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1   The relationship between CMR and PET for global myocardial 
perfusion (rest and stress included). The dashed line represents 
the line of regression. The solid line indicates the line of identity. 
CMR = cardiac magnetic resonance 
PET = positron emission tomography

Background
Chronic coronary syndrome (CCS) is one of the most  
common causes of heart failure and death worldwide [1]. 
The diagnostic workup in patients with suspected CCS aims 
at establishing whether or not there is any significant coro-
nary stenosis in need of treatment (percutaneous coronary 
intervention or coronary artery bypass grafting). Perfusion 
imaging during stress and at rest can identify clinically  
significant stress-induced myocardial ischemia in need of 
treatment. The vast majority of the research in this field 
during the last decades has been focused on diagnosing 
and treating atherosclerotic plaques causing stenosis in any 
of the three major coronary arteries. Very little focus has 
been on the myocardial vasculature beyond the coronary 
arteries, i.e. the coronary microcirculation. The primary 
reason for this has been the inability to quantify microvas-
cular function in the clinical context. Up until recently, the 
only clinically feasible way to assess coronary microvascu-
lar function in patients had been cardiac positron emission 
tomography (PET). Cardiac PET is limited to few centers 
and is associated with cumbersome logistics and the  
need for radioactive isotopes. Hence, in order to make  
assessment of coronary microvascular function available  
to a larger group of patients, new diagnostic methods  
are needed.

Quantitative CMR perfusion mapping1

Myocardial perfusion imaging with cardiac magnetic  
resonance (CMR) has been available for more than 20 
years. Traditionally, first-pass perfusion with visual assess-
ment of relative myocardial perfusion distribution has been 
used. However, due to the complex relationship between 
signal intensity, blood flow and gadolinium concentration, 
qualitative visual assessment is not always reliable.  
Semi-quantitative methods have been proposed and  
validated [2]. Fully quantitative methods have, however, 
been lacking. The theoretical basis for fully quantitative  

perfusion with CMR has been known for several decades 
[3] originally based on the work by Leon Axel in 1983 [4]. 
In 2004, Christian et al. [5] showed experimental valida-
tion of a dual-contrast bolus technique for assessment of 
quantitative myocardial perfusion on a pixel-by-pixel level. 
The same year, Gatehouse et al. [6] showed the proof-of-
concept of a dual-sequence, single bolus technique that 
could also be used for the same purpose. Later, both  
imaging techniques were shown to have clinical potential 
[7, 8]. In a collaboration between Peter Kellman and Hui 
Xue at the National Heart, Lung, and Blood Institute,  
National Institutes of Health, Bethesda, USA and the Lund 
cardiac MR group, Lund University and Lund University 
Hospital, Lund, Sweden, the dual-sequence, single bolus 
technique was recently clinically validated against cardiac 
PET [9] (Figs. 1, 2).
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1 Customer developed prototype. The product is still under development and not 
commercially available yet. Its future availability cannot be ensured.
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Potential clinical impact of quantitative 
CMR perfusion mapping 
The potential of quantitative CMR perfusion led to a shift in 
clinical routine at Lund University Hospital in 2019. Instead 
of replacing a gamma camera used for clinical myocardial 
perfusion single photon emission tomography (SPECT),  
the regional healthcare politicians together with the head 
of the university hospital decided to replace this nuclear  
imaging method with quantitative CMR perfusion  
mapping. As a result, a dedicated cardiovascular MRI  
scanner (MAGNETOM Sola Cardiovascular Edition,  
Siemens Healthcare, Erlangen, Germany) was installed  
at Lund University Hospital in August 2019.

Quantitative CMR perfusion in clinical routine in pa-
tients with angina enables not only detection of significant 
coronary artery stenoses, but also assesses their severity. 
Consequently, this will enable more accurate diagnosis, 
presumably resulting in fewer unnecessary catheterizations 
and stents in patients with CCS.

Furthermore, a completely new group of patients  
with angina can be diagnosed, those with coronary  
microvascular dysfunction (CMD) [10] of which the majori-
ty are women [11]. In the WISE study (Women’s Ischemia 
Syndrome Evaluation), 62% of women with signs and 
symptoms of ischemia did not have significant coronary  
artery disease (CAD) [12]. The pathophysiological mecha-
nisms explaining CMD in the absence of obstructive CAD 
has been shown to partly be the same as for CAD, such as 

dyslipidemia, hypertension, diabetes and smoking.  
Coronary microvascular dysfunction has been shown  
to precede development of obstructive CAD [13]. Hence,  
the ability for early detection of changes in the coronary 
microcirculation may enable early detection of patients  
at risk of developing CAD.

The Cardiovascular Disease in Women Committee of 
the American College of Cardiology, in conjunction with 
interested parties (from the National Heart, Lung, and 
Blood Institute, American Heart Association, and European 
Society of Cardiology) recently published a consensus 
statement regarding patients with angina in the absence  
of CAD, referred to as INOCA (signs of Ischemia with Non- 
Obstructive Coronary Arteries) [14]. Many of these patients 
have CMD and an elevated risk for cardiovascular events 
(including acute coronary syndrome, heart failure hospital-
ization, stroke, and repeat cardiovascular procedures)  
compared with reference subjects. In this consensus report 
the authors state that: “Given the likelihood that multiple 
mechanisms may contribute to INOCA, improved under-
standing by specific phenotyping of these individuals  
beyond symptoms and ischemia is needed” [14].

Thus, due to this novel understanding of ischemia as  
a potential biomarker, the role of CMR for management  
of patients with angina will probably increase significantly 
in the coming years. Due to the quantitative nature of the  
recently introduced CMR perfusion imaging techniques, 
precise assessment of coronary microvascular function will 
become available to a larger group of patients.

2   A patient with stress-induced ischemia  
in the inferior LV wall with a significant 
stenosis in the right coronary artery.  
(2A) Rest and stress perfusion maps in a 
mid-ventricular short-axis view acquired 
using the dual sequence, single contrast 
bolus CMR perfusion mapping approach, 
showing stress-induced ischemia in the 
inferior LV wall (arrows). (2B) Rest and 
stress polar plot PET perfusion maps 
obtained by dynamic 13N-NH3 imaging 
showing stress-induced ischemia in the 
inferior LV wall (arrows) corresponding 
well with the CMR findings. The central 
part of the polar plot represents the LV 
apex and the periphery represents the 
basal parts of the LV.*
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* The colors for PET and CMR perfusion maps  
are different and in concordance with colors 
typically used for each method. Furthermore, 
the color scales in this case are different for  
the two methods to optimize visualization of 
regional pathology.  
CMR = cardiac magnetic resonance 
LV = left ventricle 
MP = myocardial perfusion 
PET = positron emission tomography  
From Engblom et al. JCMR 2017;19:78. 
Reproduced with permission.
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