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Abstract

Stress CMR is a cost-effective, non-invasive test that accurately assesses myocardial ischemia, 

myocardial viability, and cardiac function without the need for ionizing radiation. There is a large 

body of literature, including randomized-controlled trials, validating its diagnostic performance, 

risk stratification capabilities, and ability to guide appropriate use of coronary intervention. 

Specifically, stress CMR has demonstrated higher diagnostic sensitivity than SPECT in detecting 

angiographically significant coronary artery disease. Stress CMR is particularly valuable for the 

evaluation of patients with moderate to high pre-test probability of having stable ischemic heart 

disease and for patients known to have challenging imaging characteristics such as women, 

individuals with prior revascularization, and left ventricular dysfunction. In this article, we review 

the basics principles of stress CMR, the data supporting its clinical use, the added-value of 

myocardial blood flow quantification, and the assessment of myocardial function and viability 

routinely obtained during a stress CMR study.
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Stress CMR is a non-invasive test that accurately assesses myocardial ischemia, myocardial 

viability, and cardiac function without the need for ionizing radiation. There is a growing body 

of literature, which includes randomized-controlled trials, validating its diagnostic performance, 

risk stratification capabilities, and ability to guide treatment decisions. In this article, we review 

the basics principles of stress CMR, the data supporting its clinical use, the added-value of 

myocardial blood flow quantification, and the assessment of myocardial function and viability 

routinely obtained during a stress CMR study.
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Introduction

A number of recent studies have demonstrated the clinical utility of stress cardiac magnetic 

resonance imaging (CMR) for the evaluation of patients with known or suspected coronary 

artery disease (CAD) . Given the availability of highly effective medical therapy (OMT) 

for CAD, noninvasive stress testing must not only accurately diagnose the cause of 

symptoms but also provide risk stratification and guide treatment strategies. Following the 

FAME (Fractional flow reserve (FFR) versus Angiography for Multivessel coronary artery 

disease Evaluation) trials, coronary revascularization is now preferentially performed to 

treat a coronary stenosis on the basis of whether it is hemodynamically significant rather 

than the degree of luminal stenosis (1). Amongst the various cardiac imaging modalities, 

stress testing using CMR and positron emission tomography (PET) had demonstrated high 

sensitivities (89% and 84%) and specificities (87% each) in their correlations with invasive 

FFR (2). Stress CMR also has a number of technical strengths, including high spatial and 

temporal resolution in detecting subendocardial ischemia or infarction, freedom from soft 

tissue attenuation or the requirement of an acoustic window, sensitive tissue characterization 

for silent myocardial infarction and myocardial viability, excellent safety profile, and lack of 

ionizing radiation or iodinated contrast exposure.(4,5) On the other hand, various logistical 

issues partially limit widespread use of stress CMR. In this article, we review the basic 

principles of stress CMR, the diagnostic accuracy of stress CMR, the prognostic utility of 

stress CMR, quantification of myocardial blood flow, and the assessment of function and 

myocardial viability (See Central Illustration).

Basic Principles of Stress CMR

Stress CMR has several technical advantages that likely result in a higher diagnostic 

performance when compared to more commonly used imaging modalities such as SPECT. 

Because of its higher spatial resolution, larger field of view and better ability to differentiate 

between tissues, CMR is not limited by attenuation artifacts or from contamination of 

the myocardium by signal sources not related to myocardial perfusion that can mimic or 

disguise perfusion defects (Figure 1). Additionally, its high spatial resolution allows for the 

assessment of perfusion within the different layers of the myocardium. Since myocardial 
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perfusion abnormalities preferentially involve the subendocardial layers, the presence of a 

perfusion defect can be identified within a single myocardial segment without consideration 

of the perfusion in the other myocardial segments. This is in contrast to SPECT where the 

spatial resolution is poor enough that ischemic segments are best identified in the context 

of a normally perfused remote myocardial segment. This difference makes stress CMR less 

susceptible to challenging situations such as balanced ischemia (Figure 2).

Currently, the most common approach for performing stress CMR is to induce hyperemia 

with the use of vasodilators such as adenosine, regadenoson, or dipyridamole. Once 

hyperemia is achieved, a gadolinium-based contrast agent (GBCA) functioning as a blood 

flow tracer (3) is injected into a peripheral vein. Serial T1-weighted CMR images are 

acquired during every heart beat to visualize the GBCA as it transits through the chambers 

of the heart and perfuses the myocardium. The greater the concentration of the GBCA in 

a region of interest, the greater the signal generated on a T1-weighted CMR image. The 

GBCA will enter into normally perfused myocardial segments more quickly and at higher 

concentrations, resulting in a more rapid and greater increase in T1-signal when compared to 

abnormally perfused myocardial segments (Figure 3).

A typical stress perfusion CMR protocol (4) is shown in Figure 4. After the acquisition 

of a series of scout images, a vasodilator is administered and a series of dynamic stress 

perfusion images covering the basal, mid, and apical levels of the left ventricular short 

axis are acquired during the infusion of a GBCA. These images allow for visualization of 

each of the 16 myocardial segments as standardized by the American Heart Association 

and represent typical coronary artery territories. Once the stress perfusion images are 

acquired, the vasodilator is stopped or a pharmacologic agent such as aminophylline may 

be administered to reverse hyperemia. Next, a series of cine CMR images are acquired in 

3 distinct long axis planes and in a stack of short axis planes covering the entirety of the 

ventricles from the apex through the base. Approximately 10-15 minutes after the stress 

perfusion images are acquired, resting perfusion images using the same technique and slice 

position of the stress perfusion images are acquired during injection of additional GBCA. 

After a 5-minute delay to allow for washout of the GBCA from healthy myocardium, late 

gadolinium enhancement (LGE) images are acquired to assess for myocardial viability. This 

protocol typically takes approximately 30 minutes.

Stress CMR perfusion images are typically displayed as a dynamic series of images acquired 

as contrast perfuses into the myocardium (Figure 3). A perfusion defect will appear as a 

hypointensity along the subendocardium in a coronary distribution. The abnormality is most 

pronounced 2-3 heart beats after the left ventricular cavity is maximally enhanced with 

contrast and persists for several more seconds as the contrast washes out of the myocardium 

(5). The perfusion images are interpreted in context of the LGE images (described in more 

detail below) to classify any perfusion defects as either being due to myocardial ischemia 

or due to myocardial infarction. See Figure 4 and Figure 5 for examples of peri-infarct 

ischemia and reversible ischemia, respectively. In addition to determining the presence 

or absence of ischemia, the overall ischemic burden can be evaluated by counting the 

number of segments with perfusion defects due to ischemia. A perfusion defect must be 

differentiated from imaging artifacts such as dark rim artifacts which can also occur along 
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the subendocardial layer of the myocardium which is more pronounced in the setting of 

reduced spatial resolution and temporal resolution. Dark rim artifacts are typically identified 

when thin subendocardial perfusion defects are present during both resting and stress 

conditions in the absence underlying late gadolinium enhancement.

Diagnostic Accuracy of Stress CMR.

More than 35 single-center observational studies and their meta-analyses (6)over the 

past 2 decades have consistently demonstrated excellent accuracy of stress CMR in 

diagnosing stable ischemic heart disease (SIHD). The prospective CE-MARC trial (Clinical 

Evaluation of Magnetic Resonance imaging in Coronary heart disease) enrolled 752 patients 

with suspected angina to undergo stress CMR and single photon emission computed 

tomography (SPECT) imaging and compared them to invasive coronary angiography 

(ICA) as a reference standard. With an angiographic prevalence of 39% for CAD, stress 

CMR demonstrated a sensitivity of 87% that was superior to SPECT (67%), whereas 

specificities of both modalities were similar at 83%. CE-MARC concluded that stress 

CMR was more sensitive for ruling out significant CAD than SPECT based on its 

superior negative predictive value. (7) Since then, several multicenter studies have firmly 

established the diagnostic accuracy of stress CMR (8,9). The most recent of these studies, 

GadaCad (Gadobutrol-enhanced CMR to detect Coronary Artery Disease), consisted of 

two combined phase III multivendor clinical trials evaluating the diagnostic accuracy of 

stress CMR for the detection of angiographically-significant CAD amongst 764 patients 

with suspected SIHD from 47 international centers (10). To minimize verification bias, 

all patients underwent ICA or cardiac computed tomography angiography (CCTA) within 

4 weeks. With an angiographic stenosis prevalence of 28% (defined as ≥70% stenosis), 

stress CMR had sensitivities of 79% and 87%, and specificities of 87% and 73%, for 

detecting single vessel and multivessel CAD, respectively. Six blinded expert readers 

reported excellent interobserver reproducibility, lending credence to the robustness of the 

image quality. Results of the GadaCad study were the impetus for the United States Food 

and Drug Administration approval of gadobutrol (Bayer AG) as the first GBCA to be used 

for stress CMR in patients with suspected SIHD. Multiple studies have demonstrated a 

high correlation between stress CMR perfusion interpreted qualitatively and invasive FFR. 

Watkins et al demonstrated that stress CMR has excellent positive and negative predictive 

values of 91% and 94% for detecting hemodynamically significant CAD as defined by 

invasive FFR (11). Moreover, several meta-analyses have been conducted using FFR as 

the gold standard and have similarly demonstrated excellent diagnostic accuracy for stress 

CMR. Danad and colleagues compared a number of different imaging modalities and found 

that stress CMR had the highest diagnostic performance against FFR as the reference 

standard, both for per-patient (sensitivity 90%, specificity 94%) and per-vessel (sensitivity 

91%, specificity 85%) analyses (6). Finally, compared to other modalities, CMR is the most 

reliable method in diagnosing and risk stratifying non-coronary cardiac causes of chest pain 

such as pericarditis or myocarditis (12,13).
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Prognostic Utility of Stress CMR

In the multicenter SPINS registry (Stress CMR Perfusion Imaging in the United States 

study) (14) of 2,349 patients from 13 centers, stress CMR demonstrated highly effective 

risk reclassification for cardiac death or nonfatal myocardial infarction (MI) and was 

cost-effective in the triage of chest pain patients. Sixty-seven percent of the SPINS 

cohort had no evidence of ischemia or infarction, with an associated event-free rate of 

99.3% per year over an intermediate follow-up duration of 5.5 years. Subgroup analysis 

of the SPINS study also showed strong prognostic utility of stress CMR in those with 

reduced left ventricular function (15). In a multicenter study of over 9,000 patients with 

greater than 48,000 patient-years of follow-up, stress CMR was an independent predictor 

of mortality, as well as in subgroups with known SIHD, LGE, typical chest pain, and 

left ventricular systolic dysfunction (16). Importantly, an abnormal stress CMR classified 

patients at higher risk than would have been predicted by their Framingham risk group; 

whereas, a normal stress CMR identified patients at lower risk than predicted by the 

Framingham risk group (16). A separate meta-analysis of over 12,000 patients reported a 

negative predictive value for nonfatal MI and cardiac death for a normal stress CMR of 

98.1% (95% CI, 97.3-98.8%) during a mean follow-up of 25 months (17). Stress CMR has 

shown significant improvement in risk reclassification amongst suspected SIHD. Indeed, the 

addition of ischemia reclassified over 90% of patients at intermediate risk of SIHD with 

4.9% annual risk of cardiac death and MI in those re-classified to high risk versus 0.3% for 

those reclassified as low risk (18). Taken together, the currently available data suggest that 

individuals with a negative stress CMR examination have a <1% annualized even rate.

Following the ISCHEMIA trial (International Study of Comparative Health Effectiveness 

with Medical and Invasive Approaches) (19), which highlighted the remarkable success of 

OMT if adhered to for patients SIHD, the role of stress imaging in effective risk assessment, 

guiding the use of OMT, and avoiding unnecessary invasive coronary angiography should 

continue to be supported. In the MR-INFORM trial (The Myocardial Perfusion CMR versus 

Angiography and FFR to Guide the Management of Patients with Stable Coronary Artery 

Disease) (20) randomizing 910 patients moderate-high risk chest pain syndrome to ICA 

plus FFR versus stress CMR guided care, patients in the stress CMR arm required less 

coronary revascularization versus invasive ICA plus FFR (36% vs. 45%; P=0.005) without 

an increase in adverse cardiac events (3.6% vs 3.7%, risk difference −0.2) or reduction 

in freedom from angina (49.2% vs 43.8%, P=0.21) at 1-year. The CE-MARC 2 trial 

randomized over 1,200 patients with suspected SIHD to stress CMR, SPECT, and coronary 

computed tomography angiography (CCTA) with primary endpoint of unnecessary ICA. 

At 12 months, stress CMR resulted in lower probability of unnecessary ICA than CCTA 

(7.5% vs 28.8%, OR 0.21, 95% CI 0.12-0.34, P <0.001) (21). In the STRATEGY trial 

(Stress Cardiac Magnetic Resonance Versus Computed Tomography Coronary Angiography 

for the Management of Symptomatic Revascularized Patients), 600 patients with stable 

angina and previous revascularization were randomized to stress CMR versus CCTA for 

evaluation. After approximately 2 years of follow-up, they reported that a stress CMR 

strategy was associated with a lower rate of downstream noninvasive tests (28% versus 

17%; P=0.0009), ICA (31% versus 20%; P=0.0009), and revascularization procedures (24% 

Patel et al. Page 5

J Am Coll Cardiol. Author manuscript; available in PMC 2022 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



versus 16%; P=0.007); additionally, radiation exposure and cumulative costs (120±251 

versus 218±298 Euro/yr; P<0.001) were lower. Importantly, adverse cardiac events were 

significantly reduced (5% versus 10%; P<0.010) with the stress CMR strategy (22). Table 

1 and Table 2 include a select list of stress CMR studies which are comprised of more 

than 100 patients and include a comparison against invasive coronary angiography, invasive 

fractional flow reserve assessment, or patient-related outcomes. Numerous additional studies 

have demonstrated the potential cost effectiveness of an upfront stress CMR strategy within 

the United States (23), Australia (24), and the United Kingdom (25).

There are several patient populations where stress CMR may be a particularly appropriate 

stress testing modality for the evaluation of coronary artery disease. Indeed, stress CMR has 

been demonstrated to be effective in patients with a high pretest probability such as those 

with known SIHD (16), prior myocardial infarction (16), prior revascularization (22,26), 

and angina associated with multiple risk factors (20). Stress CMR may also be particularly 

beneficial in patient populations that are more challenging to image such as women (27) 

and those with obesity (28) where attenuation artifacts and challenging echocardiographic 

windows are more frequently encountered. Another group of patients that might have an 

added benefit from stress CMR imaging include those with left ventricular dysfunction 

(15,29) where balanced ischemia can be problematic with other imaging modalities. Patients 

with conditions such as connective tissue disease (30) and heart transplant (31) where 

microvascular dysfunction (32-34) is more prevalent may also be good candidates for stress 

CMR.

Quantification of Myocardial Perfusion.

Absolute Quantification of Myocardial Blood Flow

The basic premise of quantifying myocardial blood flow is in the measurement of an arterial 

input function which describes the contrast delivery into the coronary tree and measurement 

of the tissue function which describes the contrast concentration in the myocardium as a 

function of time. When a specialized pulse sequence (35) that allows for both of these 

parameters to be measured is used, the myocardial blood flow (MBF) can be determined 

using a mathematical operation called deconvolution (3) and can be used to supplement the 

qualitative interpretation of the images (36) (Figure 6). See appendix 1 for more details 

regarding quantitative MBF assessment using CMR.

Clinical Applications of Quantitative Perfusion Imaging.

Absolute quantification of myocardial perfusion has been applied in ischemic heart disease 

to assess both epicardial coronary artery disease and microvascular dysfunction. The SPECT 

literature has elucidated how the relative assessment of perfusion has reduced sensitivity in 

situations associated with balanced ischemia. In contrast, CMR studies have demonstrated 

improved sensitivity for detecting left main and multi-vessel disease as compared to 

SPECT using either visual or quantitative analysis (37). However, quantitative CMR can 

better differentiate between single vessel disease and multi-vessel disease as compared 

to visual analysis (38). More recent studies using pixel-wise quantification of MBF have 

shown improved diagnostic utility as compared to visual analysis alone (39,40). Indeed, 
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quantitative analysis of myocardial perfusion suggests that the ischemic burden in a given 

coronary territory may in fact be greater than what is initially appreciated with visual 

inspection of perfusion images (40). Recently, the prognostic utility of quantitative perfusion 

analysis was validated in patients being evaluated for CAD. One study demonstrated 

incremental prognostic utility of quantitative analysis over visual analysis (41). In a recent 

study of over 1000 patients without obstructive CAD, abnormal myocardial perfusion 

reserve (MPR) was independently associated with major adverse cardiac events (MACE) 

and cardiovascular death (42).

While beyond the scope of this review article, quantitative analysis of myocardial perfusion 

also has the potential to detect cardiac microvascular disease (33).

Cine and Late Gadolinium Enhancement/Viability Imaging

The assessment of left and right ventricular systolic function by cine imaging is a 

fundamental component of stress CMR exams, with implications for viability assessment, 

clinical management and overall prognosis. The presence of regional wall motion 

abnormalities at rest may act as a clue to the existence of myocardial infarction, with cine 

images also serving as a point of reference for the determination of myocardial viability. 

In addition to global and regional systolic function, CMR measures of ventricular volumes 

and left ventricular mass are highly reproducible and may offer indicators of ventricular 

remodeling with relevant prognostic implications for patients undergoing a stress CMR 

examination (43). See appendix 2 for more information regarding cine CMR imaging.

LGE imaging is an integral part of any stress CMR protocol (4). LGE is the best technique 

presently available for locating and sizing myocardial infarction (MI). It had been observed 

as far back as the 1980’s that GBCAs accumulate in areas of infarct-related scar due to 

increased volume of distribution within fibrosis as well as delayed washout of the contrast 

agent (44). The ideal CMR technique for LGE with the use of inversion recovery to null 

normal myocardium was subsequently developed at the turn of the millennium (45). This 

approach to LGE was carefully validated in a canine model of acute MI (46). In humans, 

it was shown to correlate well with enzymatic markers of acute MI, with the additional 

and consequential observation that functional recovery of infarcted myocardium relates to 

its transmural extent as demonstrated by LGE (47). The transmural extent of LGE relates 

to recovery of function both in acute and chronic MI as shown in a landmark study of 

patients before and several months after revascularization (48). Although the STICH trial 

(49) suggested that there is no interaction between myocardial viability and treatment 

strategy, the trial relied on SPECT and dobutamine stress echo for the assessment of viability 

and LGE imaging was not utilized. Indeed, a subsequent publication by Shah et al (50) 

revealed that the absence of transmural LGE in patients with severe myocardial thinning and 

LV dysfunction was associated with recovery of LV function following revascularization. 

Figures 7 and 8 are examples of non-viable and viable myocardium.

The reproducibility and reliability of LGE was demonstrated in a multi-center study (51) 

and it was also shown to be more sensitive for smaller, non Q-wave, and inferior infarcts 

when compared to SPECT (52). Identifying regions of LGE in an infarct pattern in elderly 
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patients without a clinical history of MI as unrecognized MI has prognostic import as shown 

in the ICELAND-MI study (53). In 2349 patients with a mean age of 63 years in the SPINS 

study, identification of an unrecognized MI by LGE was equivalent to the prognostic value 

of a clinically recognized MI (54). A meta-analysis of 19 studies including 11,636 patients, 

of whom 29% had LGE, demonstrated that combining first pass perfusion stress CMR 

with LGE has significant prognostic value for predicting cardiovascular death and nonfatal 

MI, as individual and composite events (55). The SPINS study also showed that LGE was 

additive to the presence of ischemia by stress CMR in prognostication of cardiovascular 

death or nonfatal MI (14). Either finding alone had intermediate prognostic value, whereas 

the combination conferred the greatest future cardiovascular risk.

Challenges and Limitations

Although stress CMR is an excellent tool for the assessment of SIHD, it has some 

limitations. Notably, stress CMR cannot readily be combined with exercise at present; 

however, prototype treadmills that can be used in the MRI environment have been developed 

(56). There are also several potential patient-related factors that might limit its widespread 

use. Claustrophobic and obese patients may not be able to tolerate the study; however, 

modern wide-bore scanners combined with the use of low dose oral sedation have reduced 

this challenge to exist in only 3-4% of all patients. Additionally, patients with implantable 

devices comprised of ferromagnetic materials may not be ideal candidates for stress CMR 

due to device-related imaging artifacts that limit interpretability of the images. Previous 

concerns related to the risk of nephrogenic systemic fibrosis in patients with advanced renal 

disease have been greatly diminished with the use of macrocyclic GBCAs and increased 

screening for severe renal insufficiency. The utilization of stress CMR is also hampered by 

common misperceptions that consider stress CMR as an expensive procedure. Indeed, the 

payment for a stress CMR examination ($680.74) by the Hospital Outpatient Prospective 

Payment System in the year 2020 was considerably less than that for SPECT ($1,272.05) 

and PET ($1,443.00 or $2,250.50 if combined with computed tomography transmission 

scan), paving the way for it to be a highly cost-effective strategy for assessing SIHD.

Conclusions

Stress CMR has been extensively validated for the evaluation of patients with known and 

suspected CAD. Through its ability to assess myocardial ischemia, presence of myocardial 

scar, and global and regional function, it can accurately detect hemodynamically significant 

CAD, assess microvascular function, predict myocardial viability, guide the need for 

revascularization, and provide clinical risk stratification safely and effectively. It has shown 

superiority to SPECT and equivalence to an FFR-guided invasive angiographic approach 

to patient evaluation. Given its clinical advantages, lack of ionizing radiation, and cost

effectiveness, it should be expected that stress CMR will be increasingly utilized for the 

evaluation of ischemic heart disease.
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Appendix 1

Semi-Quantitative Parameters of Myocardial Perfusion

In order to perform semi-quantitative assessment of myocardial perfusion the signal 

intensity in the left ventricular cavity and myocardial segments at stress and rest must 

be quantified. Commonly used semi-quantitative metrics include area under the myocardial 

signal intensity curve during first pass, and upslope methods.[1] For upslope methods, 

the upslope of the myocardial signal intensity curve is normalized to the upslope of the 

signal within the LV cavity that is used as the arterial input. By performing upslope 

analysis at rest and stress a Myocardial Perfusion Reserve Index (MPRI) can be defined.

[2] While this technique requires minimal processing of the signal intensity curves, the 

signal intensity in the myocardium and blood pool have a non-linear relationship to the 

gadolinium concentration, which is more closely related to the myocardial perfusion. Further 

this method of quantifying signal intensity is dependent on the pulse sequence parameters. 

For these reasons specific values for upslope parameters are only valid in the context of 

the same measurement technique resulting in difficulty in defining universal thresholds for 

abnormal perfusion and perfusion reserve.

Despite these limitations, a number of studies have demonstrated good performance of 

semi-quantitative upslope parameters for assessing obstructive CAD.[2] Furthermore, MPRI 

has been used in studies for assessing microvascular disease.[3] Due to the aforementioned 

issues the intra-reader reproducibility of MPRI assessment is only modest.

Absolute Quantification of Myocardial Blood Flow by First Pass Perfusion

Quantification of myocardial perfusion by first-pass perfusion by first-pass CMR was 

proposed by Jerosch-Herold et al in 1998 using a technique proposed earlier by Leon 

Axel for first-pass CT perfusion.[4] Conceptually this approach is based on measuring an 

arterial input function (AIF) which describes the contrast delivery, and the tissue function 

(TF) which describes the contrast concentration in the myocardium as a function of time. 

The myocardial blood flow can be determined using a mathematical operation called 

deconvolution to derive a system response function (sometimes called the residue function) 

which describes a kinetic model for the passage of contrast through the myocardium. The 

most common approach in the literature, likely due to its simplicity and robustness, has 

been to constrain the system function to have the empirical shape of a fermi-function.[4] 

Using this approach, the myocardial blood flow is given as the initial amplitude the residue 

function. Other mathematical approaches include two-compartment kinetic modeling[5], 

distributed parameter models[6], model-independent[7], and differential equation models 

such as the blood-tissue exchange model (BTEX) [8]. These techniques differ in the number 

of parameters that are modeled, the complexity of the models, and their robustness to 

violation of underlying assumptions.
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One very important point is that for accurate estimation of myocardial blood flow using this 

approach the AIF and TF need to be directly proportional to the gadolinium contrast agent. 

While at very low contrast doses the signal intensity of the perfusion images is roughly 

proportional to the contrast does, for typical doses of contrast used clinically (0.05-0.1 

mmol/kg) this assumption does not hold due to the nonlinearity of signal intensity due 

to saturation effects from T1 recovery. Thus the signal intensity should first be converted 

to gadolinium concentration units using the Bloch equations.[9] This typically requires 

acquiring proton-density weighted images at the beginning of the dynamic acquisition. 

Another significant issue is that the arterial input function, which is measured typically from 

the left ventricular blood pool has very high gadolinium contrast and cannot be accurately 

measured from the signal in the blood pool from clinically available pulse sequences. Two 

approaches have been used: In the dual bolus approach, a mini-bolus of contrast typically 

diluted at a 1:10 ratio is given first to quantify the AIF and then followed by a second 

high contrast dose to quantify the tissue function.[10] The more commonly used approach 

is the dual-sequence approach where a separate pulse sequence with a short saturation pulse 

is used to quantify the high-concentration arterial signal, followed by traditional perfusion 

pulse sequences to quantify the tissue function.[10] The dual-sequence approach is easier to 

perform clinically, but requires care to make sure the AIF and TF are accurately converted to 

gadolinium contrast concentration units. Both approaches have been well validated in animal 

and human studies. By performing quantitative analysis at rest and under adenosine stress, 

myocardial flow reserve can be quantified.

Automatic Pipelines for Quantification

While traditionally quantification of perfusion required significant human effort for post

processing, improvements in image registration and segmentation and improvement in 

reconstruction hardware has made automatic processing feasible. First images for the AIF 

and TF are registered using non-rigid registration. The LV blood pool is segmented in the 

AIF images to derive an AIF time intensity curve. Following normalization by the PD 

images, the AIF signal intensity is converted to T1, and using the difference in T1 from 

pre-contrast images is converted to gadolinium contrast agent concentration units. The same 

approach is then applied to the TF images to derive time signal intensity curves for each 

pixel in the image which are then converted to concentration units. Finally the TF is fit 

to the convolution of the AIF and the RF on a pixel-by pixel basis. Maps can then be 

segmented to derive segmental perfusion values if desired. Recently there has been growing 

interest in using AI and deep learning techniques to automate different parts of this pipeline. 

Automatic quantification has been compared to standard techniques, validated with invasive 

angiography, and validated as compared to PET. Following robust vendor implementation, 

rapid automatic quantification of myocardial perfusion will become feasible for routine 

clinical practice.
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Appendix 2

Cine CMR Imaging.

The assessment of left and right ventricular systolic function by cine imaging is a 

fundamental component of stress CMR exams, with implications for viability assessment, 

clinical management and overall prognosis. Most commonly, balanced steady-state free 

precession (bSSFP) sequences are used to ensure optimal visualization of the myocardial

blood pool border and adequate temporal resolution. Long axis views of the heart in the 

2-, 3-, and 4-chamber views are routine acquired along with a stack of contiguous short 

axis slices spanning the full extent of the LV and RV acquired throughout the cardiac 

cycle allowing for all myocardial segments to be visualized in two different imaging planes 

and also in multiple contiguous slices (1). Widely acknowledged as the gold standard 

methodology, quantification of ejection fraction by CMR can be accurately measured and 

interpreted in the context of contemporary normal value references, and may also offer 

prognostic information in patients with suspected or known CAD (2-5). The presence of 

regional wall motion abnormalities at rest may act as a clue to the existence of myocardial 

infarction, with cine images also serving as a point of reference for the determination 

of myocardial viability, and myocardial contractile reserve. In addition to global and 

regional systolic function, CMR measures of ventricular volumes and LV mass are highly 

reproducible and may offer indicators of ventricular remodeling with relevant prognostic 

implications for patients undergoing a stress CMR examination (6).

Recognition of subclinical and regional myocardial abnormalities is aided by the use of 

CMR strain techniques. While beyond the scope of this review, multiple methods for CMR 
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strain quantification exist with the most widely accepted methods utilizing myocardial 

tagging, which apply magnetized tag lines in a 3D grid (spatial modulation of magnetization, 

SPAMM) (7,8), Strain-Encoded (SENC) imaging which measures changes in K-space that 

occur in response to through-plane motion to measure strain (9,10), and Displacement 

Encoding with Stimulated Echos (DENSE) which quantifies myocardial motion in pixelwise 

fashion through extracting data regarding tissue displacement from phase-contrast images 

(11). However, these techniques each require the acquisition of additional images which 

limits their clinical adoption. More recently, CMR feature tracking (FT) is a technique that 

is analogous to speckle tracking echocardiography used to measure myocardial strain. It can 

be applied retrospectively to routine bSSFP cine images and may help bridge the gap which 

deters CMR strain from widespread clinical use (12) and appears to have several advantages 

to echocardiography-derived strain measurements (13).

When performed as part of a dobutamine stress CMR examination, both tagging and FT 

strain techniques have been associated with improvements in sensitivity for detection of 

resting and stress induced wall motion abnormalities and myocardial contractile reserve 

when compared to standard cine imaging (14-16). More recently, baseline abnormalities 

in FT-derived LV strain identified patients at higher risk for adverse events following 

vasodilator stress CMR, highlighting the potential prognostic impact of routine strain 

assessment in patients with suspected CAD(17). Pertinent limitations which confine CMR 

strain to an adjunctive rather than primary role in stress CMR include the need for 

specific and/or additional sequences, low temporal resolution, variable prolongation of scan 

time, time-consuming post-processing needs, and variability in normal values according to 

technique(12).

CMR offers the ability to evaluate for non-ischemic symptom etiology in selected patients, 

including concomitant diastolic dysfunction and valvular disease. The available CMR

derived indices for diastolic function assessment are varied, and extend well beyond the 

prototypical structural changes (increased LV mass/hypertrophy, left atrial dilation) to 

include time-volume LV filling curves, generated from cine-based volumetric data(18,19), 

phase-contrast imaging to define transmitral and pulmonary venous flow (akin to Doppler 

echocardiography), and strain techniques including tagging and FT for quantification of 

strain and strain rate of the LV and left atrium, though the latter is still predominantly limited 

to research endeavors(20).
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Abbreviations:

CAD coronary artery disease

CCTA coronary computed tomography angiography

CE-MARC Clinical Evaluation of Magnetic Resonance imaging in 

Coronary heart disease

CMR cardiovascular magnetic resonance

COURAGE Clinical Outcomes Utilizing Revascularization and 

Aggressive Drug Evaluation

FAME Fractional flow reserve versus Angiography for Multivessel 

coronary artery disease Evaluation

FFR fractional flow reserve

GadaCad Gadobutrol-enhanced CMR to detect Coronary Artery 

Disease

GBCA gadolinium-based contrast agent

ICA invasive coronary angiography

ISCHEMIA International Study of Comparative Health Effectiveness 

with Medical and Invasive Approaches

LGE late gadolinium enhancement

MACE major adverse cardiac event

MBF myocardial blood flow

MI myocardial infarction

MPR myocardial perfusion reserve

MR-INFORM trial The Myocardial Perfusion CMR versus Angiography and 

FFR to Guide the Management of Patients with Stable 

Coronary Artery Disease

OMT optimal medical therapies

PET positron emission tomography

SIHD stable ischemic heart disease

SPECT single photon emission computed tomography

SPINS Stress CMR Perfusion Imaging in the United States study
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STRATEGY Stress Cardiac Magnetic Resonance Versus Computed 

Tomography Coronary Angiography for the Management 

of Symptomatic Revascularized Patients trial
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Highlights:

• Stress cardiac magnetic resonance imaging (CMR) accurately assesses 

myocardial ischemia, myocardial viability, and cardiac function without 

exposure to ionizing radiation.

• A revascularization strategy guided by stress CMR has effectiveness 

comparable to that guided by invasive measurement of fractional flow reserve, 

and can be particularly helpful in clinically stable patients with a moderate to 

high pretest probability of ischemic heart disease.

• Quantification of myocardial blood flow from stress CMR images is an 

emerging application for assessment of ischemic burden and coronary 

microvascular function.
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Figure 1. Improved visualization of inferior wall using stress cardiac magnetic resonance.
In patient with severe right coronary artery stenosis (orange arrow), perfusion defect in 

inferior wall (white arrow) clearly seen on stress cardiac magnetic resonance (CMR) 

images but obscured by excessive signal being emitted from the abdomen (blue arrow) and 

diaphragmatic attenuation (green arrow) on single photon emission tomography (SPECT) 

images.
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Figure 2. Stress cardiac magnetic resonance (CMR) is less susceptible to balanced ischemia.
In patient with severe left main stenosis (white arrow), circumferential perfusion defect 

noted throughout all stress CMR (green boxes) images but as evident on single photon 

emission tomography (SPECT, blue boxes) images due to balanced ischemia.
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Figure 3. First pass perfusion.
Left Panel: A single mid-ventricular short axis slice acquired repetitively as contrast 

first enters the right ventricle, then the left ventricle (blue dot), and finally perfuses the 

myocardium. More contrast enters the non-ischemic segments of the myocardium (orange 

arrow) when compared to the ischemic segments (grey arrow). Time intensity curves 

representing the left ventricular cavity, an ischemic segment, and a normal segment are 

shown.

Patel et al. Page 22

J Am Coll Cardiol. Author manuscript; available in PMC 2022 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Typical vasodilator stress cardiac magnetic resonance protocol.
First pass perfusion images using a gadolinium-based contrast agent (GBCA) are acquired in 

3 short axis slices of the left ventricle during hyperemic conditions to assess for ischemia. 

During the next 15 minutes, cine images are acquired in the multiple short axis and long 

axis views to assess cardiac anatomy and function. Next first pass perfusion images are 

acquired in 3 short axis slices during resting conditions. After a 5 minute delay, late 

gadolinium enhancement images are acquired in multiple short axis and long axis views 

to assess for viability. Large perfusion defects involving most of the basal slice and the 

mid to apical septal, anterior, and anterolateral segments are present (adjacent to the green 

dots) on the stress perfusion images but not on the rest perfusion images which are normal. 

The perfusion defect extends beyond the thin rim of late gadolinium enhancement (red 

dots) consistent with subendocardial myocardial infarction with significant peri-infarction 

ischemia.
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Figure 5. Example of abnormal stress CMR perfusion.
Left panel: Perfusion defect in mid-ventricular short axis slice denoted by arrows. . Middle 

panel Normal perfusion noted in same slice position during resting conditions. Right panel: 

Severe right coronary artery stenosis corresponding to perfusion defect.
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Figure 6. Quantitative Assessment of Myocardial Perfusion.
Top two rows: Quantitative myocardial blood flow maps and perfusion images from patient 

with single vessel coronary artery disease. Arrow denotes region ischemic myocardium. 

Bottom two rows: Myocardial blood flow maps and perfusion images from patient with 

multi-vessel coronary artery disease. Resting myocardial blood flow is approximately 

1ml/g/min and remains low throughout the myocardium during stress. Adapted from Hsu 

LY, Jacobs M, Benovoy M et al. Diagnostic Performance of Fully Automated Pixel-Wise 

Quantitative Myocardial Perfusion Imaging by Cardiovascular Magnetic Resonance. JACC 

Cardiovasc Imaging 2018;11:697-707.

Patel et al. Page 25

J Am Coll Cardiol. Author manuscript; available in PMC 2022 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Example of non-viable myocardium.
Baseline cine images (blue box) from a patient with a large myocardial infarction in left 

anterior descending artery (LAD) territory are shown. Late gadolinium enhancement (LGE) 

images (green box) showing a transmural myocardial infarction consistent with non-viable 

myocardium in the LAD territory.
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Figure 8. Example of viable myocardium.
Baseline cine images (blue box) from a patient with severe multi-vessel coronary artery 

disease showing severely reduced ejection fraction. Late gadolinium enhancement (LGE) 

images (green lox) without any significant LGE representing fully viable myocardium are 

shown in the same cardiac views; of note, the mid to apical septum in the 4-chamber view 

has mildly increased signal intensity not sufficient enough to be classified as myocardial 

infarction. Corresponding cine images (orange box) showing improved ejection fraction 

following coronary artery bypass grafting (CABG).
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Central Illustration. Overview of Stress CMR.
Stress CMR includes assessment of ischemia, viability, and function. It is accurate, can be 

used for risk stratification capabilities, impacts decision making, and can be used for several 

clinical scenarios. Figure includes adoptions from (2,14,20)
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Table 1.

Stress CMR studies with ≥100 patients and comparison to invasive catheterization or patient-related outcomes.

Review of Stress CMR Publications

Comparison of Stress CMR Against Invasive ICA

Study/Ye
ar

Study
size
(n)

Inclusion
criteria

Ref CAD
definition

Sensitivity/
Specificity/AUC

Results

(8)MR-IMPACT 
(2008)

241 Clinical indication 
for ischemic 
evaluation

≥50% diameter 
stenosis in >1 

coronary artery

85% / 67% / 0.86 CMR performance similar to 
SPECT in matched patients 
(n=42); better performance 
when comparing CMR with 
0.1mmol/kg dose to whole 
SPECT population (n=212)

(9,57)MR - IMPACT II 
(2012, 2013)

533 Suspected CAD/
clinical indication 
for ICA or SPECT

≥50% diameter 
stenosis in >1 

coronary artery

75% /59% / 0.75 CMR diagnostic performance 
superior to SPECT

(7)CE-MARC (2012) 752 Suspected angina + 1 
cardiovasc ular risk 

factor

≥70% area stenosis in 
≥1 coronary artery or 

≥50% Left main

87% /83% / AUC 
0.89

CMR has high diagnostic 
accuracy over SPECT, with 
greater sensitivity and NPV 

compared to SPECT

Comparison of Stress CMR Against Invasive Fractional Flow Reserve (FFR)

 (11)Watkins et al 
(2009)

103 Suspected angina 
with indication for 
CA

FFR<0.75, or subtotal/
total coronary 
occlusionm

95%/91% CMR has high diagnostic 
accuracy in the detection of 
functionally significant CAD 
when compared against FFR 
reference standard

 (58)Manka et al 
(2012)

120 Known or suspected 
CAD

FFR <0.75 in vessels 
>2mm and >40% 
stenosis

90% /82% 3D stress CMR has high 
diagnostic accuracy for 
detection of functionally 
significant CAD and can 
represent myocardial ischemic 
burden accurately

(59)Bettencourt et al 
(2013)

103 Symptoma tic 
patients with 
suspected CAD or 
intermedia te-high 
probability of CAD

FFR <0.80 for 
any stenosis >40%, 
or subtotal/occluded 
vessel

89% /88% CMR has high accuracy 
in detection of functionally 
significant CAD in 
intermediate-high pretest 
probability patients

(60)Ebers berger et al 
(2013)

116 Known or Suspected 
CAD

FFR ≤0.8 OR stenosis 
>75%

85% /87%/ 0.93 3T stress CMR has excellent 
diagnostic performance with 
high image quality
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Table 2:

Selected stress CMR studies with >100 subjects which include patient outcomes.

Prognostic Value

Study/Year Study
size
(n)

Inclusion
Criteria

Study
Design/Treatment
& Comparison

Primary
Outcome

Results

(21)CE-MARC 
2 (2016)

1201 Symptomatic with 
suspected angina

Random assignment to 
UK NICE guidelines, 
CMR or SPECT guided 
management

Primary Endpoint: 
Unncessary ICA
Secondary 
Endpoint: MACE

Primary Endpoint CMR vs. NICE 
OR 0.21 (95% CI 0.12-0.34;p<0.01) 
CMR vs SPECT OR 1.27 (95% CI 
0.79-2.03; p=0.32)
Secondary Endpoints: CMR 
vs. NICE HR 1.37 (95%CI 
0.52-3.57;p=0.52) CMR vs. SPECT 
HR 0.95 (95% CI 0.46-1.95; 
p=0.88)

(22) 
STRATEGY 
(2016)

600 Patients with chest 
pain and prior 
revascularization

Prospective registry 
comparing CTCA and 
stress CMR

MACE (Cardiac 
death, nonfatal MI)

Stress CMR patients had lower 
MACE rate (5%) compared to 
CTCA arm (10%), p<0.01

(61) MAGnet 
(2018)

200 Symptomatic stable 
CAD (intermediate or 
high risk)

1:1 randomization to 
ICA vs. adenosine stress 
CMR

Composite CV 
death and nonfatal 
MI

3.1% for ICA vs. 4.2% for CMR 
(p=ns) with lower revascularization 
rate in CMR arm

(20)MR-
INFORM 
(2019)

918 Symptomatic patients 
with 2+ 
cardiovascular risk 
factors/+ETT

Unblinded assignment 
to upfront stress 
CMR with FFR-guided 
revascularization

Primary endpoint: 
death, nonfatal MI, 
TVR at 1 year

3.7% for FFR vs. 3.6% for CMR 
(meeting criteria for noninferiority) 
with no difference in freedom from 
angina at 12 months

(16)Heitner et 
al (2019)

9151 Known or suspected 
CAD

Multicenter study of 
patients undergoing 
stress CMR

All -cause 
mortality

Abnormal stress associated with 
increased mortality (HR 1.89, 95% 
CI 1.68-2.1, p<0.001), including in 
patients with/without CAD, and for 
normal/reduced EF

(14)SPINS 
Registry (2019)

2349 Patients presenting 
with chest pain 
syndrome

Retrospective 
multicenter cohort study 
of patients undergoing 
stress CMR

Composite 
cardiovascular 

death and nonfatal 
MI

+ ischemia associated with HR 1.96 
(95% CI 1.35-2.86, p<.0004) No 
ischemia or LGE associated with 
low event rate up to 5 years after 
index exam

CAD = Coronary Artery Disease; MI = Myocardial infarction; TVR = target vessel revascularization; ICA = invasive coronary angiography; FFR = 
fractional flow reserve; EF = ejection fraction

*
Studies >100 included

*
per patient level analyses
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