA injection and LGE imaging.
However, because of the divided GBCA dose between the stress
and rest image acquisitions, phase-sensitive inversion-recov-
ery (PSIR) LGE imaging can be performed 5-7 minutes after
rest imaging (~15 minutes after stress imaging). During this
5-7-minute interval, additional postcontrast full-field-of-view
imaging, phase contrast imaging, or angiography can be per-
formed. Postcontrast T1 mapping can be performed after LGE
imaging to allow extracellular volume quantification.

radiographics.rsna.org
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Table 2: Most Common Stress Agents
Mechanism
Stress Agent of Action Dose Pros Cons Side Effects
Adenosine Vasodilator 140 pg/kg/min for Short half-life  Caffeine intake within 12 h before the Expected: flushing, chest
Activation of 2-4 min (10 sec) examination pain, palpitations,
Al, A2a, Can be increased up 2nd- or 3rd-degree AV block breathlessness
A2b, and A3 to 210 pg/kg/min SBP <90 mm Hg More severe: heart
receptors if there is no 10- Severe systemic arterial hypertension blockage, transient
bpm HR increase (>220/120 mm Hg) hypotension, broncho-
or >10-mm Hg Active airway disease spasm
SBP decrease Hypersensitivity

Single 0.4-mg dose
injection

Regadenoson Vasodilator
A2a receptor
agonist

Dobutamine Inotropic 40 pg/kg/min
agent

Direct 1 and
2 receptor
stimula-

tion

Single intrave-
nous access

Greater physi-
ologic stress

Requires two intravenous accesses

Similar to adenosine

Longer elimination phase, which
requires reversal (100 mg of ami-
nophylline intravenously)

Action can persist after reversal

Uncontrolled AF, complex cardiac

Expected: flushing, chest
pain, palpitations,
breathlessness

More severe: heart block-
age, transient hypoten-
sion, bronchospasm

Expected: chest pain,

arrhythmias palpitations
Uncontrolled CHF More severe: myocardial
HOCM infarction, VF, sVT

Unstable angina

Severe aortic stenosis

Severe systemic arterial hypertension
(>220/120 mm Hg)

f-blockers and nitrate intake within
12-24 h before the examination

Source.—Reference 14.

Note.—AF = atrial fibrillation, AV = atrioventricular, bpm = beats per minute, CHF = congestive heart failure, HOCM = hypertrophic ob-
structive cardiomyopathy, HR = heart rate, sVT = sustained ventricular tachycardia, VF = ventricular fibrillation.

Stress Perfusion CMR Technique

Stress perfusion CMR involves the use of dynamic imaging to
measure the kinetics of contrast agent uptake in the myocar-
dium as a measure of MBF. Saturation-recovery techniques
are commonly used to generate T1 contrast, with a gradi-
ent-echo or balanced steady-state free-precession readout
(Table 3). ECG-gated and single-shot images with a typical
temporal resolution of less than 100 msec are obtained and
repeated at every heartbeat (14). Three short-axis imaging
planes are common, but six short-axis or additional long-axis
planes can be obtained by imaging each section at every other
heartbeat. This alternating acquisition for additional planes
reduces the temporal resolution of the myocardial signal that
enables the advantage of greater spatial coverage, but it has
been shown to be effective for quantitative perfusion map-
ping (23). The typical spatial resolution (2.5 mm?) is in plane
with an 8-mm section thickness, although higher acceleration
rates or noncartesian readouts may improve the spatial res-
olution. Contrast agent injection rates can range from 3 to 7
mL/sec, with a 20-30-mL saline flush (14). While differences
in TI1 relaxivity of various GBCAs can impact image quality,
no studies have evaluated the impact on MBF quantification.

Stress CMR is more commonly performed at 1.5 T, but
data suggest that performing stress perfusion CMR at 3.0 T
can improve image quality, decrease dark rim artifact, and
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result in high accuracy for qualitative and quantitative anal-
yses (24-26). For gPerf analysis, an arterial input function
(AIF) must be quantified at both stress and rest. The AIF is
a dynamic measure of the left ventricle blood pool contrast
signal intensity that is necessary for MBF quantification and
can be used to estimate the absolute MBF with use of signal
intensity and pharmacokinetic modeling. Due to nonlinear
effects with large differences in contrast agent concentration
in the blood pool and myocardium and T1 blunting of the
contrast-enhanced blood pool, the AIF cannot be accurately
quantified by using standard perfusion images. Instead, AIF
quantification requires the use of a dedicated dual-sequence
acquisition or dual-bolus approach. Both techniques are de-
signed to reduce the left ventricle blood pool signal intensity
and the associated saturation effects, providing more accu-
rate AIF quantification. With the dual-sequence technique,
low-spatial-resolution blood pool images are acquired with a
shorter saturation-recovery time to minimize signal intensity
saturation (27). These AIF images are acquired at every heart-
beat and interleaved with high-resolution perfusion images
during the same perfusion injection. The dual-sequence ap-
proach can be easily integrated into the clinical workflow.
The dual-bolus approach involves the use of a separate bo-
lus injection of diluted (~1/10 concentration) GBCA to reduce
the nonlinear saturation effects, enabling AIF quantification.

radiographics.rsna.org
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1. SLICE POSITIONING
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4. VOXEL-WISE QUANTIFICATION, AUTOMATED SEGMENTATION

Stress HR 83 bpm
Rest HR 67 bpm
Stress SBP | 91 mmHg
Rest SBP 103 mmHg

Splenic switch-off (amows),
significant HR increase and
SBP decrease during
adenosine infusion,

Mean signal intensity within an ROl over time is recorded

. GLOBAL AND SEGMENTAL QUANTIFICATION AT STRESS AND REST AND MPR

Adequate increase in stress MBF (> 1.43) and elevated MPR indicate adequate vasodilator response

Figure 3. Stress adenosine perfusion protocol based on the protocol at the authors’ institution. 1. Slice positioning. Our standard practice is
to use three slices, but six short-axis planes or long-axis planes can be imaged since they have been shown to increase diagnostic accuracy and
reader confidence (15,16). 2. Gated acquisition at stress and rest. Dual-bolus or dual-sequence techniques can be used to obtain arterial input
function (AIF). 3. Quality check. An adequate increase in stress MBF and an elevated MPR have had higher accuracy for detection of an adequate
vasodilator response compared with heart rate (HR) and SBP changes and splenic switch-off (if adenosine is used) (17-19). 4. Voxel-wise quan-

tification and automated segmentation. 5. Global and segmental MBF quantification at stress and rest and MPR. Ax = axial, bSSFP = balanced
steady-state free precession, Cor = coronal, FS = fat saturated, 4ch = four chambers, PSIR = phase-sensitive inversion recovery, RO/ = region of
interest, SA = short axis, 3ch = three chambers, T/ = inversion time, 2ch = two chambers.

Table 3: Pulse Sequence Parameters for 1.5-T Myocardial
Perfusion CMR

Parameter GRE (FLASH) SSFP

TE (msec) 1.00 1.04

TR (msec) 2.1 2.5

Flip angle 14° 50°

Matrix 192 x 111 192 x 111

Imaging duration (msec) 59 70

Total duration per section 143 142
(msec)

Three section + AIF (msec) 497 (>120 bpm) 495 (>120 bpm)

Source.—Reference 22.

Note.—AIF = arterial input function, bpm = beats per minute,
FLASH = fast low-angle shot, GRE = gradient echo, SSFP = steady-
state free precession, TE = echo time, TR = repetition time.

A separate injection of full-concentration GBCA is then used
for standard perfusion imaging (28).

Ideally, breath-hold sequences should be used to avoid
motion artifacts. However, long breath holds can cause in-
voluntary changes in heart rate and be difficult to achieve in
patients who are experiencing pharmacologic stress. Thus,
free-breathing acquisitions are preferred, with the applica-
tion of motion-correction techniques that decrease motion
artifacts for better quantification (28). Fully quantitative
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methods involve the use of a variety of models, all of which
allow the conversion of dynamic MRI signal intensity chang-
es over time into gadolinium-based contrast agent concen-
trations to provide stress and rest MBF measurements (in
mL/min/g) (17,28,29). Fully automated postprocessing that
yields stress and rest MBF measurements without additional
time-consuming postprocessing is available (30,31).

Absolute MBF values may vary between CMR techniques
(eg, dual-sequence vs dual-bolus). Differences in algorithm
implementation may also result in differences between hard-
ware and software vendors. These differences are not yet well
characterized in the literature, although this is similarly true
for non-CMR perfusion measurements. Comparisons of ab-
solute values between studies performed with different ac-
quisition or analysis approaches should be performed with
caution, and clinical follow-up studies should be performed
with the same techniques whenever possible.

Quantitative techniques performed with dual-bolus or
dual-sequence techniques are discussed in the following sec-
tions, which serve as an insightful guide on how to interpret
gPerfimaging findings in clinical practice.

Perfusion CMR Interpretation

Quality Check

Vasodilator response is typically assessed by observing an
increase in heart rate and decrease in blood pressure during
vasodilator agent infusion combined with the development

6 radiographics.rsna.org
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Table 4: Qualitative Interpretation at Stress Perfusion CMR

Stress Rest LGE Interpretation
= = = Normal

+ - - Ischemia®

+ + + Infarct

+ + - Artifact”

Note.—Stress, rest, and LGE CMR image interpretations are
based on the presence (+) or absence (-) of perfusion defects.
*An inducible perfusion defect first occurs when contrast ma-
terial arrives in the left ventricle; then, it persists beyond peak
myocardial enhancement and for several R-R intervals. The
defect is more than two pixels wide (31).

of ischemic symptoms. Lack of this physiologic response
during vasodilator infusion should raise suspicion for an
inadequate response to pharmacologic vasodilator admin-
istration. Heart rate and blood pressure responses can vary
according to patient sex and age (15), but an increase in heart
rate of 10-15 beats per minute and a decrease in SBP greater
than 10 mm Hg from the baseline should be observed (14).
Due to denervation, patients who have undergone heart
transplant will not have similar physiologic responses, so
heart rate and blood pressure changes should not be used to
assess vasodilator response in this group.

When adenosine is used, another useful tool for evaluating
vasodilator response is the splenic switch-off (§5S0). SSO man-
ifests as nonenhancement of the spleen with GBCA infusion
during adenosine administration (Fig 3, panel 3). The underly-
ing mechanism of SSO is unclear, but it is presumably related
to reduced splanchnic blood flow mediated by reactive sympa-
thetic vasoconstriction after adenosine-induced hypotension
(16). The absence of an SSO (ie, presence of splenic enhance-
ment during stress), together with the absence of heart rate
changes and SBP changes, may reflect a poor vasodilator re-
sponse, which helps in identifying false-negative examination
results at visual assessment or false-positive results at quan-
titative assessment. However, the sensitivity and specificity of
SSO varies, and absence of SSO can sometimes occur in cases of
adequate adenosine response (16). Moreover, SSO is used to as-
sess the systemic response to adenosine rather than the direct
effect to the heart. As discussed later (in the “Inadequate Vaso-
dilator Response” section), MBF quantification itself can help
in assessing appropriate vasodilator response and has been
proven to be superior to blood pressure response, heart rate
response, and SSO for evaluation of adequate stress response
(32).

Qualitative Interpretation

In our clinical practice, dynamic perfusion images are re-
viewed and analyzed together with LGE images (Table 4). The
concomitant acquisition and interpretation of LGE images
improve diagnostic accuracy for ischemia evaluation (33). A
perfusion defect appears as a subendocardial or transmural
area of hypoenhancement. A reversible defect is visible only
at stress, with normal perfusion at rest and without associ-
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ated delayed enhancement on LGE images. Perfusion defects
occur early during myocardial contrast material arrival, per-
sist beyond peak myocardial enhancement and for several
R-R intervals, and are wider than two pixels (34). Also, it is
good practice to scrutinize cine images for the presence of
regional wall motion abnormalities that can help identify in-
volved myocardial segments.

Quantitative Interpretation

A normal vasodilator response results in an increased stress
MBF. Based on studies using myocardial perfusion PET/CT
(18), anormal rest MBF value ranges from 0.4 to 1.2 mL/min/g.
The stress MBF value should be higher than 1.7 mL/min/g,
and a cutoff of 2.0 for MPR has a higher predictive value for
ischemia than the MBF value alone. In studies on quantitative
CMR with invasive coronary angiography (ICA) as the refer-
ence standard (19,31,35-37), average normal rest MBF values
of between 0.8 and 1.3 mL/min/g, average normal stress MBF
values of between 2.3 and 3.7 mL/min/g, and average normal
MPR values of between 2.6 and 4.1 have been reported (Fig 4).
These numbers need to be interpreted within the appropriate
clinical context, as normal values for MBF can vary accord-
ing to the patient’s sex, age, and ethnicity. Moreover, an in-
crease in rest MBF can occur due to an increased myocardial
workload secondary to increased heart rate or blood pressure
caused by a variety of factors (including test-related anxiety,
hypertension, etc) in patients with preserved MPR. In such
cases, elevated rest MBF may result in low MPR despite nor-
mal increased stress MBF. In this scenario, the rest MBF value
can be corrected by using the rate-pressure product correc-
tion, with the caveat that this correction should be tailored on
a case-by-case basis, according to the clinical scenario, by us-
ing the following formula:

RPP correction = _Rest MBF xRV,

SBPxHR

where RPP is the rate-pressure product, HR is the heart rate,
and RV is a reference value (9000 or 10 000) (18).

Large-Vessel CAD

The role of stress perfusion CMR in the detection of large-ves-
sel CAD is well established, and this examination has import-
ant roles in defining the disease distribution and guiding pa-
tient management, including identification of candidates for
revascularization. Multiple studies (38,39) have demonstrated
the high diagnostic performance of stress CMR, as compared
with ICA, in the detection of obstructive CAD, with the advan-
tage of enabling a significantly decreased rate of unnecessary
catheterization (2). Stress perfusion CMR and PET, as com-
pared with CT coronary angiography and SPECT, have been
shown to have the highest combination of sensitivity and spec-
ificity for detection of functionally significant CAD (2).

gPerf CMR studies (19,25,31,35,36) have shown significant-
ly lower stress MBF and MPR in patients with obstructive CAD
defined by using ICA, with stress MBF values ranging be-
tween 1.4 and 2.5 mL/min/g and MPR values ranging between
1.6 and 2.1 (Fig 5). Stress MBF of 2.01 mL/g/min or lower based
on fully automated pixel-wise qPerf can be used to identify
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Figure 4. (A) Stress perfusion CMR image in a 65-year-
old woman with chest pain shows no evidence of per-
fusion defect, and there is no LGE. (B, C) Quantification
images in this patient show increased stress MBF with
high (normal) MPR. Studies on quantitative CMR reported
an average normal rest MBF of between 0.8 and 1.3 mL/
min/g, an average normal stress MBF of between 2.3 and
3.7 mL/min/g, and an average normal MPR of between
2.6and 4.1 (37-39).
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obstructive CAD with high sensitivity (90%) and specifici-
ty (89%) (area under receiver operating characteristic curve
[AUC], 0.95) (35). In another study, Zhao et al (31) reported
that at per-territory analysis, an MPR of 1.86 or lower has the
best diagnostic performance in identifying hemodynamically
significant CAD (93% sensitivity, 92% specificity [AUC, 0.93]).
Fully automated qPerf CMR had higher accuracy in the de-
tection of obstructive CAD (AUC, 0.92) compared with semi-
quantitative methods (AUC, 0.75-0.82) and qualitative analy-
sis (AUC, 0.70-0.78) (40).

More recent studies (19,31,35,40,41) have confirmed the high
diagnostic accuracy of fully automated pixel-wise qPerf CMR
and its higher performance compared with that of visual as-
sessment (19,25,42). The most important added value of gPerf
imaging is based on its greater capability in distinguishing sin-
gle-vessel from multivessel disease. In this setting, qualitative
assessment is more challenging since a perfusion defect is of-
ten more pronounced in one territory and underappreciated in
other diseased territories (Fig 6). While the ischemic burden
measured with qualitative visual assessment, as compared
with quantitative analysis, has been reported to be compara-
ble in patients with nonobstructive or single-vessel disease, in
patients with multivessel CAD, the reported ischemic burden
measured with gPerf CMR has been significantly higher than

Volume 45 Number 3
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Figure5. (A) Quantitative pixel-wise color perfusion maps (top row) and LGE CMR images obtained by using six sections to increase coverage (bot-
tom row) in a 70-year-old woman with chest pain show a perfusion defect in the right coronary artery territory, consistent with inducible ischemia.
(B) Coronary angiogram findings confirmed the presence of significant stenosis in the right coronary artery (RCA) (arrow). A stent was placed. LAD =
left anterior descending artery, LCx = left circumflex artery. (Case courtesy of Henrik Engblom, Lund University Hospital, Lund, Sweden.)

that measured with visual assessment: In one study (19), the
ischemic burden measured on three-vessel disease maps was
100%, as compared with 56% when it was measured at visual
assessment (P <.001), and that measured on two-vessel disease
maps was 63%, as compared with 41% when it was measured
at visual assessment (P < .001). In that study (19), the overall
accuracy of qPerf mapping for detecting the extent of CAD was
significantly higher (78%) than that of visual assessment (58%).
These findings show that qPerf CMR significantly enhances the
diagnosis of ischemic burden, increasing its prognostic value.

Future directions to improve the diagnostic accuracy of qPerf
CMR include increasing myocardial coverage with additional
short-axis and/or long-axis planes. Nazir et al (37,43) showed
that increasing the spatial coverage to six sections by using si-
multaneous multislice imaging with iterative reconstruction
led to high diagnostic accuracy in detecting obstructive CAD
without compromising the temporal resolution, strongly cor-
relating with the conventional three-section technique while
improving confidence to diagnose ischemia (Fig 5) (23).

In patients who have acute chest pain and intermediate
risk with known CAD, stress CMR can also yield important
information for identifying patients who will benefit from re-
vascularization. However, the role of qPerf in this setting has
not been explored yet (7).
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Figure 6. Perfusion defects in a 69-year-old woman with new-onset heart failure (Movie 1). (A) Perfusion CMR images show a myocardial per-
fusion defect (large arrow) in the mid-anterior and septal walls, corresponding to an infarct, as demonstrated by the presence of subendocardial
LGE in the same territory. A subtle ischemic perfusion defect (small arrow) in the basal and apical anterior and septal segments is also seen. (B,
C) Quantification perfusion images (B) and MBF and MPR maps (C) show globally reduced stress MBF with reduced MPR in all coronary territo-
ries, raising concern for multivessel epicardial CAD. (D) Left heart catheterization findings confirmed the presence of three-vessel CAD, with total
occlusion (large arrow) of the proximal left anterior descending artery (LAD) and 70% stenosis (small arrows) of the left circumflex artery (LCx)
and right coronary artery (RCA).

Flow (mean) MPR (mean)
1 BasAnt 0.76 1 BasAnt 127
2 BasAntSep 0.56 2 BasAntSep 147
MBF map (ml/min/g) 3 BasinfSep e 3 BasinfSep 134
6.0 4 Basinf 0.75 MPR map 4 Baslinf 153
Y 5 BasinfLat 0.55 - 5 BasinfLat 151
6 BasAntLat 0.56 6 BasAntLat 145
7 MidAnt 0.66 / 7 MidAnt 117
8 MidAntSep 0.70 . ? B8 MidAntSep 1.23
9 MidinfSep 0.80 / ; 9 MidInfSep 134
10 Midinf 0.86 « 10 Midinf 133
11 MidinfLat 0.80 . b, 11 MidinfLat 133
12 MidAntLat 0.68 Z 12 MidAntLat 1.24
0.0 13 ApAnt 0.77 13 ApAnt 1.45
14 ApSep 0.85 ? 14 ApSep 1.58
15 Apinf 0.82 15 Apinf 1.47
16 AplLat 0.74 16 Aplat 1.20
STR ESS GLOBAL 0.73 GLOBAL 138

Volume 45 Number3 10 radiographics.rsna.org



March 2025

Catania et al

Microvascular Dysfunction

Coronary MVD or impaired flow reserve within the coronary
microvasculature can cause chest pain and ischemia inde-
pendently of the presence of large-vessel CAD or structural
disease (8). MVD was first described as syndrome X to identify
patients who have ischemia with nonobstructive CAD and is
still considered a medical dilemma in terms of pathophysiolo-
gy, diagnosis, and treatment. Patients who have ischemia with
nonobstructive CAD usually have risk factors similar to those
in patients with CAD (eg, hypertension, diabetes, smoking,
etc). These risk factors are ultimately believed to be responsi-
ble for the altered capability of the cardiac microvasculature
to regulate MBF (8). Globally reduced stress MBF and MPR in
the presence of an adequate hemodynamic response without
regional perfusion defects or structural disease suggest MVD
(28).

Studies on qPerf CMR have shown significantly lower
stress MBF and MPR in patients with MVD defined with use
of invasive coronary flow quantification, with stress MBF val-
ues ranging between 2.03 and 2.52 mL/min/g and MPR values
ranging between 2.2 and 2.4 (Fig 7) (35,44). Rahman et al (45)
reported a significantly lower mean MPR (2.00 vs 2.68) and
ratio between endocardial and epicardial MPR (MPR ratio,
1.87 vs 2.68) in patients with MVD (defined by invasive coro-
nary flow reserve [CFR] <2.5) compared with those in patients
without MVD (CFR >2.5) and observed greater diagnostic ac-
curacy with qPerf CMR than with visual assessment to detect
MVD. An MPR value of 2.2 and a subendocardial MPR of 2.4
had the highest performance in the detection of MVD. It is in-
teresting that the study from Rahman et al (45) did not show
a significant difference in mean stress MBF between the pa-
tients with MVD (2.67 mL/min/g) and the patients without
MVD (2.99 mL/min/g) (P =.04), while the mean rest MBF was
significantly higher (1.38 vs 1.14 mL/min/g) in the MVD group
(P<.001).

Based on these results, stress perfusion CMR with MBF
quantification has been introduced into the most recent rec-
ommendations for diagnosis in patients who have ischemia,
with nonobstructive CAD as the noninvasive diagnostic ex-
amination of choice (together with stress PET) for patients
with stable chest pain who are suspected of having ischemia
with nonobstructive CAD (2a level of evidence). The selection
of stress PET versus stress perfusion CMR as the examination
of choice should be guided by the local availability of the ex-
amination and the level of expertise to perform it (4). Trans-
mural gradients of stress MBF are an important discriminant
of MVD and give stress CMR a significant advantage over
quantitative PET, which is not cardiac gated and lacks suffi-
cient spatial resolution for transmural flow assessment.

Distinguishing MVD from three-vessel CAD in patients who
present with chest pain and are found to have globally reduced
MBF and MPR during gPerf CMR is an important diagnostic
challenge. Kotecha et al (35) reported a greater reduction in
stress MBF and MPR in patients with three-vessel CAD than
in those who had MVD. In the Kotecha et al study (35), global
stress MBF and MPR values differed significantly among indi-
viduals with obstructive CAD, MVD, or normal coronary physi-
ology at ICA and patients in the control groups (P <.001). Com-
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pared with MBF and MPR values in the patients with normal
coronary physiology (global stress MBF, 2.74 m1/g/min; global
MPR, 2.59) and in the control subjects (global stress MBF, 3.17
mlL/g/min; global MPR, 4.11), the most severe decreases in glob-
al stress MBF and MPR were observed in the patients with ob-
structive three-vessel CAD (global stress MBF, 1.40 mL/g/min;
global MPR, 1.71), followed by the patients with MVD, who had
moderate decreases in these parameters (global stress MBF,
2.03 mL/g/min; global MPR, 2.37) (35).

Thus, while stress MBF of 2.25 mL/g/min or greater can
be used to differentiate normal from abnormal (either ob-
structive CAD or MVD) blood flow with high accuracy (AUC,
0.96), stress MBF of 1.82 mL/g/min or lower can be used to
differentiate obstructive three-vessel CAD from MVD (AUC,
0.99). These results need to be validated in larger studies but
demonstrate an important potential future role of qPerf CMR
in differentiating these conditions among patients with stable
angina (35). qPerf CMR is being used to assess the effective-
ness of medical therapies (46) and percutaneous interven-
tions in the setting of microvascular disease (47).

MVD in Patients with Nonobstructive
Cardiomyopathy

Hypertrophic Cardiomyopathy

HCM is the most common hereditary cardiac disease and has
widely variable presentations and prognoses (48). Although
some patients may not have symptoms, others may have se-
vere complications such as heart failure, arrhythmia, and
sudden cardiac death. Due to the phenotypic heterogeneity of
the disease, it is essential to perform risk stratification when
managing HCM (48). CMR provides excellent structural and
functional information. The identification of LGE, reflecting
the presence of myocardial fibrosis, is associated with disease
severity and adverse outcomes (49). Patients with HCM may
have signs of myocardial ischemia and perfusion abnormali-
ties, even when the coronary arteries are angiographically nor-
mal (50). MVD in patients with HCM is attributed to many fac-
tors, including arteriole remodeling, dynamic compression of
the intramuscular course of the epicardial arteries, inadequate
blood supply related to a thickened myocardium, and reduced
vasodilator response (51). MVD may have a role in replacement
fibrosis, resulting in an adverse prognosis (52).

In one study (53), inducible ischemia was seen at stress
perfusion CMR in more than 40% of the patients with HCM
and was associated with apical aneurysms, severity of hyper-
trophy, and nonsustained ventricular tachycardia. Elevated
resting flow, predominantly in the endocardium, is an expect-
ed finding in patients with HCM due to higher systolic wall
tension and increased metabolic requirements (52). Stress
MBF and MPR have been significantly decreased in patients
with HCM (stress MBF, 1.63 mL/g/min; stress MPR, 2.21) com-
pared with those in control patients (stress MBF, 2.30 mL/g/
min; stress MPR, 2.90) and have been correlated with myocar-
dial mass (54). Multiple studies have shown a subendocardi-
al predominance of perfusion defects (51) with an associated
transmural gradient between the endocardium and epicar-
dium (52). Perfusion defects have been reported in both the
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Figure 7. Perfusion defect in a 50-year-old woman with diabetes mellitus and hypertension, with progressive exertion-related chest discom-
fort. (A) Invasive coronary angiograms show no obstructive epicardial CAD. LAD = left anterior descending artery, LCx = left circumflex artery,
RCA =right coronary artery. (B, C) However, stress perfusion images show a reversible perfusion defect that is more prominent at the basal
and middle segments and that is not seen at qualitative analysis (B) but is evident at quantitative perfusion analysis (C). (D) Moreover, perfu-
sion MBF and MPR maps show a transmural gradient across the myocardial wall, with blood flow values lower in the subendocardium than in
the epicardium. Findings are consistent with small-vessel ischemia. (Case courtesy of W. Patricia Bandettini, MD, National Institutes of Health,
Bethesda, Md.)
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hypertrophied myocardium and normal myocardium, and
gPerf CMR may be an early assessment tool in HCM gene mu-
tation carriers (Fig 8) (52,55). In a 2021 study (56), 20% of HCM
gene mutation carriers were found to have regional perfusion
defects at gPerf CMR despite the absence of left ventricle hy-
pertrophy and LGE.

Decreased MPR is associated with the presence of LGE in
patients who have HCM. MPR was decreased in patients with
HCM, as compared with patients who had mild left ventricle
hypertrophy related to aortic stenosis or hypertensive car-
diomyopathy (57). In a study by Hughes et al (58), among pa-
tients with apical variant HCM, apical perfusion defects were
present in 100% of them with both morphologically mild and
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advanced disease, including those with myocardial fibrosis
and apical aneurysms (Fig 9). In such patients, increasing
the myocardial coverage to six sections or adding a long-axis
plane can be beneficial, enabling better ischemia detection
(Fig10).

Cardiac Amyloidosis

Cardiac amyloidosis is an infiltrative and restrictive cardio-
myopathy characterized by the extracellular deposition of
immunoglobulin light chain or transthyretin types of amy-
loid fibrils. Amyloid proteins accumulate in the extracellular
space and may involve all cardiac chambers (59,60). Patients
present with symptoms of heart failure, and they also have
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Figure 9. ApicalvariantHCMin a 61-year-
old woman with chest pain and no other rel-
evant cardiac history. (A) Two-chamber (left)
and three-chamber (right) CMR images show
hypertrophy of the middle to apical segments,
consistent with apical variant HCM. (B) Stress
perfusion images show a circumferential
reversible perfusion defect in the hypertro-
phic apex and middle wall. (C) Quantification
perfusion images show reduced MBF at stress
and reduced MPR, consistent with MVD in the
setting of apical HCM. Stress MBF and MPR
were 4.96 mL/g/min and 2.95, respectively,
at the base; 1.89 mL/g/min and 1.92, respec-
tively, at the middle segment; and 1.78 mL/g/
min and 1.66, respectively, at the apex. Note
how quantification analysis revealed a more
extensive defect in the middle segment.
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Figure 10. Apical variant HCM. Stress perfusion CMR images were obtained with five sections and two-chamber views to increase coverage.
(A) gPerf CMR images show a reversible perfusion defect in the hypertrophied myocardium and basal septum. (B) Stress perfusion maps show
significantly reduced MBF and MPR, with significantly decreased MPR in the endocardium. The ratio between the stress MBF and rest MBF was
0.7 (not shown). (Case courtesy of Erik Schelbert, MD, MS, United Hospital, St Paul, Minn.)
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Figure 11. Biopsy-proven amyloidosis. Short-axis-view stress perfusion CMR images show concentric left ventricle hypertrophy (A) with as-
sociated diffuse transmural LGE (B), increased extracellular volume (C), and diffuse decreased stress MBF (D). (Case courtesy of Adam loannou,
MBBS, BSc, and Marianna Fontana, MD, PhD, National Amyloidosis Center, Royal Free Hospital, London, England.)

angina or a chronically elevated troponin level in the absence 88% sensitivity and 85% specificity by using a threshold MPR
of CAD (59). Epicardial arterial and capillary amyloid infiltra- of 1.94. MPR has been shown to have greater diagnostic per-
tion results in stenosis of the vessel lumen and capillary dis- formance than ICA alone (66). Compared with ICA, the MPR
ruption, leading to myocardial ischemia and microvascular can be used to identify CAV (defined as any degree of stenosis
obstruction (59,61). Although endomyocardial biopsy is the at ICA) by using a cutoff value of 1.7 ( with 78% sensitivity and
reference standard, CMR is an essential noninvasive diagnos- 76% specificity) and to identify severe CAV (defined as >50%
tic tool. Difficulty nulling the myocardium on inversion time stenosis at ICA) by using a cutoff value of 1.4 (with 100% sen-
scout images is highly specific for cardiac amyloidosis. Differ- sitivity and 82% specificity) (67). As in cases of three-vessel
ent patterns of LGE have been described in the literature, with CAD, in cases of multivessel involvement, which tends to be
the most common being diffuse subendocardial or transmu- more subtle at qualitative analysis, qPerf CMR can be particu-
ral enhancement. Elevated native T1 values and extracellular larly useful (Fig 12).
volume also can be diagnostic of cardiac amyloidosis (59,62). Resting MBF tends to be higher in heart allograft recipients
Data on qPerf CMR in the setting of amyloidosis are lim- than in healthy individuals, reflecting the elevated resting
ited; however, in a recent study, Chacko et al (63) observed rate-pressure product observed after heart transplant. How-
significant decreases in stress MBF and MPR (1.04 mL/g/min ever, stress MBF and MPR are typically lower in the transplant
and 1.57, respectively) in patients with biopsy-proven car- group, indicating compromised perfusion capacity (66).
diac amyloidosis compared with those in patients who had
angiographically normal coronary arteries (2.92 mL/g/min Troubleshooting
and 2.78, respectively) and those in healthy volunteers (2.91
mL/g/min and 3.76, respectively). The decrease in stress MBF Inadequate Vasodilator Response
and MPR in the patients with amyloidosis was comparable to An inadequate vasodilator response can occur due to multiple
that in the patients with three-vessel disease (stress MBF, 1.35 factors, most commonly caffeine intake before the examina-
mL/g/min; stress MPR, 1.54) (Fig 11) (63). tion, despite patients having undergone adequate preparation,
as recommended, and having been warned to refrain from
Cardiac Allograft Vasculopathy using vasodilating agents (eg, caffeine, theophylline, dipyrida-
CAV poses a significant challenge in the long-term manage- mole) for 12-24 hours before the examination (14). In addition,
ment of heart allograft recipients and represents a form of older patient age and a reduced ejection fraction can cause
chronic rejection characterized by accelerated inflammatory an inadequate response to a standard dose of adenosine (68).
fibroproliferative disease affecting epicardial and/or micro- Absence of a physiologic response (ie, lack of increased heart
vascular coronary arteries. This condition leads to altered rate, lack of decreased blood pressure), together with absence
myocardial perfusion, chronic ischemic injury, and eventual of an SSO when adenosine is used, should raise concern for in-
allograft failure (64). gPerf CMR has emerged as a useful tool adequate vasodilator response. As mentioned earlier, SSO is a
for evaluating MBF in heart allograft recipients, with MPR in- mechanism that is still not completely understood, and Seitz et
corporated into the most recent International Society of Heart al (69) found that it can still occur despite caffeine intake.
and Lung Transplant guidelines for CAV detection (class IIb, gPerf CMR can help to assess for inadequate vasodilator
level C evidence) (65). response with decreased stress MBF and MPR (Fig 13). These
The MPR is used to independently predict epicardial and findings can also mimic myocardial perfusion defects (69).
microvascular CAV, having superior diagnostic accuracy for However, in the setting of inadequate response, stress MBF
CAV detection compared with ICA in heart allograft recipients will be nearly identical to rest MBF, with the MPR close to 1.0.
over the medium to long term. The MPR can be used to identi- Kotecha et al (32) demonstrated that stress MBF greater than
fy severe epicardial or microvascular disease with 79% sensi- 1.43 mL/min/g in at least one segment has the highest accu-
tivity and 85% specificity by using a threshold MPR of 1.65 and racy for predicting adequate adenosine response compared
to identify moderate epicardial or microvascular disease with with a greater than 10 beats per minute increase in heart rate,
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Figure 12. Perfusion defect in a 29-year-old man who underwent heart transplant for anthracycline-induced cardiomyopathy in 2007 (Movie
2). (A) Myocardial perfusion CMR images show no evidence of a qualitative inducible perfusion defect. (B, C) However, quantification perfusion
CMR images (B) and maps (C) show globally reduced stress MBF and MPR in all coronary territories, which are concerning for multivessel coro-
nary involvement in the setting of CAV. (D) Left heart catheterization findings confirm the presence of three-vessel disease, showing 80% stenosis
of the distal left anterior descending (LAD) artery, chronic total occlusion of the middle left circumflex (LCx) artery, and 90% stenosis of the distal
right coronay artery (RCA). Cardiac biopsy results also confirmed the presence of CAV. Note that left heart catheterization performed 2 years pre-
viously showed normal coronary arteries in the allograft (not shown), excluding the possibility of CAD secondary to preexisting atherosclerotic
disease.
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a greater than 10-mm Hg decrease in SBP, and the presence of
SSO. Consequently, based on the algorithm proposed by Ko-
techa et al (32), stress MBF of 1.43 mL/min/g or lower without
evidence of a perfusion defect should raise concern for inade-
quate response. At the time of adenosine administration, if an
inadequate response is suspected with a standard adenosine
dose (140 mcg/kg/min), the dose can be safely increased to
210 mcg/kg/min (68), particularly in patients with impaired
left ventricular systolic function (32).

Dark Rim Artifact

Dark rim artifact, defined as a subendocardial region of hy-
pointensity that is visible at both stress and rest without as-
sociated delayed enhancement on LGE images, is a source of
false-positive examinations. Compared with a true reversible
perfusion defect, dark rim artifact is most prominent when
the contrast material arrives in the left ventricle blood pool,
persists only transiently before peak myocardial contrast en-
hancement, and is approximately one pixel wide (34). In this
setting, quantification can help differentiate the artifact from
a true myocardial perfusion defect, because in the case of
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Figure 13. (A) gPerf CMR images
show globally decreased stress MBF.
(B) Quantitative perfusion maps
show the stress MBF to be very
similar to the rest MBF, as well as an
MPR of 1.0. The heart rate did not
increase during vasodilator agent in-
fusion. These findings are consistent
with no vasodilator response.
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dark rim artifact, quantification will be normal (Fig 14) (70).
The occurrence of dark rim artifact can be minimized by
using parallel imaging techniques that improve spatial and
temporal resolution such as k-t sensitivity-encoded acceler-
ation (k-t SENSE), k-t broad-use liner acquisition speed-up
(BLAST), and k-t generalized auto-calibrating partially paral-
lel acquisition (GRAPPA) techniques (71,72).

Conclusion
gPerf CMR is an emerging and powerful clinical tool that can
improve the diagnostic accuracy of stress perfusion CMR in
the assessment of ischemia in the setting of epicardial CAD
and the noninvasive assessment of MVD and CAV. This ex-
amination can also provide insights into the impact of non-
obstructive cardiomyopathies on coronary artery patho-
physiology. Numerous MRI pulse sequences and software
packages for performing gPerf CMR and analyzing qPerf
CMR findings are currently available and have expanded the
accessibility of this technique to an increasing number of
patients and clinicians. As data demonstrating the superior
performance of gPerf CMR continue to grow, qPerf CMR will
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Figure 15. Perfusion CMR images depict normal myocardial func-
tion, as well as the most relevant causes of ischemia: amyloidosis
(case courtesy of Adam loannou, MBBS, BSc, and Marianna Fontana,
MD, PhD, National Amyloidosis Center, Royal Free Hospital, London,
England), HCM (case courtesy of Erik Schelbert, MD, MS, United Hos-
pital, St Paul, Minn), one-vessel disease (1 VD) (case courtesy of Hen-
rik Engblom, Lund University Hospital, Lund, Sweden), three-vessel
disease (3 VD), and MVD (case courtesy of W. Patricia Bandettini, MD,
National Institutes of Health, Bethesda, Md.)
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Figure 14. Cardiac perfusion surveillance in
a 30-year-old woman after heart transplant.
(A) Stress perfusion CMR images obtained in
2021 show circumferential hypointensity at
the base to middle of the septum that is more
pronounced at stress than at rest (arrows) and
thus concerning for perfusion defect (Movie
3). Subsequent cardiac MR images obtained in
2023 show similar findings (arrows) (Movie 4).
(B) However, quantification perfusion MR im-
ages obtained in 2023 show high MBF at stress
with preserved MPR. Findings are consistent
with dark rim artifact.

probably become a standard tool in the evaluation of CAD.
The normal and pathologic conditions seen at qPerf CMR
and discussed in this article are summarized in Figure 15.
Given the relative novelty of qPerf CMR, additional studies in
larger cohorts and across a broad spectrum of diseases such
as hypertensive heart disease, severe aortic stenosis (73), di-
lated cardiomyopathy (74), and systemic sclerosis (75) can be
used to further define the role of this examination in clinical
practice.
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