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How CMR Contributes to the Emerging World of 
Precision Medicine and Patient Stratification in 
Cardiology and Heart Failure

Dear readers and colleagues,
What a fabulous welcome to 2021, with a comprehensive 
review and series of global expert perspectives on state-of-
the art CMR imaging in non-ischaemic cardiomyopathy  
in the SCMR edition of MAGNETOM Flash. Leading CMR  
investigators and clinicians have contributed to this edition 
from all corners of the world – Europe, Asia, North, and 
South America, providing insights into clinical applications, 
pragmatic challenges as well as technical developments 
and future directions. 

Cardiomyopathy, with clinical presentations from  
heart failure to arrhythmia, is a massive burden across  
the globe, impacting patients and families through well- 
acknowledged mortality and morbidity, but also with major  
economic impact. It is a syndrome characterised by classic 
clinical history and physical findings. Mostly due to  
necessity related to our historic inability to differentiate  
the many underlying pathophysiological mechanisms with  
prior diagnostic technologies, patients have been bucketed 
together. The rather gross separation of heart failure  
patients into those with reduced versus preserved ejection 
fraction by echocardiography illustrates this well. In this 
edition, the enormous opportunity for CMR to transform 
the clinical stratification of heart failure patients in a  
way that more closely aligns with underlying biology is 
highlighted. This will have important benefits to patients 
immediately through the ability to identify early myopathic 
processes, help risk stratify and guide management,  
as well as diagnose potential secondary causes of heart  
failure amendable to targeted treatment approaches.  

In addition, there are broader long-term and “big picture” 
benefits of improved phenotyping of cardiomyopathy, 
stratifying the enormous and heterogeneous syndrome 
into biologically relevant groups and allowing for more  
focused development of therapies relevant to specific 
mechanisms, with flow on effects such as improved  
ability to measure response to therapy in more powerful 
clinical trials.

Biomarkers, whether they are imaging or blood based 
molecular markers, are most powerful when they closely 
reflect underlying biology. Measures of inflammation and 
fibrosis within the myocardium, as well as patterns of  
distribution, now possible through technical advances with 
CMR, as highlighted in this edition of MAGNETOM Flash, 
have opened up a new eye for cardiologists, and combined 
with improved blood measures, offer the hope of improved 
“precision” medicine far beyond what we could “see” with 
echocardiography. They are obviously of direct relevance  
to cardiomyopathy and heart failure – reflecting specific 
mechanisms as well as being of value for risk stratification 
and measuring response to therapy. In order to get the 
most out of this valuable information, multi-disciplinary 
strategic leadership across the whole pipeline is required, 
helping us bring together fundamental molecular and  
cellular biology with clinical and imaging phenotype.  
Stratification of patient groups in this manner is our best 
chance of translating potential new therapies targeted  
to specific subgroups of non-ischaemic cardiomyopathy.  
With CMR as a tool, we can learn from the massive  
steps that the oncology field has been able to take once  
molecular characterisation was possible to stratify tumours 
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previously lumped together, and now treated with a  
diverse range of biological agents targeted to specific 
mechanisms.

Magnetic resonance spectroscopy perhaps offers the 
most physiologically relevant insight to cellular function in 
the myocardium and has offered enormous hope for over  
a decade. Levelt and colleagues from the UK [1] provide  
a state-of-the-art update on its use as a clinical tool for the 
prognosis and diagnosis of diabetic heart disease, where 
the common problem of diabetes mellitus can cause  
similar clinical syndrome through multiple mechanisms, 
with potential impact on prognosis and management. 
These include impaired cardiac high energy phosphate  
metabolism, coronary microvascular dysfunction, and  
ectopic lipid deposition. Increased oxidative stress and  
dysregulated cellular metabolism drives alterations to  
Na+ and Ca2+ handling, impacting contractility, relaxation 
and susceptibility to arrhythmias [2]. Magnetic resonance 
spectroscopy methods, particularly those based on interro-
gating 1H and 31P metabolites, have now been shown to 
add an additional layer of information to clinical imaging 
data. The challenges of upscaling this potentially powerful  
clinical investigation tool are discussed. The most signifi-
cant deterrents include the need for dedicated hardware, 
expert input during acquisition compared to standard  
imaging, dedicated time for the pre-scan adjustments,  
and exceptional sensitivity to cardiac and respiratory  
motion. Technical advancements that make spectroscopy 
more reproducible in a wide array of clinical settings may 
help in the next decade.

The importance of bioimaging signatures with para-
metric mapping in addressing the diagnostic challenges  
of myocarditis is expertly laid out by Dr. Abidin [3] from  
Malaysia, including with very pragmatic and representative 
cases. As she summarizes, although late gadolinium  
imaging is a sensitive technique to detect focal myocardial 
damage, it lacks the ability to differentiate the state of  
the disease activity, especially in myocarditis. Furthermore, 
“the incorporation of bioimaging signatures with paramet-

ric maps and LGE imaging, using our standardized exam 
card, allows for shorter examination time and provides  
a productive and highly reproducible technique for  
diagnosing myocarditis” [3]. Examples are also given by  
Dr. Mavrogeni from Greece, on integrating advances  
in CMR inflammatory measures into the diagnosis, risk 
stratification and management of patients with autoim-
mune rheumatic disease involving the heart [4].

Measures of inflammation 
and fibrosis within the  
myocardium, as well as  
patterns of distribution,  
now possible through  
technical advances with 
CMR, have opened up a  
new eye for cardiologists 
and, combined with  
improved blood measures, 
offer the hope of improved 
“precision” medicine. 

mill. She was awarded a National Health and Medical Research Council (NHMRC) Excellence Award for Top Ranked Practitioner Fellow 
(Australia), commencing in 2018. In 2019 she received the prestigious NSW Ministerial Award for Cardiovascular Research Excellence. 
Gemma is committed to the advancement of her field and serves as a member of the Editorial Board of leading international cardio- 
vascular journals Circulation and Cardiovascular Research, as well as being a founding editorial board member for Redox Biology,  
and an Associate Editor for Heart, Lung and Circulation. Her research and clinical perspective and leadership are recognised by her 
membership of the Scientific Board of Cardiac Society of Australia and New Zealand (responsible for International Relations), and  
her appointment to the Expert Advisory Panel for NHMRC Structural Review of Grants Program (2016–17), and as well as the  
Clinical Committee of the Heart Foundation. She is committed to the promotion and advocacy of cardiovascular research, working  
as President of the Australian Cardiovascular Alliance with a national team to secure $220 Million Federal funding for the Mission  
for Cardiovascular Health, as well as a member of the NSW CVD Advisory Committee. She now chairs the Mission (CV) Expert Advisory 
Panel. She is a graduate of the Australian Institute of Company Directors and serves/has served as a non-executive Director on multiple 
community Boards.

The purpose and approaches of whole-heart high- 
resolution late gadolinium enhancement are summarized 
by Dr. Cochet and colleagues from France [5]. Initially  
developed to assess fibrosis in the very thin walled left  
atrium [6], the technique is recognised to achieve much 
higher spatial resolution, but with the disadvantage of  
longer scan time. A pragmatic approach is taken in the  
application of the technique to the assessment of the left 
ventricle, highlighting that HR-LGE is not required in every 
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patient. However, patients with a number of key conditions 
have been shown to benefit, particularly when traditional 
CMR imaging is normal or inconclusive. These include  
patients with myocardial infarction with non-obstructive 
coronary arteries (MINOCA- where HR-LGE resulted in  
a change in the final diagnosis in 26% of the patients),  
ventricular arrhythmia, and it has been increasingly used in 
planning and assessment of patients with pulmonary vein 
isolation for atrial fibrillation. Dr. Nezafat et al. also shares 
the experience of clinicians at Beth Israel Deconess Medical 
Center where they have applying free-breathing 3D LGE for 
high resolution LGE imaging for over a decade [7].

Pragmatic experiences and approaches to applying  
4D Flow MRI in clinical practice are well described by  
Dr. Avery and colleagues from the USA, and Dr. Monti from 
Italy. Whilst initial practical implementation has been to  
assess complex congenital heart disease, and large vessel 
abnormalities, including the aortic endovascular graft  
described by Dr. Monti [8] due to its ability to assess blood 
flow velocity and wall shear stress, there is also the real 
hope that 4D Flow can play a role in improving the speed 
and reproducibility of routine haemodynamic measures 
[9], and ultimately, although with need for considerable  
technical advances, provide measures of cardiac energetics 
previously only available through complex invasive pres-
sure volume relation measures to easily applicable to the 
clinical setting [10].

Artificial Intelligence and machine learning approaches 
are emerging as excellent approaches to better cluster  
patient populations and derive more tightly circumscribed 
patient cohorts. Such unbiassed segmentation of patient 
populations has the advantage of reaching beyond our ex-
isting knowledge, potentially identifying new risk markers, 
and groups who may be linked by common mechanisms. 
CMR data, with its improved quantitation of physiologically 
and pathophysiological relevant myocardial function, along 
with more traditional clinical measures make for a perfect 
substrate for new discovery and approaches to longstand-
ing and common cardiovascular problems as recently dis-
cussed by Bhuva and colleagues in Circulation: Cardiovas-
cular Imaging [11], and is very relevant to consideration  
of this SCMR edition of MAGNETOM Flash. 

A major challenge for the cardiovascular field in devel-
oping and translating new therapies has been the high bar 
set, with primary endpoints focussed on mortality. Whilst 
being careful not to lower the ultimate bar, validated  
surrogate measures that reflect underlying disease activity 
have the potential to play an important role in working  
towards a staged regulatory process, reducing the cost  
and improving the power of early phase trials and ensuring 
efficiency. This may have some impact in reversing the  
current trend away from cardiovascular clinical trials relat-
ed to high costs and perceived high risk.

With rapid improvements in CMR and other tools  
that improve our clinical phenotype and understanding  
of contributing factors to an individual’s heart failure  
syndrome, we need to continue to invest in rigorous  
assessment and implementation for new diagnostic  
pathways, with a particular focus on the benefit to the  
patient. Does new information translate to improved  
care and outcome? For this, global leadership, aligning 
new developments with efficient and innovative clinical 
trial platforms, and guideline experts are required to  
ensure we have a strong evidence-base to guide clinical  
implementation. Dr. Schulz-Menger and colleagues from 
Germany have provided a considered commentary regard-
ing the evolution of guidelines that play a critical role  
in the implementation of CMR as a diagnostic tool for 
non-ischaemic cardiomyopathies [12], driving clinical  
quality and minimising clinical variation. As they astutely 
state “it has become more and more evident, that the 
quantification of cardiac function and myocardial structure 
is crucial for a diagnostic decision. This major step will also 
challenge the community as a significant effort is needed 
to ensure quality assurance including standardization” 
[12]. Whilst there may be some argument against wide-
spread use of CMR from the “payers” in the system, the 
economic savings that can be made by early accurate  
diagnosis of underlying pathophysiology as well as risk 
stratifying features also needs to be clearly identified and 
placed in the equation.

Whilst it is invigorating to observe the progress in  
technology and clinical application of CMR as it pertains to 
heart failure and non-ischemic cardiomyopathy, we need 
to continue to wrestle with the immense challenge of  
implementing equitable access to evidence-based clinical  
pathways and diagnostic tools. For CMR this includes  
collaborative approaches to improve access to hardware, 
sequences, technical and clinical expertise in clinical  
settings around the globe, as well as efforts to accelerate 
acquisition and sharpen reproducibility in non-expert 
hands. This is highlighted by the powerful final sentence  
in the review by Dr. Abidin “Now the task is to make  
parametric mapping with CMR technically available  
across the globe” [3]. Improvements in remote support,  
as presented by Bac Nyguyen [13] from Norway, is one  
critical ingredient in this ambition.

In conclusion, this SCMR edition of MAGNETOM Flash 
provides its broad readership with an excellent overview 
regarding the emerging role of CMR with more stratified 
approaches to common clinical cardiology challenges. Bet-
ter stratification by underlying mechanistic markers – both 
imaging and blood based – will be the central ingredients 
to making the next advances in prevention, early detection 
and treatment of many cardiovascular conditions. CMR and 
the non-invasive window that it provides into myocardial 
pathology, without the need for myocardial biopsy, will  
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undoubtedly be a central player in both better diagnosis 
management of individual patients as well as advances in 
the field through coordinated stratification and targeting 
of novel therapies in more efficient and powerful trials. 
Ongoing partnerships between academia and industry,  
as well as clinical guideline and policy experts are required 
to ensure we maximise the huge potential going forward.
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Role of CMR in Non-ischemic  
Cardiomyopathies
Jan Gröschel; Maximilian Fenski; Edyta Blaszczyk; Jeanette Schulz-Menger

Charité – Universitätsmedizin Berlin, corporate member of Freie Universität Berlin, Humboldt-Universität zu Berlin, and 
Berlin Institute of Health, Working Group on Cardiovascular Magnetic Resonance, Experimental and Clinical Research  
Center, a joint cooperation between the Charité Medical Faculty and the Max-Delbrück Center for Molecular Medicine and 
HELIOS Hospital Berlin-Buch, Department of Cardiology and Nephrology, Medical University Berlin, Charité Campus Buch, 
Berlin, Germany

Abstract 
Cardiovascular magnetic resonance (CMR) plays a growing 
role in therapeutic decision-making as it allows to differen-
tiate etiologies and provides prognostic information.  
Compared with other imaging modalities, CMR has the 
unique ability to identify myocardial injury, not only in  
ischemic, but also in non-ischemic heart disease (NIHD).  
It enables the identification of reversible, irreversible, acute 
and, chronic damage. The detection of inflammation in 

myocarditis and of myocardial involvement in systemic  
disorders, and the differentiation of left ventricular  
hypertrophy (LVH), including storage diseases, were two  
of the door-openers into different clinical guidelines. This  
was already recognized in 2016, with CMR specifically  
recommended in more than 50% of the guidelines of the 
European Society of Cardiology (ESC), and in 50% of AHA/
ACC guidelines [1, 2]. The recognition of CMR in guidelines 

1   Patient diagnosed with hypertrophic cardiomyopathy (1A–E). 4-chamber view and short axis cine images showing basal septal hypertrophy 
(1A–B). Intramyocardial LGE basal septal within hypertrophic segments (1c). Corresponding native T1 and T2 Maps (1D–E). 
Images from a patient with hypertensive heart disease (1F–J). 4-chamber view and short axis cine images showing concentric hypertrophy 
(1F–G). Normal LGE (1H). Corresponding native T1 and T2 Maps (1I–J). 
A case with a patient suffering from severe aortic stenosis with a bicuspid aortic valve (1K–O). 4-chamber view and short axis cine images 
showing concentric hypertrophy (1K–L). Focal (septal) and diffuse fibrosis in a basal slice (1M). Corresponding native T1 and T2 Maps (1N–O).
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is still growing, leading to an increased understanding  
of the impact of CMR for patients outside the expert  
community. Fortunately, in recent years the application  
of CMR in NIHD has also been integrated into the clinical 
workup of patients with acute coronary syndrome and 
non-ST-segment-elevation infarction, as the symptoms 
might be caused by myocarditis, takotsubo cardiomyopa-
thy, or myocardial infarction with no obstructive coronary 
atherosclerosis (MINOCA) [3]. Interestingly, athletes at  
different levels should be guided based on CMR, as  
published last year in the ESC Guidelines on sports cardiol-
ogy [4]. For example, athletes with a history of myocarditis 
should only return to competitive sports after a persistent 
myocardial injury has been excluded by CMR.

During the last years, it has become increasingly evi-
dent that the quantification of the cardiac function and 
myocardial structure is crucial for a diagnostic decision. 
This major step will also challenge the community, as a  
significant effort is needed to ensure quality assurance  
and standardization. Most of the diagnoses in NIHD are 
based on quantitative measures.

In the following sections, we will highlight some  
aspects of this topic.

Differentiation of left ventricular 
hypertrophy 
Left ventricular hypertrophy (LVH) is usually diagnosed  
by echocardiography or CMR based on detecting a left  
ventricular wall thickness at end-diastole of at least  
13–15 mm [5, 6] and/or an increased left ventricular  
mass index [7]. Both methods can additionally provide the 
mass-volume index and the relative wall thickness, which 
can help to differentiate between concentric and eccentric 
hypertrophy, and to stratify the risk of cardiovascular 
events [8, 9]. The true challenge lies in breaking down the 
broad differential diagnosis of LVH, which is either caused 
by a pathophysiological stimulus like pressure or volume 
overload, or by pathological causes ranging from genetic 
to infiltrative disorders [10].

In all cases of unknown LVH, hypertrophic cardio- 
myopathy (HCM) should be ruled out [5], as it is one  
of the major contributors to sudden cardiac death (SCD). 
The strength of CMR in this entity is the detection of areas 
of fibrosis using late gadolinium enhancement (LGE)  
(Fig. 1C) as a modifier in the risk stratification and to  
delineate it from physiological causes of LVH. Even in  
cases without LGE, increased native T1 and/or ECV values 
can detect diffuse fibrosis and aid in the differential diag-
nosis [11]. Furthermore, CMR can provide quantitative 
planimetric evaluation of the left ventricular outflow tract. 
This robust marker can be used to accurately differentiate 
obstructive from non-obstructive disease and to monitor 
the effect of septal reduction therapies [10]. It is important 

to remember that other disorders can hide behind an HCM 
phenotype. 

One chameleon capable of mimicking HCM is hyper-
tensive heart disease (HHD) due to long-term arterial  
hypertension. Assessment of LV cine images might show 
concentric hypertrophy [12] and LGE in a nonspecific  
intramyocardial pattern [13] (Fig. 1F–J). Follow-up exams 
with CMR can monitor left ventricular wall thickness in  
response to anti-remodeling therapy in HHD [14]. Our  
recent study, currently in review, compared cine acquisi-
tions accelerated by compressed sensing to standard bSSFP 
acquisitions. We could prove that without compromising 
diagnostic capability, equivalent function and mass assess-
ment of LV and RV is possible with a time reduction of 
more than 50%, making frequent CMR exams even more 
feasible. Aortic stenosis, which causes LVH in a similar 
manner, could lead to diffuse fibrosis of the myocardium. 
Quantitative markers such as T1 and ECV could help in the 
future to decide about the timing of therapy and to predict 
outcomes and prognoses. [15] (Fig. 1K–O).

Another important entity to consider in the workup  
of LVH and HCM is the so-called athlete’s heart, a condition 
linked to an increased exercise burden. T1, T2, and ECV  
values are of help as they appear to be in the normal range 
in most cases with exercise-induced LVH [16]. 

LVH can also be caused by storage diseases. This  
differentiation is one of the strongest applications of CMR 
as the diagnosis will change the therapy. Different entities 
will be discussed in the chapter about restrictive cardiomy-
opathies (RCM).

Figure 1 summarizes different causes of left ventricular 
hypertrophy and their appearance in CMR.

Restrictive cardiomyopathies
A rare but nevertheless important group of NIHD are  
restrictive cardiomyopathies (RCM) caused by systemic  
and infiltrative disorders. CMR plays a crucial role in amyloi-
dosis. LGE shows diffuse myocardial involvement with 
characteristic hypointense blood and hyperintense myocar-
dium with coexisting pericardial and pleural effusions.  
This pattern is often diagnosed in AL-amyloidosis, whereas 
parametric mapping also allows the identification of other 
subgroups. Typically, significantly elevated T1 and/or ECV 
values are found throughout the myocardium (Fig. 2A–E). 
The native T1 and ECV values are useful markers for moni-
toring the progression of the disease [17, 18].

On the opposite end of the spectrum is Fabry disease 
where low native T1 values, caused by lipid accumulation, 
often raise suspicion. In addition, CMR can often detect  
a characteristic inferolateral fibrosis by LGE (Fig. 2F–J).  
Furthermore, CMR can aid in the decision when to start  
enzyme replacement and monitoring its effects [19].
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CMR can provide evidence for cardiac involvement in  
sarcoidosis by means of cardiac morphology assessment, 
LGE, or T2-based imaging [10]. Unfortunately, the disease  
is a great imitator and can appear as HCM-, RCM- or dilated 
cardiomyopathy (DCM)-phenotypes. Even normal heart 
chambers on cine imaging can be found. LGE has a  
negative impact on the prognosis and often presents  
as a striking hyperintense subepicardial pattern [20]  
(Fig. 2K–O) [21].

Figure 2 exemplarily shows the wide array of tissue 
properties that CMR can provide during one scan.

Dilated cardiomyopathies 
DCM refers to a spectrum of heterogeneous myocardial  
disorders and is defined by the presence of ventricular  
dilation and systolic dysfunction in the absence of any  
condition (hypertension, valvular, congenital, or ischemic 
heart disease) sufficient to cause global systolic impair-

ment [22]. The role of CMR in the diagnostic and prognos-
tic evaluation as well as in guiding treatment strategies  
in DCM patients has significantly increased in recent years.  
A CMR scan as part of the diagnostic workup should  
deploy a protocol that assesses the heart anatomy, left and 
right ventricular function, possible edema, myocardial tis-
sue characterization, and scar formation. Cine imaging  
in long- and short-axis is recommended for right and left 
cardiac volume, function, and mass assessment due to  
its high accuracy and reproducibility [23]. A T2-based 
marker (T2W or T2-mapping) for edema, an essential  
component of acute or active inflammation, should be  
included, as well as T1-imaging (preferably T1-mapping  
and ECV-imaging, if available) for tissue characterization. 
Therefore, by deploying the updated Lake Louise criteria, 
CMR offers good specificity and sensitivity in detecting 
acute myocarditis, a frequent cause of ventricular dilata-
tion [24] (Fig. 3F–J). Furthermore, cardiac involvement in 
systemic inflammatory diseases, which can cause subclini-

2   Images from a patient with cardiac amyloidosis (2A–E). 4-chamber view and short axis cine images showing global hypertrophy  
accentuated septally (2A–B). Characteristic LGE with hypointense blood pool and hyperintense myocardium (2C). Corresponding native  
T1 and T2 Maps (2D–E). 
Images from a patient with Fabry disease (2F–J). 4-chamber view and short axis cine images showing global left ventricular hypertrophy  
and increased papillary muscles (2F–G). Characteristic focal LGE basal inferolateral and septal intramyocardial (2H). Native T1 Map showing 
corresponding focally increased T1 values Please note the overall lower T1 values (violet colour) (2I). Corresponding T2 Maps (2J). 
Images from a patient with confirmed sarcoidosis (2K–O). 4-chamber view and short axis cine images showing a dilated left ventricle (2K–L). 
Subepicardial, sharply demarcated LGE basal inferior and anteroseptal. Note the striking hyperintensity of the scars (2M). Corresponding  
native T1 and T2 Maps (2N–O).
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cal myocarditis, can be detected and CMR parameters cor-
relate with disease activity [25]. LGE-imaging is crucial for 
the diagnostic workup in DCM patients. It can differentiate  
between ischemic and non-ischemic causes of LV dilatation 
and systolic dysfunction [26]. In one quarter of patients 
with DCM, a typical intramural basal anteroseptal LGE  
is found, also known as “mid-wall sign” (Fig. 3C). LGE  
imaging in DCM patients can predict sudden cardiac death 
(SCD) and might identify patients who will benefit from an 
implantable cardioverter-defibrillator implantation, despite 
a left ventricular ejection fraction (LV-EF) >35% [27–29]. It 
should be kept in mind that many infiltrative cardiomyopa-
thies that can present as RCMs can also mimic and present 
as DCMs. Once again, native T1-mapping and ECV-imaging 
provides myocardial tissue characterization and combined 
with specific LGE-patterns shows an excellent diagnostic  
accuracy in these entities as mentioned above [10] (Fig. 2).

Apart from sarcoidosis, other systemic disorders can also 
lead to DCM, but might also present with a preserved LVEF. 
Systemic diseases are characterized by the involvement of 
multiple organs with an autoimmune background. From  
a cardiological point of view, these disorders can present  
with inflammation of the peri- and myocardial tissues as 
well as early onset arterial disease [25]. The role of CMR  
is the assessment of potential myocardial involvement  
by detecting inflammation or fibrosis by the methods  
mentioned above [24]. Cardiac involvement in systemic  
lupus erythematosus (SLE) can be detected by CMR  
applying LGE and parametric sequences, even in subclinical 
stages [30, 31]. SLE as well as other entities may not only 
appear as a NIHD, but the coronaries could be affected  
as well. Especially vasculitic disorders are known to affect  
all vessels including the coronaries and the small intramyo-
cardial vasculature [32]. 

3   Images from a patient with an idiopathic dilated cardiomyopathy and excluded ischemic heart disease (3A–E). 4-chamber view and short axis 
cine images showing a dilated left ventricle (3A–B). LGE with mid-wall sign (3C). Corresponding native T1 map with increased T1 values in the 
septal wall and T2 Map with normal values (3D–E). 
A case of dilated cardiomyopathy due to myocarditis (3F–J). 4-chamber view and short axis cine images showing a dilated left ventricle 
(3F–G). Focal subepicardial fibrosis/necrosis basal anterior and anterolateral (3H). Corresponding native T1 and T2 Maps with increased values 
in segments with positive LGE (3I–J). 
A patient with dyspnoe and fatigue after a COVID-19 infection (3K–O). 4-chamber view and short axis cine images (3K–L). Small, focal 
subepicardial fibrosis basal inferior and septal. Possible of thromboembolic origin (3M). Native T1 Map with increased values anteroseptal  
and corresponding T2 map with normal T2 values Map (3N–O).
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Right ventricular diseases
The assessment and evaluation of the right ventricle is 
playing an increasing role in cardiovascular imaging. Sever-
al CMR studies could show that right ventricular systolic 
function might have an impact on the prognosis in a wide 
variety of disorders, including DCM [33], systemic sclerosis 
[34], sarcoidosis [35], and other forms of NIHD [36]. This 
evidence underlines the importance of continuing to inves-
tigate the role and the disorders of the right ventricle.

Arrhythmogenic right ventricular cardiomyopathy 
(ARVC) is a rare inherited heart muscle disease that may  
be a cause of SCD, particularly in young people. Due to 
known biventricular and left ventriclular involvement,  
the term “arrhythmogenic cardiomyopathy” (AC) has  
been suggested as a redefinition of this disease [37, 38].

To improve diagnosis and management of the  
disease, the minor and major Task Force criteria for AC 
were modified in 2010 by combining multiple aspects  
such as family history, ECG, arrhythmic, structural and 
functional, and histopathological findings [39]. Molecular 
genetics are playing an increasing role in the diagnosis  
of AC; however, it still remains very challenging.

CMR has become the gold-standard for assessing  
ventricular volumetric indexed measurements, systolic 
function, and regional wall motion abnormalities such  
as akinesia, dyskinesia, aneurysm, and bulging. The char-
acterization of fibrofatty myocardial tissue composition is 

another method that is gaining clinical importance, but  
it still needs clinical validation [40]. The presence of  
intramyocardial fatty infiltration itself was not included  
due to difficulties in interpretation and low specificity [41]. 
Cine images are usually performed in four long axes: 
4-chamber view (CV), 2CV, 3CV, and RV, as well as in a  
short-axis stack with whole RV coverage. However, in our 
experience, transversal cine images are best for evaluating 
the RV free wall and subtricuspid region [42]. LGE improves 
the diagnostic accuracy of CMR due to identification of  
fibrofatty changes (up to 70%) that correspond to the  
dysfunctional areas of cine imaging (Fig. 4) and to  
histopathological changes [43]. Additionally, use of LGE  
is of interest to evaluate concomitant LV involvement.  
Distinguishing fat from fibrosis by LGE sequences is  
challenging, but the improvement of fat-water (F/W)  
techniques has drastically optimized image quality and  
diagnostic accuracy. Interestingly, LV fatty infiltration  
was shown to be a prevalent finding in ARVC and can also 
lead to RV wall hypertrophy [44]. For this reason alone, 
F/W imaging should be a part of AC protocols.

Accurate interpretation of CMR in AC patients (Fig. 4)  
requires a great deal of expertise. The differential diagnosis 
should include congenital heart diseases, idiopathic right 
ventricular outflow tract tachycardia, pulmonary arterial 
hypertension (Fig. 5), Brugada syndrome, athlete’s heart 
[45], genetic neuromuscular disorders, and myocarditis.

4   Cine imaging in a 39-year-old patient with AC  
and ventricular tachycardias and 2x syncope. Long 
axis (4A–B) and short axis (4D–E) end-diastolic  
(left) and end-systolic (middle) image. RV dilatation  
(EDV: 205 ml) and dysfunction (RVEF 38%).  
Focal RV dyskinetic wall motion (arrows, 4B, 4E). 
Late gadolinium enhancement long axis (4C)  
and short axis (4F). Focal enhancement in RV free 
wall, corresponding to the dysfunctional areas 
(arrows, 4F).

4A 4C

4D

4B

4E 4F

5   Cine imaging in a 40-year-old patient with 
pulmonary hypertension. Short axis end-diastolic 
(5A) and end-systolic (5B). The interventricular 
septum bows leftwards (D-sign). RV dilatation  
(EDV: 293 ml) and dysfunction (RVEF 32%).  
RV hypertrophy and dilated central pulmonary  
artery (5C).

5A 5C5B
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Summary
NHID may have different etiologies of which only some 
could be covered in this overview. NIHD is often the cause 
of heart failure (HF), with reduced or preserved cardiac 
function. HF affects a high percentage of patients and its 
impact is increasing in an ageing society. The etiology of 
HF is relevant for therapeutic decision-making. This high-
lights the impact of CMR, as opposed to other cardiac  
imaging modalities, because it can differentiate between 
underlying diseases and, in case of NIHD, it may act like  
a virtual biopsy. The current technology and knowledge  
allow us to drive these decisions already today, but the con-
tinuous developments on all aspects of the imaging process 
will enable us to further increase diagnostic accuracy. 

Adapting a statement from one of the former SCMR 
boards in 2016, one could summarize:

Utilizing CMR instead of other imaging techniques  
provides more definitive, relevant, and actionable answers 
as a CMR exam provides comprehensive information and 
has superior and often unique diagnostic and prognostic 
power, without exposing patients to radiation. Therefore, 
CMR is a key enabler for precision medicine.
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Abstract
A patient with recent COVID-19 infection and chest  
pain was diagnosed with acute myocarditis caused by 
SARS-CoV-2. Cardiovascular magnetic resonance (CMR)  
imaging performed on presentation and two months later 
demonstrated myocardial inflammation regression, defined 
by disappearance of myocardial edema on T2-weighted  
images, and significant decline in the extent of late gado-
linium enhancement (LGE) between CMR exams. Despite 
the favorable imaging and clinical evolution of the acute 
myocarditis, T1 and T2 myocardial values and extracellular 
volume measurements remained slightly elevated in seg-
ments previously affected by edema and LGE compared to 
unaffected segments.

Case report
A 58-year-old male patient with dyslipidemia receiving  
rosuvastatin and with a positive RT-PCR for COVID-19 from 
April 28, 2020, arrived at the emergency department of a 
tertiary hospital in São Paulo, Brazil, on May 12, 2020. He 
presented with intermittent chest pain radiating out to the 
left arm and lasting four hours with progressive worsening. 
On admission, a hypothesis of acute coronary syndrome 

was made. ECG showed sinus rhythm without ST segment 
elevation, and troponin I was elevated with 8.3 ng/mL  
(reference value: below 0.034 ng/mL). He was medicated 
with 200 mg aspirin and 600 mg clopidogrel, and referred 
for invasive coronary cardiac catheterization. An unevent-
ful procedure was performed showing a 40% stenotic  
ostial lesion in the first diagonal branch, without signs of 
unstable coronary plaque. Acute coronary syndrome was 
therefore ruled out. Due to the patient’s previous COVID-19 
infection, a new RT-PCR was performed on the day he was 
admitted, and returned a positive result. He was placed  
on the intensive care unit, and a progressive increase in 
troponin (up to 12.5 ng/mL) was observed. This led to a 
new working diagnostic hypothesis of acute myocarditis 
secondary to COVID-19. COVID-19 serological tests showed 
elevated IgG and IgM levels (41.86 AU/ml and 1.81 AU/ml, 
respectively), confirming a current infection by SARS-
CoV-2. Other acute viral infections were ruled out by  
specific serological tests: negative tests for Coxsackie B  
antibodies, adenovirus, HIV, toxoplasmosis, cytomegalo-
virus, Epstein-Barr virus (last three tests: IgM negative and 
IgG positive, indicating previous infection). He was then 
referred for a cardiovascular magnetic resonance (CMR) 

1   Myocardial Edema 
Regression: left ventricle 
short-axis T2-weighted 
images during acute 
phase of myocarditis (1A) 
with evident increase in 
signal intensity in inferior 
and inferolateral 
segments; resolution of 
the increased myocardial 
signal intensity in the 
same segments on 
images from a CMR exam 
two months later (1B).

1A 1B
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exam. The left ventricle showed preserved dimensions and 
ejection fraction (LVEF of 64%). Myocardial edema in the 
basal and middle anteroseptal and inferolateral segments 
were noted (Fig. 1A). Late gadolinium enhancement at 
mid-wall and subepicardial layers in basal and middle  
anteroseptal and inferolateral segments was also observed, 
compatible with non-ischemic myocardial injury (Fig. 2A) 
and confirming the acute myocarditis diagnosis. Losartan 
was then introduced to the therapeutic regimen. The  
patient showed a decline in troponin levels (2.94 and  
0.7 ng/mL) and clinical improvement, and was discharged 

on May 19, 2020, for outpatient follow-up. On July 13, 
2020, nine weeks after his hospitalization, the patient  
returned, asymptomatic, to undergo a follow-up CMR.  
Preserved cardiac chamber dimensions and LVEF, and  
resolution of myocardial edema were seen (Fig. 1B).  
Myocardial LGE was still present (Fig. 2B), though its  
extent was significantly decreased compared to baseline 
CMR (9 vs. 4 LV segments with LGE, and 15.4 g or 11.1%  
of LV mass vs. 5.3 g or 3.7% of LV mass, Fig. 2B). In the  
follow-up CMR, myocardial maps were also acquired, and 
native T1 and T2 values and extracellular volume (ECV) 

2   Myocardial Late Gadolinium Enhancement (LGE) Regression: long-axis (bottom row) and short-axis LGE images during acute phase  
of myocarditis (2A) and at two-month follow-up CMR exam (2B); significant reduction of the extent of LGE seen in the short-axis and  
long-axis views.

2B2A
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were still elevated in the lateral wall compared to segments 
without LGE (native T1 myocardial values: 1014 ms vs.  
982 ms; T2 values: 50 ms vs. 42 ms; and ECV 27% vs. 23%, 
respectively, Fig. 3). Despite the lack of myocardial T1 and 
T2 values on the baseline CMR, resolution of myocardial 
edema in T2w images and the reduction of LGE extent over 
the two-month period between the two CMR exams, along 
with the clinical improvement, indicate in this case a favor-
able evolution of myocardial inflammation after COVID-19 
myocarditis. Nonetheless, elevated T1, T2, and ECV  
myocardial values in segments previously affected by  
LGE and edema compared to unaffected segments suggest 
that myocardial abnormalities may persist for a longer  
period with still-unknown clinical relevance in the specific 
context of COVID-19. 

Conclusion
To our knowledge, this is the first case of convalescent 
COVID-19 with demonstration of myocardial inflammation 
regression in a short-term CMR follow-up for acute myocar-
ditis caused by COVID-19. The case report also shows how 
Compressed Sensing CINE and free-breathing late  
gadolinium enhancement (LGE) allowed good diagnostic  
imaging even in a patient who was severely short of 
breath. However, despite the favorable evolution of the 
myocardial inflammation, the follow-up CMR also indicated 
that myocardial abnormalities may continue beyond two 
months. Further research on the clinical relevance of this  
in a COVID-19 setting is needed.
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3   Myocardial Maps: 
native T1, post-contrast 
T1 and T2; grayscale 
(top row) and color 
(bottom row) maps;  
red arrows indicate 
inferolateral segments 
with mildly elevated 
myocardial T1 and T2 
values compared to 
inferoseptal values  
(see text).
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Recent publications [1–4] have shown that myocardial  
injury is not uncommon among COVID-19 patients.  
Cardiovascular MRI can be useful in both detecting and 
monitoring cardiac injury (e.g. myocarditis) as a possible 
complication of COVID-19. 

To help clinicians perform comprehensive CMR exams,  
we offer free, 90-day trial licenses for our advanced cardiac 
applications (e.g. MyoMaps, PSIR HeartFreeze, Compressed 
Sensing Cardiac Cine). 

Image courtesy of: WG CMR Charité/ Helios Clinics Berlin-Buch

For further details, product overviews, image galleries, and general requirements visit us at:
www.siemens-healthineers.com/magnetic-resonance-imaging/options-and-upgrades

90-day trial licenses

Try them on 
your system

1 Shi S, Qin M, Shen B, et al. Association of Cardiac Injury with Mortality in Hospitalized Patients with COVID-19 in Wuhan, China. 
JAMA Cardiol. 2020 Jul 1;5(7):802-810. doi: 10.1001/jamacardio.2020.0950.

2 Guo T, Fan Y, Chen M, et al. Cardiovascular Implications of Fatal Outcomes of Patients With Coronavirus Disease 2019 (COVID-19). 
JAMA Cardiol. 2020 Jul 1;5(7):811-818. doi: 10.1001/jamacardio.2020.1017. Erratum in: JAMA Cardiol. 2020 Jul 1;5(7):848. 

3 Inciardi RM, Lupi L, Zaccone G, et al. Cardiac Involvement in a Patient with Coronavirus Disease 2019 (COVID-19).  
JAMA Cardiol. 2020 Jul 1;5(7):819-824. doi: 10.1001/jamacardio.2020.1096.

4 Puntmann VO, Carerj ML, Wieters I, et al. Outcomes of Cardiovascular Magnetic Resonance Imaging in Patients Recently 
Recovered from Coronavirus Disease 2019 (COVID-19). JAMA Cardiol. 2020 Nov 1;5(11):1265-1273.  
doi: 10.1001/jamacardio.2020.3557. Erratum in: JAMA Cardiol. 2020 Nov 1;5(11):1308.

Advertisement



The Diagnostic Challenges of Myocarditis:  
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Parametric Mapping
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Selangor, Malaysia

Introduction
Diagnosing myocarditis still poses a conundrum in  
cardiology practice, due to the disease’s complexity and  
dynamic evolution [1, 2]. Presentation of myocarditis is 
non-specific; ranging from infarct-like chest pain, to heart 
failure, and even to sudden cardiac death [1]. Symptoms 
can last for days up to months, yet the duration and the 
progress of symptoms does not necessarily reflect the 
phases of myocarditis. 

Endomyocardial biopsy was introduced in 1987 and  
became the gold standard for the diagnosis of myocarditis.  
It was the only way to access the histological changes of 
active inflammation in the myocardium (the presence of 
lymphocytes or macrophages, or evidence of myocyte  
necrosis) and to detect the presence of viral infection.  
Immunohistochemistry analysis has further improved the 
diagnostic sensitivity of this approach, and is particularly 
useful in subacute or chronic myocarditis [3]. 

Unfortunately, endomyocardial biopsy comes with  
several clinical and technical challenges. It requires skilled 
operators, adequate quality of myocardial sample, and an 
accredited pathologist to interpret the results. There is also 
a lack of standardization across pathology labs, and the 
procedure carries some clinical risk [3, 4].

Technical advances in cardiovascular magnetic reso-
nance (CMR) enable both qualitative and quantitative  
assessment of myocardial inflammation non-invasively. 
CMR also offers the advantage of a diagnostic approach 
without ionizing radiation, and provides online image 
availability, unlike nuclear techniques.

The following cases illustrate the effective diagnosis 
and assessment of myocarditis with non-invasive CMR  
imaging.

1   On admission.  
(1A) shows cine image 
of dilated left ventricle 
(LV), (1B) shows 
T2 STIR image with no 
evidence of hyperinten-
sity signal, (1C) shows 
LGE image with no 
hyperenhancement.

1A 1B 1C

2   At 3 months.  
(2A) shows cine image 
of normalization of LV 
size, (2B) shows T2 STIR 
with no hyperintensity 
signal, (2C) shows LGE 
image with focal 
epicardial enhancement.

2A 2B 2C
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Case 1
A 45-year-old male was referred for evaluation with a one-
week history of dyspnea. He was clinically in heart failure 
on presentation. His troponin T was normal. Coronary  
angiography revealed normal coronary arteries. He tested 
positive for human immunodeficiency virus (HIV). The  
patient was sent for a CMR exam to assess the etiology  
of his heart failure. 
Figures 1A-C show imaging performed at admission.  
The LV chamber was dilated with global hypokinesia.  
Systolic function was depressed. There was no evidence  
of edema on the T2 STIR image (Fig. 1B), or presence of  
replacement scar on late gadolinium enhancement (LGE) 
imaging, except the presence of apical LV clot. The patient 
was treated with guideline directed medical therapy for 
heart failure, plus anticoagulants.

Follow-up CMR imaging, performed after three 
months, is shown in Figures 2A-C. LV volume had  
normalized, with marked improvement of systolic function 
to 45%. The LV clot had resolved. However, there was 
non-ischemic focal epicardial LGE (Fig. 2C blue arrow), 
seen at the mid inferior wall, suggestive of myocarditis.

Case 2
A 68-year-old male, with known atypical chest pain for  
one month, was sent for CMR to assess his underlying risk 
for coronary ischemia and possible non-coronary chest 
pain etiology. He was known to have had HIV for five years, 
and to have been very compliant to his highly active anti- 
retroviral therapy (HAART) medications. He also had a  
history of previously treated syphilis seven years before.

Figures 3C-D show the presence of non-ischemic LGE 
at the basal to mid inferolateral and inferior wall. On a 3T 
scanner (MAGNETOM Skyra, Siemens Healthcare, Erlangen, 
Germany) native T1 and native T2 values (Figs. 3A, B) are 
both markedly elevated. Viral load remained suppressed, 
but reevaluation of syphilis serology showed reactivation 
of syphilis, which was treated again. A follow-up scan three 
months after syphilis treatment showed a similar replace-
ment fibrosis burden. However, active inflammation  
had now resolved, with normalization of native T2 value 
(36 ms) and improvement in native T1 (1150 ms).

3   (3A) shows a native T1 value 1188 ms (normal < 1010 ms), (3B) shows elevated native T2 (normal < 37 ms), (3C–E) show LGE images with 
intramyocardial and epicardial enhancement at the inferolateral and inferior wall, as marked by the blue arrows.

3A

3C 3D 3E

3B

Native T1 1188ms Native T2 40ms
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Discussion
Case 1 illustrates a case of HIV myocarditis in which a retro-
spective diagnosis was made after detection of myocardial 
scar during follow-up imaging. The etiology of the patient’s 
non-ischemic heart failure could not be determined during 
the initial scan, because CMR detects only the presence or 
absence of signal changes that are the result of underlying 
tissue inflammation. 

Case 2 illustrates a case of syphilis in which the diag-
nosis of active myocarditis was made with elevated values 
of native T1 at 1188 ms and native T2 at 40 ms. Recovery 
progress was monitored at four months with improvement 
of bioimaging marker of native T1 (1150 ms) and native  
T2 (36 ms) despite a similar burden of non-ischemic scar as 
the initial scan.

These cases show that native T1 and native T2 tech-
niques can objectively reveal interstitial fibrosis and tissue 
edema occurring as reactions to initial triggers (either viral 
or non-viral). Compared with biopsy, this approach allows 
better and earlier recognition of myocardial changes before 
the replacement fibrosis takes place. 

Although LGE imaging is a sensitive technique to de-
tect focal myocardial damage, it lacks the ability to differ-
entiate the state of disease activity, especially in myocardi-
tis. Qualitative assessment of the inflamed myocardium 
with T2-weighted and LGE imaging allows visualization of 
disease activity at the time of the scan, but can only track 
disease progress with follow-up scans. 

The revolution of parametric mapping with CMR has 
narrowed the knowledge gap in myocarditis. The old para-
digm, which categorized the condition as either acute or 
chronic myocarditis, has not allowed us to move forward  
in studying effective treatment for myocarditis as well as 
effective methods to monitor disease evolution. With these 
new insights from MyoMaps, we should view myocarditis 
with a new temporal perspective – as active myocarditis, 
recovering myocarditis, and healed myocarditis (which may 
have reoccurrences). 

Despite differences in sequences employed to obtain  
mapping, the incorporation of bioimaging signatures with 
parametric maps and LGE imaging, using our standardized 
exam card, allows for shorter examination time and at the 
same time provides a productive and highly reproducible 
technique for diagnosing myocarditis. Now the task is to 
make parametric mapping with CMR technically available 
across the globe, especially in the Southeast Asia region, 
where I reside.
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Introduction
Autoimmune rheumatic diseases (ARDs) are a diverse 
group of diseases that result from the dysregulation of  
immune tolerance and the subsequent generation of  
inappropriate immune responses to self-antigens [1].  
ARDs can be localized to individual organ systems or may 
manifest with generalized multi-system involvement and/
or multi-organ dysfunction [1]. Recent years have seen  
a considerable increase in our understanding of the  
molecular processes underlying the pathophysiology of 
ARDs and clinical management has changed dramatically 
with the advent of novel monoclonal antibodies and small 
molecule inhibitors that can effect targeted immunomodu-
lation in these patients [2]. Yet despite improvements in 
overall prognosis and quality of life, ARD patients are still 
more likely to die than the general population [3–10]. 

This increased mortality has partially been attributed 
to a higher incidence of cardiovascular disease (CVD) in 

ARD patients. Traditionally, most practice guidelines sug-
gest that the additional CVD risk observed in these patients 
is a consequence of systemic inflammation compounded 
by uncontrolled comorbidities such as hypertension, diabe-
tes mellitus/metabolic syndrome, dyslipidemia etc. [5]. The 
guidelines therefore advise appropriate control of these  
comorbidities as the optimal method for combating CVD  
in ARD patients [11]. However, it has also become appar-
ent that autoimmune cardiomyopathy is not an uncommon 
disease manifestation in ARD patients, and in some cases  
is accompanied by autoimmune vasculitis, microvascular 
dysfunction or other vascular pathology, valvular disease, 
pericarditis, or non-bacterial endocarditis [9]. Interestingly, 
many of these types of autoimmune CVD can be  
completely asymptomatic. Even when they start causing 
symptoms, such as reduced functional capacity or fatigue, 
these might simply be attributed to constitutional symp-

1   Transmural apical late gadolinium 
enhancement (LGE) due to myocardial 
infarction in a patient with rheumatoid 
arthritis.

2   Subepicardial LGE in the lateral wall of  
the left ventricle in a patient with lupus 
myocarditis.

3   Diffuse subendocardial LGE due to 
small-vessel vasculitis in a patient with 
systemic sclerosis.

22 siemens-healthineers.com/magnetom-world

MAGNETOM Flash SCMR Edition 2021Clinical · Cardiomyopathies



toms caused by the administered treatments and/or the  
patient’s overall inflammatory state [7]. When overt signs 
of cardiac or vascular dysfunction do manifest, it may often 
be too late to prevent permanent cardiac damage and/or 
deterioration to heart failure [9]. It is therefore imperative 
to maintain a high index of suspicion in the clinical setting 
and to ensure early identification of these manifestations, 
as initiation of additional immunomodulatory treatment 
might be necessary to bring them under control [12].

Nevertheless, a high index of suspicion alone cannot 
ensure early identification of all cases of autoimmune CVD  
in ARD patients, since such cases are often asymptomatic. 
Furthermore, an echocardiographic examination, which  
is often used as a first-line test for evaluating the cardiovas-
cular system, has considerable limitations, such as limited 
spatial resolution and dependence on a sufficient acoustic 
window for optimal image acquisition [12]. Lastly, the left 
ventricular ejection fraction (LVEF) is often used by health-
care professionals as a rough measure of systolic function. 
However, LVEF is preserved in the majority of ARD patients 
with autoimmune CVD, and cannot be used reliably as  
a rule-out indicator [12]. A more sensitive diagnostic tool  
is therefore required to fill this gap. 

Cardiovascular magnetic resonance (CMR) is a non- 
invasive imaging modality that utilizes non-ionizing,  
radio-wavelength photons to generate high-quality images 
of human tissues [12]. CMR offers considerable advantages 
over other non-invasive imaging modalities when it comes 
to evaluating the cardiovascular system. It allows the  
determination of biventricular function with a high degree 
of accuracy and does not require an acoustic window.  
CMR can easily identify valvular and vascular abnormali-
ties, enable the evaluation of myocardial perfusion without 
an exercise-based stress test, and, most importantly,  
characterize myocardial tissues with regard to edema  
and fibrosis [12]. The pathophysiological phenomena that 

should be identified – if present – in ARD patients include 
macro- or micro vasculopathy [9], myocardial inflammation 
[11–16], and myocardial fibrosis due to inflammation and/
or myocardial infarction [13–16]. Based on the findings  
of the CMR examination, the acuity of any autoimmune  
inflammatory processes in the cardiovascular system can 
be estimated [13–16]. CMR additionally enables the identi-
fication of myocardial ischemia and/or subendocardial/
transmural replacement or diffuse fibrosis, due to either 
macro- or micro-vascular coronary artery disease [12–17]. 
Furthermore, CMR can clarify the etiology of silent or overt 
heart failure, or cardiac rhythm disturbances [18–21].  
Imaging patterns of myocardial replacement fibrosis are 
presented in Figures 1–3. Recently, the application of T1 
and T2 mapping allowed the quantification of myocardial 
edema and diffuse fibrosis, which are the main pathophysi-
ological phenomena that occur in the cardiovascular  
system of ARD patients [22–26] (Figs. 4A, B).

The role of CMR in motivating 
immunomodulatory treatment 
Initiation/modification in ARD patients
CMR can detect cardiovascular involvement at any stage of 
the ARD, and often long before the ARD is fully expressed 
[19]. Unfortunately, echocardiography, which is the most 
common modality used in cardiology, is unable to detect 
these early lesions. Consequently, ARD patients with early 
lesions are not diagnosed and do not receive appropriate 
treatment, which explains the increased mortality in this 
population. The incidence of myocardial involvement var-
ies in different ARDs; it is very high in systemic sclerosis, 
systemic lupus erythematosus, inflammatory myopathies, 
and vasculitis. However, multicenter studies comparing 
echocardiography or endomyocardial biopsy with CMR  
are still lacking.

4   (4A) Short-axis native T1 mapping  
from a patient with systemic sclerosis; 
(4B) short-axis post-contrast T1 
mapping from the same patient.

4A 4B
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To our knowledge, there are also few studies coming from 
individual centers that support CMR’s role in the evaluation 
of immunomodulatory and cardioprotective treatment in 
ARD patients. A previous study by our group showed that 
CMR can successfully evaluate the effect of both cardiac 
and immunomodulatory medication on the CV system. 
Furthermore, occult cardiac lesions seen on CMR – includ-
ing myocardial edema, myocarditis, diffuse subendocardial 
fibrosis, and myocardial infarction – were not unusual in 
treatment-naïve ARD patients and can be reversed with  
appropriate treatment [19]. Additionally, stress CMR has 
successfully detected silent myocardial Raynaud’s phenom-
enon in ARD patients with known peripheral Raynaud’s 
phenomenon, and this resulted in early initiation of rele-
vant cardiac treatment [13]. Moreover, CMR is capable  
of identifying ARD patients at high risk of cardiac rhythm 
disturbances that may lead to sudden cardiac death. CMR 
can therefore inform therapeutic decision-making for both 
cardiac and immunomodulatory treatment and specific 
CMR indices may also help to identify patients who might 
benefit most from implantation of a cardioverter defibrilla-
tor [20, 21]. With regard to this, it is worth noting that  
current criteria require an LVEF of < 35% to warrant  
implantation of a cardioverter defibrillator [27]. This is  
particularly problematic in ARD patients because, as men-
tioned above, they may have cardiovascular lesions with an 
otherwise preserved LVEF. Although the role of cardiopro-
tective treatment is established for early morphological or  
functional cardiac changes [20, 21], clear guidelines for 
immunomodulatory treatment do not yet exist. However, 
the identification of myocardial inflammation using CMR  
is considered sufficient to warrant the initiation of immu-
nomodulatory treatment, even if other clinical parameters 
are non-diagnostic [28].

When to consider a CMR examination for ARD patients
A baseline study that includes clinical, electrocardio-
graphic, and echocardiographic evaluation should be  
performed when a diagnosis of any ARD is made. Based  
on our experience, a CMR examination may be considered 
in the following cases [12]: 
• There is a mismatch between clinical findings and  

imaging/laboratory findings. 
• The patient has developed new-onset heart failure.
• Cardiac rhythm disturbances of any type have been  

detected.
• The clinical picture requires modification of treatment 

with immunomodulatory agents.
• There is an increase in cardiac troponins, brain-type 

natriuretic peptide, N-terminal pro-brain-natriuretic 
peptide, or D-dimers, even if symptoms are only subtle.

• The patient mentions any kind of typical or atypical 
cardiac symptoms, and the routine cardiac evaluation 
is normal.

Recently, our team proposed a combined brain/heart  
MRI evaluation for the detection of silent brain lesions  
that are usually detected in ARD patients with CVD [29]. 
We believe that this combined approach will open a new 
avenue in the evaluation of ARDs and will facilitate early 
brain/heart treatment. However, there is currently insuffi-
cient information to recommend a combined brain/heart 
approach for all ARD patients. Identifying which patients  
to prioritize should be the focus of future studies.

Translating the Greek experience to the  
international arena
Greece is one of the first countries where the idea of  
cardio-rheumatology was conceived and developed, with 
CMR figuring prominently as a diagnostic tool [30]. This 
was the result of a collaboration between two professors  
of rheumatology (P. P. Sfikakis and G. D. Kitas) and a cardi-
ologist and professor of CMR with extensive experience  
at the interface between cardiology and rheumatology  
(S. I. Mavrogeni, co-author of this paper). Since this collab-
oration began, cardio-rheumatology has attracted a great 
deal of interest and has found broad acceptance among 
the international rheumatology and cardiology community 
[31]. In recognition of this, the Society for Cardiovascular 
Magnetic Resonance (SCMR) created a targeted working 
group for cardio-rheumatology chaired by S. I. Mavrogeni. 
It was tasked with promoting collaborations for multicenter 
studies, with the goal of using CMR to evaluate the  
cardiovascular system in ARD patients. Currently, two such 
multicenter studies are underway in patients with systemic 
sclerosis and systemic lupus erythematosus. These are ex-
pected to increase our knowledge of the pathophysiology 
and management of CVD in these patients, and show us 
how to better identify high-risk patients that could benefit 
from therapeutic interventions. Although the journey of 
cardio-rheumatology is only just beginning, it is important 
that CMR has been the common denominator that has 
brought these different specialties together and provided 
them with a shared goal: to optimally identify ARD patients 
with CVD and initiate appropriate treatment.
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Introduction
Type 2 diabetes mellitus (T2DM) is often associated with an  
increased risk of heart failure and cardiovascular mortality. 
While the reasons for this are not fully elucidated, several 
possible mechanisms behind it have been proposed.  
These include impaired cardiac high energy phosphate  
metabolism, coronary microvascular dysfunction,  
and ectopic lipid deposition. Due to the complexity  
of these physiological phenomena, a combination  
of well-established diagnostic imaging methods, such  
as cardiovascular magnetic resonance imaging, ultrasound, 
computed and positron-emission tomography have so far 
been traditionally used for their investigation.

Although this combination of imaging techniques is  
extremely powerful, very few of these methods, if any,  
are able to provide insights into processes taking place  
at a molecular level – such as some dysfunctionalities in 
the cardiac energy metabolism (e.g. increased fatty acid 
usage, decreased lactate and glucose metabolization and/
or high energy phosphate metabolization). This has led  
researchers and clinicians to examine the possibilities  
offered by magnetic resonance spectroscopy methods  
(particularly those based on interrogating 1H and 31P  
metabolites). Such complementary techniques add an  
additional layer of information to the results obtained via 

1   Differences in cardiac geometry and function between patients with T2DM and control subjects: LV-mass-to-LV-end diastolic volume (EDV) 
ratio (grams/millilitre) (1A), systolic strain (percentage) (1B), myocardial triglyceride content (percentage) (1C), and myocardial energetics 
(PCr-to-ATP ratio) (1D). Reproduced from [2] with the author’s permission.

1A 1B

M
id

 sh
or

t a
xi

s c
irc

um
fe

re
nt

ia
l 

sy
st

ol
ic

 st
ra

in
, %

-10

Controls Patients with T2DM

-12

-24

-22

-20

-18

-16

-14

P < 0.001

1C 1D

M
yc

ar
di

al
 P

Cr
/A

TP
 ra

tio

2.6

Controls Patients with T2DM

2.4

1

1.4
1.6
1.8

2
2.2

P < 0.001

1.2M
yo

ca
rd

ia
l l

ip
id

 c
on

te
nt

, 
%

 (l
ip

id
/w

at
er

 ra
tio

)

2.5

Controls Patients with T2DM
0

0.5

1

1.5

2

P = 0.017

LV
 m

as
s t

o 
LV

-e
nd

 d
ia

st
ol

ic
 

vo
lu

m
e 

ra
tio

, g
/m

l

1.4

Controls Patients with T2DM

1.2

0

0.2

0.4

0.6

0.8

1

P < 0.001

26 siemens-healthineers.com/magnetom-world

MAGNETOM Flash SCMR Edition 2021Clinical · Cardiomyopathies



clinical imaging protocols. As a consequence, during the 
last few decades, cardiac magnetic resonance spectroscopy 
has started to slowly become acknowledged as being  
a very formidable investigation tool, useful for both early  
detection and disease monitoring of diabetic heart disease.

Current applications of 1H and 31P cardiac 
magnetic resonance spectroscopy in the 
investigation of diabetic heart disease

Ectopic adiposity and cardiovascular disease prognosis 
The number of type 2 diabetes mellitus patients is rapidly 
rising, and this increase is partially associated to the 
growth in obesity. A substantial amount of evidence 
demonstrates that excessive ectopic adiposity is common 
for patients with diabetes and it considerably increases 
the risk of cardiovascular disease, being very likely that  
it contributes to non-ischemic cardiomyopathy in this 
patient group. 

1H MRS has been successfully proven to be a very  
effective strategy for the quantification of myocardial  
triglycerides [1]. Later studies have demonstrated that  
type 2 diabetes is associated with an increase of ~ 31%  
of the LV-mass-to-LV-end diastolic volume (Fig. 1A) and  
almost two-fold increase in myocardial triglycerides  
(Fig. 1C, data acquired with a custom single voxel-based 
method), thus demonstrating that 1H cardiac magnetic  
resonance data can be highly predictive of LV concentric 
remodelling and cardiac systolic strain [2]. 

From a practical perspective, 1H magnetic resonance 
spectroscopy protocols for the assessment of cardiac  
steatosis are typically designed to quantify the amount  
of lipid deposition by measuring the ratio of the integral 
areas of the myocardial triglycerides’ resonances and that 
of the water resonance respectively. Thus, they are de-
signed as a two-step process, during which the myocardial 
triglycerides and the water are quantified independently  
in a small region of interest, usually located in the  
interventricular septum during mid-late diastole.

The most commonly employed acquisition strategies 
for 1H cardiac spectroscopy are single voxel methods, 
which rely on either spin-echo [3] or stimulated-echo [4]  
excitation schemes. Spin-echo approaches have the  
advantage of higher signal to noise ratio compared to  
their stimulated-echo counterparts. The longer echo times  
imposed by the use of refocussing pulses for signal acquisi-
tion can lead to line broadening in the case of myocardial 
triglycerides, (which have an inherently long transverse  
relaxation rate) and subsequently, to difficulties in data 
quantification. Additionally, the use of spin-echo based 
methods, due to their higher sensitivity, can lead to the  
results being more susceptible to signal contamination, 
due to motion-induced involuntary detection of water  

in the blood pool surrounding the interventricular septum. 
Stimulated-echo methods are less sensitive to signal  
contamination and more suitable to the detection of  
myocardial triglycerides, as they allow for a shorter echo 
time to be employed. However, due to the fact that such 
strategies use gradients for signal refocussing, the signal 
decay during the echo time is governed by T2*, as  
opposed to T2 in spin-echo approaches, and dephasing 
due phenomena such as magnetic susceptibility and  
chemical shift difference.

For both methods, a careful choice of acquisition  
parameters is essential for accurate quantification: short 
echo times are highly recommended, and the repetition 
time needs to allow for full recovery of the two resonances 
(~ 2 s for myocardial triglycerides and ~ 4 s for water).  
The voxel is typically positioned parallel to the septum  
and its dimensions need to be adjusted in such a way  
that the volume of interest is large enough to warrant  
a reasonable SNR value, but not as large as to increase  
the risk of signal contamination due to the contribution  
of the surrounding blood pool during cardiac motion.  
To ensure data is always acquired at the same point in  
the cardiac cycle and to mitigate the effects of breathing 
artifacts, these examinations are typically performed using 
physiological triggers [5].

Measuring cardiac energy metabolism
The most energy-consuming reactions in the heart, such  
as the contraction of the myofilaments or the active pump 
function, are fuelled by the metabolization of adenosine 
triphosphate, which is obtained from phosphocreatine via 
the creatine-kinase process occurring in the mitochondria. 
Diabetic heart disease is associated with inefficient energy 
production or utilisation, which decreases the heart’s  
ability to adapt when subjected to an increase in workload. 
Myocardial energy depletion can be caused by mitochon-
drial disfunction, poor energy transfer to the myofibrils  
and impaired uptake and use of adenosine triphosphate 
and phosphocreatine. Thus, the phosphocreatine-to- 
adenosine triphosphate ratio (PCr/ATP) is a very important 
biomarker which can be used to diagnose and monitor  
cardiac diabetic disease.

31P magnetic resonance spectroscopy is the only 
non-invasive technique which can effectively quantify the 
PCr/ATP ratio. Changes in the cardiac energy metabolism, 
reflected in the PCr/ATP ratio, can take place before any 
subclinical or clinical manifestation of disease are reported 
or observed, we believe that 31P magnetic resonance spec-
troscopy may become an invaluable tool for prognosis and 
diagnosis in the future.

Studies employing 31P magnetic resonance spectros-
copy have shown that the PCr/ATP ratio decreases consider-
ably in the case of diabetic patients compared to healthy 
controls [6] and have demonstrated that diabetes is associ-
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ated with a 17% decrease in PCr/ATP at rest compared  
with healthy volunteers, while a further 12% decrease  
was determined during exercise [7].

Our most recent research work at the University  
of Leeds is revolving around establishing the metabolic  
basis of heart disease in type 2 diabetes with a focus on  
exploring the role of metabolic inflexibility toward heart 
failure development and progression in type 2 diabetes, 
and the impact of diabetes on common cardiac comorbidi-
ties. We acquire 31P spectroscopy data using a customised 
chemical shift imaging sequence, equipped with a spatially 
selective saturation module and a shaped excitation pulse 
tailored to effectively cover the full chemical shift range  
of interest [8]. The acquisition is ECG triggered and  
performed in free breathing (TR 720 ms, acquisition time  
~ 9 minutes). Reproducibility is assessed by performing  
the same examination twice, while removing the patient 
from the scanner between the two consecutive scans.

Our results have confirmed the previous findings and 
have shown that a similar decrease in the PCr/ATP ratio  
is observed in type 2 diabetes patients while at rest and  
under stress, induced via dopamine infusion (Fig. 3).

2   Differences in rest and exercise myocardial PCr/ATP ratios  
between controls and patients with T2DM. Bars show mean  
PCr/ATP ratios and error bars indicate standard deviations.  
Reproduced from [7] with the author’s permission.

3   31P spectra acquired in the interventricular septum and the corresponding fits. The spectra have been acquired on a type 2 diabetic patient at 
rest (top: PCr/ATP = 2.26 ± 8.0%) and during stress (bottom: PCr/ATP = 1.79 ± 8.4%).
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Challenges and outlook
Both the effectiveness and the utility of magnetic reso-
nance spectroscopy as a tool for cardiac disease prognosis 
and monitoring are generally recognised, but it has  
yet to become a routinely used method in the clinical  
environment. The most significant deterrents are the need 
for additional input from the examiner (when compared to 
standard cardiac magnetic resonance imaging methods), 
dedicated time for the pre-scan adjustments, such as  
B0 shimming, the fact that 1H methods are exceptionally 
sensitive to cardiac and respiratory motion and the need 
for dedicated hardware – broadband RF amplifiers and  
bespoke coils – in the case of 31P.

However, given the fact that magnetic resonance  
spectroscopy can provide essential information prior to  
the development of clinical symptoms and considering  
the recent software developments for acquisition and  
processing, which have considerably contributed to making 
spectroscopy examinations easier for the routine user.  
We believe that magnetic resonance spectroscopy will  
soon claim its place among the methods used as a gold 
standard for measuring cardiac disease biomarkers, allow-
ing for prognosis, early diagnosis and treatment planning.
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Introduction
Cardiac MR is an established method for assessing  
cardiac function and morphology. In the meanwhile, MR  
can be utilized to assess metabolism using spectroscopy,  
which offers many advantages compared with other  
imaging modalities including that it does not require  
additional tracer and it is free of ionizing radiation.  
Furthermore, in vivo spectroscopy has been used to  
assess cardiac energetics and myocardial metabolism.  
For 1H spectroscopy of the heart, the commonly studied  
metabolites are triglycerides and creatine. Alterations  
in the level of these metabolites are reported in various 
conditions such as cardiomyopathy, heart failure, and  
type 2 diabetes mellitus [1, 2]. 

1H cardiac spectroscopy can be performed using either a 
spin-echo (PRESS) or stimulated-echo (STEAM) excitation 
scheme. In this article, we describe the procedures of per-
forming single voxel 1H spectroscopy in the myocardium at 
our site using a MAGNETOM Aera 1.5T and a MAGNETOM 
Prisma 3T (Siemens Healthcare, Erlangen, Germany).  
The protocols we use are based on the standard PRESS  
sequence supplied with the Siemens Spectroscopy package 
and are tailored for the quantification of myocardial  
triglycerides content. Specifically, the integral areas  
of lipids and water resonance respectively are assessed  
via two separate scans and used to calculate the  
triglycerides-to-water ratio.

1   Location of the PRESS protocol used as the starting point to set up 
the desired protocols. 

2   Routine tab of the protocol. 
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Protocol setup
A copy of the standard PRESS protocol (Fig. 1) is used as 
the starting point and modified to utilize both ECG and  
respiratory triggering along with changes to other  
acquisition parameters. Two protocols are set up with  
the first for assessing lipid resonances and the second  
for water resonance. Specific parameter selections for  
the lipid protocol are: 
1. Routine: Adjust the voxel size, repetition time (TR), 

echo time (TE) and number of Averages (Figure 2).  
The voxel of interest is to be placed on the septum and 
approximately a size of 20 x 20 x 10 mm3 is suitable. 
The choices of TR and TE need to be considered in  
the context of the relaxation rates of myocardial  
triglycerides and water, respectively. It is important  
to use the shortest echo time (TE) allowed by the  
sequence properties and a repetition time (TR) long 
enough to allow for full magnetization recovery.  
Typical parameters are TE 30 ms, TR at least 1500 ms.

2. Contrast: Make sure Water sat. is selected for water 
suppression (Fig. 3). With this option, a chemical shift 
selective (CHESS) based water suppression scheme  
is employed, with a typical excitation bandwidth of  
35 Hz at 3T.

3. Resolution: Adjust the vector size to 512 for a  
shorter and more suitable readout duration. It is also  
recommended to utilize PreScan Normalize.

4. Physio: Switch on ECG triggering in Signal1 and respi-
ratory triggering in PACE to reduce adverse impacts of 
cardiac and respiratory motion to the spectrum.

5. System: Switch the adjustment mode to Tune up  
as the B0 shimming will be performed via manual  
adjustments. Also make sure that Adjust for water  
suppression is ticked.

6. Sequence: Set the excitation frequency via Delta  
Frequency and adjust other parameters (Fig. 5).  
The frequency of the excitation pulse is centered on 
the interval of values corresponding to the triglyceride  
resonances (0.9–1.3 ppm) and it is expressed as  
a relative number (Delta frequency) in reference to  
the value corresponding to the water frequency.

After the lipid protocol is set up, the water reference  
protocol can be set up via: 
1. Make a copy of the lipid protocol. 
2. Switch water suppression off in Contrast tab. 
3. Adjust Delta frequency to 0 ppm in Sequence tab. 
4. Make sure the B0 shim mode is still Tune up. 

3   Contrast tab used in the protocol employed for myocardial 
triglyceride detection. Important parameters are Water suppr.  
and Water suppr. BW. 

4   Parameters in System/Adjustments. 

5   Parameters regarding spectroscopy acquisition in Sequence tab. 
For detection of triglycerides resonances, the Delta frequency 
should be set on the triglyceride resonance, e.g. -3.6 ppm. For 
water resonance, this parameter should be set 0 ppm. 
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Planning the acquisition
It is recommended to use the following images as refer-
ence images for planning: 3-plane localizer, short-axis 
stack (SAX) cine and 4-chamber cine. Planning of the  
voxel position and navigator can be properly using the  
following steps:
1. Convert the reference images to create non-distortion 

corrected version, as spectroscopy planning cannot be 
performed on images post distortion correction. 

2. Load the reference images and then open the spec-
troscopy protocol. 

3. Place the navigator (yellow box) on the liver dome and 
the Adjustment Volume (green) around the voxel of 
interest (Fig.6).

4. The voxel of interest is typically positioned in the  
inter-ventricular septum. The position and size of the 
voxel should be adjusted so that it is sufficiently large 
but not contaminated by the surrounding blood pool. 
Using as reference images (SAX) and 4-chamber  
cine images, position the voxel in the mid ventricular  
septum, avoiding the cardiac blood pool (Right-Click 
on LV Mid SAX: Shift to Image Plane and then make 
Perpendicular (Fig. 7).

5. Adjust the ECG trigger delay so that the RF pulses  
are trigged to end-systole. For the water reference  
protocol, the trigger delay is simply the time to end 
systole, which can be determined from the cine  
acquisitions. However, for the lipid protocol, the  
duration of water saturation needs to be taken  
into consideration, i.e. [trigger delay] = [time to end 
systole] - [water saturation duration]. The duration  
of water saturation train is approximately 192 ms.

B0 shimming via manual adjustments 
Optimal field homogeneity is required for successful  
acquisition of quality spectroscopy data. We recommend 
that the values of the shim currents are adjusted interac-
tively prior to the acquisition, via the Manual Adjustments 
window. The B0 shim could be performed via the  
following steps: 
1. Set up the adjustment volume on the voxel of interest. 
2. Access Manual Adjustments via the Options drop-

down menu.
3. In 3D Shim, switch the Sequence&Resolution option 

to GRE Cardiac and perform shimming (Fig. 8).  
The GRE cardiac method is a gradient-echo based  
protocol optimized for cardiac magnetic resonance 
that allows the user to acquire field maps of the  
volume of interest.

7   Voxel geometry and placement on SAX view (7A) and 4-chamber 
(7B) view. The Shift to Image Plane function can be used to 
facilitate voxel localization (7C). 

7A

7B

7C

6   Positioning of the respiratory navigator.
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8   3D Shim steps: Measure a new field map (1), apply the field map 
as the current system field map (2), calculate new values for the 
shim currents based on the new field map (3) and apply them to 
the system (4).

9   Assess the field inhomogeneity via (1) switching to Frequency tab 
and (2) measuring the current FWHM. (3) The FWHM is displayed 
in the table and next to the water resonance. (4) If the FWHM is 
acceptable, confirm/accept the current shimming. 

4. Switch to Frequency tab and measure the current line 
width at half height (typically referred to as FWHM – 
Full Width at Half Max) as shown in Figure 9. The  
purpose is to assess the field inhomogeneity after 
shimming. Ideally, the FWHM should be below  
25 Hz, B0 inhomogeneities cause line broadening  
in the spectra. 

5. If the FWHM is too high, repeat step 3 and 4. Other-
wise, click Apply to confirm the current shimming and 
close the manual adjustments window. 

Summary
Cardiac magnetic resonance spectroscopy can be  
performed with combined ECG and respiratory triggering 
using a standard Siemens 1.5T or 3T MR system with no 
additional equipment or coils required. 
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The .exar1 protocols for 
3T MAGNETOM Prisma (software version syngo MR E11E) 
and 
1.5T MAGNETOM Aera (software version syngo MR E11C) 
are available for download at:

www.siemens-healthineers.com/magnetom-world
> Clinical Corner > Protocols > Cardiovascular MRI

33

How-I-do-it

siemens-healthineers.com/magnetom-world

MAGNETOM Flash SCMR Edition 2021



3D Late Gadolinium Enhancement CMR
Patrick Pierce1; Xiaoying Cai, Ph.D.1,2; Beth Goddu1, Rachel Davids2; Reza Nezafat, Ph.D.1
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Introduction 
Late gadolinium enhancement (LGE) CMR is widely  
used for myocardial scar assessment. Clinically, multi-slice 
two-dimensional (2D) imaging is used during multiple 
breath-holds to cover the entire ventricle. However, 2D 
breath-hold imaging requires patients to perform repeated 
breath-holds, limits spatial resolution and coverage. 
Free-breathing 3D LGE imaging is an alternative technique 
that allows a full LV coverage in free-breathing with  
improved spatial resolution. Despite its potential, 3D 
free-breathing LGE imaging is only performed in selected 
clinical sites. Our laboratory at Cardiac MR Center at Beth 
Israel Deaconess Medical Center is among a few selected 
sites where free-breathing 3D LGE imaging is routinely  
performed in all clinical patients for nearly a decade. In  
this article, we describe our current practice of LGE CMR  
in patient scans using a 3T MAGNETOM Vida scanner (Soft-
ware version: NXVA20A). Specifically, 3D LGE is performed 
during free-breathing with navigator-based gating and 
slice-tracking for respiratory motion suppression. The im-
ages are acquired on a 4-chamber slab and are reformatted 
to other desired planes using on-scanner tools. 

Workflow 
LGE acquisition is performed after injection of contrast 
agent and can be planned without the need for any  
additional localizers. As show in Figure 1, we use multi-
plane localizers, 4-chamber, and short-axis images to set 
up the imaging volume. The setup can be performed via 
the following steps: 
1) Copying the slice location on the 4-chamber view 

(Panel A); 
2) Adjusting the center of the slab on the short-axis  

images to cover the entire left ventricle (Panel B);
3) Placing the crossed-pair navigator on the liver dome 

using the multi-plane localizer (Panels C-D). 
It is preferred to image on 4-chamber view rather than 
short-axis view as imaging at 4-chamber view usually  
results in fewer motion artifacts. 

Like segmented 2D LGE imaging, non-selective  
inversion is performed for magnetization preparation 
during systole and data acquisition is performed with  
segmented cartesian trajectory. The inversion time is  
adjusted based on the TI scout scan for proper contrast. 
Figures 2 and 3 show screenshots of imaging parameters 

1   Illustration of image planning for 3D LGE.

1A 1B 1C 1D
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in the Routine and Resolution tabs. We image a 3D slab 
with 40–45 slices per slab and a slice thickness of 2 mm.  
A large field-of-view (380 mm) is used to avoid folding  
artifacts in the 4-chamber plane. With an in-plane matrix 
size of 256 x 256, the spatial resolution is 1.5 x 1.5 x  
2.0 mm3. GRAPPA is used for an acceleration rate of two  
in the phase encoding direction. 

The timing of acquisition is adjusted to place the read-
outs during end-diastole, as shown in Figure 4. Typically, 
approximately 40 k-space lines are sampled per heartbeat 
depending on the heart rate. The crossed-pair navigator is 
used for gating and slice-tracking during the free-breathing 
acquisition with an acceptance window of ± 4 mm. Respi-
ratory motion adaptation is also used to automatically  
locate the end-expiration position of the navigator. The  
acquisition time is approximately three minutes assuming  
a navigator efficiency of 40%. 

In addition, the protocol uses “Cardio” for matrix  
optimization and “Cardiac B0 Shim” with the adjustment 
volume on the heart. 

2   Screenshot shows Routine tab of the 3D LGE protocol. 4   Screenshot shows Physio tab of the 3D LGE protocol.

3   Screenshot shows Resolution tab of the 3D LGE protocol.
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5   Illustration of reformatting the 3D LGE images to short-axis planes. (5A) Select “Parallel Ranges” on the source images. (5B) Adjust the 
orientation and location of the slices to be reconstructed. Short-axis views are set up in this example. (5C) Preview of the slices to be 
reconstructed. (5D) Parameters to adjust the coverage of the slices. 

7   Exemplary images of 3D LGE acquisition in another subject. (7A) A 4-chamber slice. (7B) A 2-chamber slice reformatted from the 4-chamber 
3D LGE images. (7C) A short-axis slice reformatted from the same dataset. Scar is present in the apical segment (arrows).

7A 7B 7C

6   Exemplary images of 3D LGE  
acquisition in a subject with suspected 
cardiomyopathy. (6A) A 4-chamber  
slice. (6B) A short-axis slice reformatted 
from the 4-chamber 3D LGE images.  
No scar is present in this case. 

6A 6B

5A 5B

5C 5D
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Discussion 
In this article, we described the workflow and set up  
of how 3D LGE is performed at our center. With the  
modified protocol, we can perform high-resolution LGE  
imaging of the ventricle within five minutes. The workflow 
has been simplified to one-time setup by using 3D and 
free-breathing acquisition. A higher through-plane  
resolution is achieved compared to multi-slice 2D LGE  
imaging. The 3D images are acquired on 4-chamber  
planes but can be conveniently reformatted to other  
planes for flexible interpretation.

Image reconstruction 
The acquisition is reconstructed inline and the images can 
be reformatted to short-axis and/or 2-chamber views as de-
sired using multiplanar reconstruction. As shown in Figure 
5 the reconstruction can be done in the following steps: 
1) Selecting the 3D LGE series as the source images in  

MR View&Go or opening the series with MR View&Go. 
2) Selecting “Parallel Ranges” from the upper left corner 

menu of the source images (Fig. 5 Panel A). 
3) Adjusting the orientation, position, and coverage of 

the slices to be reconstructed (Fig. 5 Panel B and D). 
4) Scrolling through the slices in the Preview window to 

check if the results are satisfactory (Fig. 5 Panel C). 
5) Clicking “Start” to start the reconstruction and then 

“Accept” to save the output images (Fig. 5 Panel D).

Clinical examples 
Figures 6 and 7 show exemplary images of 3D LGE from 
two clinical cases. Both the original 4-chamber view and 
the reconstructed short-axis or 2-chamber views are  
included. The first case was LGE negative with no scar  
present. The second case was positive showing scar in  
the apical area. 

 
 
 
 
 
 
 
 

Contact 
Reza Nezafat, Ph.D.  
Cardiovascular MR Center,  
Beth Israel Deaconess Medical Center 
330 Brookline Ave 
Boston, MA 02215 
USA 
rnezafat@bidmc.harvard.edu

Beth GodduPatrick Pierce

The .exar1 protocol is available for download at:
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> Clinical Corner > Protocols > Cardiovascular MRI
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Enhancement in Clinical Routine 
Solenn Toupin, Ph.D.1; Aurélien Bustin, Ph.D.2,3,4; Hubert Cochet, M.D., Ph.D.2,3

1 Siemens Healthineers, Saint-Denis, France
2 IHU LIRYC, Electrophysiology and Heart Modeling Institute, Université de Bordeaux, INSERM, Centre de recherche  
Cardio-Thoracique de Bordeaux, U1045, Bordeaux, France

3 Department of Cardiovascular Imaging, Hôpital Cardiologique du Haut-Lévêque, CHU de Bordeaux, Pessac, France
4 Department of Diagnostic and Interventional Radiology, Lausanne University Hospital and University of Lausanne,  
Switzerland

Introduction
Over the past two decades, late gadolinium enhancement 
(LGE) has become the preferred imaging technique for  
detecting myocardial infarction and fibrosis in various 
non-ischemic diseases [1–3]. LGE relies on a T1-weighted 
inversion-recovery gradient-echo pulse sequence acquired 
at least 10 minutes after gadolinium injection. The acquisi-
tion is performed during breath-hold with a conventional 
in-plane spatial resolution of 1.4–1.8 mm and a slice  
thickness of 6–8 mm [4]. Nowadays, several variants of 

LGE pulse sequences co-exist in clinical routine with  
different excitation pulses (2D or 3D), read-out schemes 
(FLASH or TrueFISP), acquisition strategies (segmented or 
single-shot), and motion compensation approaches 
(breath-hold or free breathing). In any case, the spatial  
resolution remains limited by scan time constraint, in other 
words by the breath-hold duration, which must stay below  
~13 seconds to be acceptable in clinical routine. 

1   A 38-year-old female patient 
presented with typical angina and 
mildly elevated troponin levels. 
Coronary angiography showed no 
significant coronary artery stenosis. 
During the CMR exam, T2-weighted 
STIR (1A) and conventional LGE  
(1B, C) were considered negative. 
HR-LGE (1D, E) revealed focal 
subendocardial enhancement on  
the inferolateral segment, consistent 
with microinfarction (orange 
arrowheads).

1A

1B

1C

1D

1E
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Whole-heart high-resolution LGE (HR-LGE) was initially  
introduced to assess fibrosis in the left atrial (LA) wall, 
which is five times thinner than the left ventricular (LV) 
wall. To achieve much higher spatial resolution, breath-
hold had to be replaced by free breathing with navigator 
gating, resulting in an extended scan time. HR-LGE  
gained significant momentum with the DECAAF study  
(Delayed-Enhancement MRI Determinant of Successful  
Radiofrequency Catheter Ablation of Atrial Fibrillation), 
which demonstrated a significant association between  
atrial fibrosis and arrhythmia recurrence after ablation in 
15 clinical centers using Siemens Healthineers MR systems 
[5]. The DECAAF study extensively validated a whole-heart 
LGE protocol with an improved spatial resolution of  
1.25 × 1.25 × 2.5 mm at 1.5T and 3T.

As DECAAF study investigators, our group has been 
performing HR-LGE for more than a decade and we have 
found clear evidence of its clinical value in both the atria 
and the ventricles. In this article, we share when and how 
we perform HR-LGE imaging daily, and how we identify  
patients who are likely to benefit the most from it.

Why perform whole-heart  
high-resolution LGE? 
Firstly, HR-LGE does not have to be performed in every  
patient, especially when conventional LGE is sufficient to 
make a diagnosis. However, HR-LGE can be instrumental 
for several diagnoses, which we present below. 

Myocardial infarction with non-obstructive  
coronary arteries (MINOCA)
MINOCA is a ‘working diagnosis’ for patients who present 
with acute coronary syndromes and in whom the diagnosis 
of myocardial infarction remains uncertain after coronary 
angiography. In 2020, guidelines from the European  
Society of Cardiology (ESC) recommend performing  
cardiovascular MRI (CMR) in all MINOCA patients without 
an obvious underlying cause [6]. Indeed, the presence and 
topography of LGE assessed by CMR plays a key role for the 
differential diagnosis of Takotsubo syndrome, myocarditis, 
or true myocardial infarction without obstructive coronary 
artery disease. However, CMR imaging is normal or incon-
clusive in about 25% of patients with MINOCA, creating  
a problem for decision-makers [7, 8]. Our group recently  
investigated the diagnostic value of HR-LGE in these cases 
[9]. After studying 172 patients with MINOCA, we showed 

2   A 21-year-old female patient 
presented with atypical chest 
pain and elevated troponin 
levels. T2-weighted STIR (2A) 
and conventional LGE (2B, C) 
were considered negative. 
HR-LGE (2D, E) revealed focal 
subepicardial enhancement 
on the inferolateral segment, 
consistent with myocarditis 
(orange arrowheads).

2A

2B

2C

2D

2E
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that HR-LGE is particularly valuable when conventional LGE 
is negative or compatible with several diagnoses. Interest-
ingly, it led to a change in the final diagnosis in 26% of the 
patients. Given that one third of these patients initially had 
a negative conventional LGE, these findings suggest that 
higher spatial resolution is of great interest. Examples  
of diagnoses made thanks to the addition of HR-LGE  
are shown in Figures 1 and 2. Improving the etiological  
diagnosis of MINOCA has a major impact on patient  
management, as it directly influences drug therapy and 
could motivate additional diagnostic tests to detect occult 
causes of myocardial infarction. This further supports the 
systematic use of HR-LGE in patients with MINOCA when 
conventional LGE is negative or inconclusive.

Diagnosis and prognosis in ventricular arrhythmia
Ventricular arrhythmias are an extremely common  
phenomenon. Most arrhythmias are not sustained, and 
therefore do not expose the patient to an increased risk  
of sudden death. These ‘benign’ ventricular arrhythmias  
are due to an ectopic focus most often confined to the 
right ventricular outflow tract. They occur in structurally 
normal hearts and can usually be recognized from clinical 
presentation and 12-lead ECG characteristics. In many  
cases, though, the presentation is atypical and potentially 
suggests a structural substrate, which can either be ruled 
out or diagnosed on CMR. Myocardial scars detected on 
LGE CMR are known to facilitate arrhythmia sustenance 
and therefore play a major role in arrhythmia malignancy. 
Besides this prognostic role, CMR is also key to establishing 
the diagnosis of the underlying structural heart disease. 
Our group investigated the value of using HR-LGE to  
improve the detection of focal arrhythmogenic substrates.  
After studying a series of 157 patients with ventricular  
arrhythmias, we showed that the detection rate of  
structural abnormalities improved two-fold with HR-LGE 
compared to conventional CMR methods [10]. This in-
cludes the detection of small scars on the left ventricle  
suggestive of occult ischemic and non-ischemic diseases, 
as well as the detection of right ventricular (RV) fibrosis, 
which can be key to diagnosing arrhythmogenic right  
ventricular cardiomyopathy. Indeed, although RV LGE is  
not part of the 2010 Task Force Criteria for the diagnosis  
of arrhythmogenic right ventricular cardiomyopathy, our  
experience suggests that in cases of borderline regional RV 
wall motion abnormalities, the presence of RV fibrosis on 
high-resolution LGE might help to confirm this challenging 
diagnosis (Fig. 3).

Catheter ablation guidance in scar-related  
ventricular arrhythmias
In patients presenting with ventricular arrhythmias, HR-LGE 
is also useful for guiding catheter ablation by providing 
precise visualization of arrhythmogenic sites [11]. Indeed, 

channels of surviving fibers within scar are the substrate 
on which scar-related re-entrant tachycardia can occur. This 
can be recognized on LGE images as areas of intermediate 
signal intensity, the so-called ‘gray zones’. HR-LGE is crucial 
in this indication for detecting gray-zone channels on 
thinned walls and for appropriately rendering their 3D  
architecture. As shown in Figure 4, a 3D reconstruction  
of the different types of tissue (normal, dense scar, and 
gray-zone channels) can be processed from HR-LGE images 
using commercially available solutions. This pre-procedural 
analysis of the scar architecture can then be displayed in 
3D electroanatomical mapping systems during the proce-
dure, allowing the electrophysiologist to identify the best 
ablation strategy. It is important to mention here that in 
this indication, as most patients undergoing catheter abla-
tion carry implantable cardioverter defibrillators (ICDs),  
the HR-LGE images acquired pre-operatively can be signifi-
cantly hampered by susceptibility artifacts. Unfortunately, 
although wideband methods have been specifically devel-
oped to address this problem, they do not fully alleviate the 
image-quality issues. Our institution therefore routinely 
performs CMR including whole-heart high-resolution LGE 
before ICD implantation. This is justified by the need for  
accurate measurements of left ventricular ejection fraction 
to select patients eligible for implantation of a primary  
prevention ICD, and by the need to obtain detailed and 

3   A 45-year-old male patient was referred for evaluation due to a 
recent family history of sudden cardiac death. CMR showed right 
ventricular dilatation and borderline wall motion abnormality in 
the right ventricular outflow tract (3A, yellow arrow). HR-LGE 
showed focal fibrosis in the outflow tract (3B, orange arrow-
heads). The finding of focal LGE on an area of borderline wall 
motion was instrumental in retaining the diagnosis of arrhythmo-
genic right ventricular cardiomyopathy.

3A 3B
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3D whole-heart HR-LGE

Sequence type 3D spoiled gradient-echo

Motion compensation Diaphragmatic navigator gating 
(acceptance window: 3 mm)

TR/TE 5.2/2.50 ms

Field of view 360 x 360 x 120 mm

Matrix 288 x 288 pixels

Acquired voxel size 1.25 x 1.25 x 2.5 mm

Reconstructed voxel size 0.63 x 0.63 x 1.25 mm

Flip angle 19°

Bandwidth 255 Hz/pixel

Fat suppression Spectral fat saturation

Phase encoding direction Right-left

Phase oversampling 20 %

Slice oversampling 16.7 %

Acceleration method Parallel imaging (GRAPPA)

Acceleration factor 2

Number of heartbeats 295

Number of segments  
per heartbeat 35

Acquisition window 156 ms

Table 1: High-resolution 3D whole-heart LGE sequence parameters

high-quality HR-LGE images of the scar, which may be  
useful in the future if the patient comes back with ICD 
shocks requiring catheter ablation. 

High-resolution 3D whole-heart LGE:  
how we do it
Sequence parameters and positioning 
The sequence parameters are presented in Table 1. HR-LGE 
is a 3D inversion-recovery spoiled gradient-echo (FLASH) 
pulse sequence. The voxel size is 1.25 × 1.25 × 2.5 mm3, 
reconstructed to 0.63 × 0.63 × 1.25 mm3. All desired views 
can be reconstructed from the 3D volume, which is of  
particular interest compared to conventional breath-hold 
LGE. For that reason, the interpolation allows a better  
image quality for multi-planar reconstructions. Spectral  
fat saturation is used to remove epicardial fat signal and  
to facilitate the visualization of epicardial LGE. The volume 
is strictly transversal and positioned on free-breathing  
localizer images (Fig. 5). A margin is kept in head-feet  
direction to avoid cropping the ventricle. While this may at 
first seem counter-intuitive, the phase-encoding direction 
is set in left-right direction in order to minimize residual  
artifacts caused by breathing. To reduce the fold-over  
artifact from the arms, two saturation bands are positioned 
over the arms (see Fig. 5). A third band is positioned over 
the chest to also reduce ghosting artifacts and subcutane-
ous fat signal. 

4   HR-LGE is segmented based on the signal intensity (4A–D) to reconstruct the complex scar architecture of this patient (4E): violet (normal 
tissue), blue-green-yellow (gray zone), and red (dense scar). A conducting channel (4D, white arrowhead; and 4E, white arrow) could be 
identified inside the dense scar area. This 3D rendering was useful for guiding the ventricular tachycardia ablation by integrating the image 
into electroanatomical systems.

4A

4C

4B

4D

4E
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5   Sequence positioning on the MR console: The volume (yellow box) is positioned in strict transversal orientation to cover the ventricles on 
free-breathing localizers: sagittal (5A), coronal (5B), and transversal (5C). The intersection of the crossed pair of the navigator is positioned on 
the liver dome (blue boxes). Three saturation bands are positioned on the patient’s chest (1) and arms (2 and 3) to reduce fold-over artifacts 
in the right-left direction (phase encoding direction, depicted by the yellow arrow).

5A 5B 5C

6A

6C

6B

6D

6   Navigator settings: The sequence is first run with ‘Scout Mode’ selected (6A, orange rectangle) so that the navigator data is displayed in the 
‘Online Display’ window (6B). This window shows the navigator line through the lung (hyposignal) and the liver (hypersignal). The expiratory 
phase is automatically detected and indicated as ‘Mode’ (6B, orange rectangle). The green box represents the acceptance window of ± 3 mm, 
in which data will be accepted. The scan efficiency is shown as a percentage next to ‘Accept’. The ‘Mode’ value has to be entered manually into 
the ‘Search Position (red)’ field (6C) to center both the green and red boxes on this position. ‘Scout Mode’ is then deselected to run the real 
scan (6C). During the scan, the navigator is displayed in the ‘Inline Display’ window, so that it can be checked by the technologist (6D). The 
remaining data to be acquired is indicated as a percentage to the right of ‘Ima’, and the scan efficiency is still indicated as ‘Accept’. As ‘Resp. 
Motion Adaptation’ is selected (6C), the acceptance position (green box) will be dynamically adapted over time to account for breathing drift. 
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Gadolinium injection and timing 
HR-LGE is acquired 15 to 30 minutes after injection of  
gadolinium-based contrast agent (double dose) [12].  
The inversion time (TI) must be set to null the normal  
myocardium signal. An off-set of 20–30 ms at 1.5T and of 
50–80 ms at 3T must be added to account for gadolinium 
wash-out during the scan. This off-set must be determined 
empirically by each center and depending on their habits. 

Navigator positioning and setting
A spectrally selective crossed-pair navigator is used to  
dynamically track the respiratory motion. The cross section 
of the two planes must be positioned on the liver dome at 
the interface between the lung and the diaphragm (Fig. 5). 
The navigator should not cross any anatomy of interest. 
The sequence is first run for ~20 seconds to check the  
quality of the navigator and enter the expiratory phase  
position (in mm). For this, ‘Scout Mode’ is selected in the 
‘Physio/PACE’ section of the sequence settings (Fig. 6A). 
The navigator data will be displayed over time in the ‘Inline 
Display’ window as a line through the liver (hypersignal) 
and the lung (hyposignal) (Fig. 6B). The green box shows 
the positions in which data acquisition is permitted. In our 
protocol, the acceptance window (green-box thickness) is 
set to ± 3 mm. The ideal accepted position is automatically 
detected by the system and indicated as ‘Mode’. This value 
must be entered manually in the ‘Search Position (red)’ 
field, so that both red and green boxes are centered on this 
position (Fig. 6C). Scout Mode should be unchecked before 
validating the sequence. During the scan, the navigator 
data is displayed in the ‘Inline Display’ window (Fig. 6D). 
The scan efficiency is indicated as a percentage (“Accept 
33%” in the example in Fig. 6). This value should remain 
above 30% to maintain a reasonable scan time. To ensure 
good scan efficiency, the patient should have the shallow-
est breathing pattern, which is not always easy to obtain. 
The ‘Respiratory Motion Adaptation’ feature allows the  
position of the green box to be dynamically adapted in 
case of breathing drift during the scan. However, if the 
drift is too severe, the scan efficiency will be preserved,  
but the image quality might be impaired. Note that the 
‘Search Position (red)’ box is not updated during the scan. 

ECG triggering
HR-LGE is electrocardiogram (ECG)-triggered in the end- 
diastolic phase every heartbeat. The number of segments 
determines the number of acquired lines per heartbeat, 
and therefore the total acquisition time. The longer the  
cardiac cycle, the longer the diastolic resting phase.  
With this in mind, we adapt the number of segments to  
the patient’s heart rate, following Table 2. That way, the 
scan time is less dependent on the patient’s heart rate.  
The repetition time (TR) is set below the cardiac cycle  
(e.g., TR = 680 ms for RR = 800 ms) to allow for potential  

changes in heart rate during the scan. In patients with  
arrhythmia, the TR is decreased to the shortest cardiac  
cycle encountered in the patient. 

Future technical developments of  
high-resolution LGE
Despite promising results, the main problem with HR-LGE  
is the scan time, which is not compatible with all clinical 
workflows. Efforts are currently underway to accelerate 
this sequence, either by improving the navigator efficiency 
or by further under-sampling k-space data. 

Data acquisition is currently restricted to an accep-
tance window of ± 3 mm at end expiration, resulting in  
a limited scan efficiency of 30–60%. This efficiency can  
further decrease in the case of irregular breathing and  
lead to long and unpredictable scan times. In addition,  
the complex motion of the heart is not taken into account, 
as a simplified linear correlation with the diaphragm is 
used. Novel image-based navigators (iNAV) have recently 
been introduced to directly track the heart and compen-
sate for non-rigid motion during image reconstruction.  
This improves scan efficiency to 95–100%, reduces the 
scan time, and makes it predictable. The technique has 
shown promising results for whole-heart HR-LGE [13, 14]. 

k-space under-sampling is another way of accelerating 
HR-LGE by acquiring less data. Conventional HR-LGE is  
usually under-sampled by a factor of two using parallel  
imaging with generalized autocalibrating partially parallel 
acquisitions (GRAPPA). Higher acceleration rates are  
hindered by the inherent loss of signal-to-noise ratio  
and by parallel-imaging artifacts. As an alternative, com-
pressed-sensing acceleration has been proposed to further 
accelerate whole-heart LGE sequences using incoherent 
k-space under-sampling followed by iterative non-linear  
reconstruction. Initial implementations showed scan time 
acceleration without compromising image quality in the 
atria and the ventricles [15–17]. However, iterative recon-

Heart rhythm 
(beats per minute)

Cardiac cycle 
(ms)

Number of 
segments TR (ms)

120 500 18 440

100 600 22 520

86 700 26 600

75 800 29 680

67 900 33 760

55 1000 37 840

Table 2: Physio settings for high-resolution 3D whole-heart LGE
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struction is time-consuming and requires powerful recon-
struction systems equipped with graphics processing units 
(GPU). Hence, artificial intelligence with fast deep-learning 
reconstruction might play a role in further developing the 
clinical availability of HR-LGE in the future [18].

Conclusion
High-resolution 3D whole-heart LGE improves the  
sensitivity of CMR for the detection and characterization  
of structural heart diseases. Preliminary experience,  
particularly in the context of MINOCA and ventricular  
arrhythmias, indicates that HR-LGE goes far beyond  
the current state-of-the-art breath-hold LGE imaging.  
Knowing the diagnostic and prognostic value of LGE, the  
method has the potential to significantly impact clinical  
decision-making in many domains of cardiology. Although 
the extended scan time remains a significant limitation, 
the combination of under-sampling and better scan  
efficiency might soon bring HR-LGE closer to widespread 
clinical use.
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Introduction
Coronary artery disease (CAD) evaluation is one of the  
cornerstones of cardiovascular imaging. Cardiovascular 
magnetic resonance (CMR) has been shown to have many 
advantages in the assessment of the disease, and multiple 
randomized multi-center trials have demonstrated its  
diagnostic and prognostic capabilities [1–4]. The evalua-
tion of CAD by CMR has mostly focused on identifying  
relevant functional information regarding myocardial  
perfusion, and associating that evidence with left ventricu-
lar global and regional function, as well as with scar data 
from late gadolinium enhancement (LGE) images. Most 
studies have used qualitative assessment of myocardial 
perfusion as an indication of significant coronary stenosis, 
but more recently automated quantitative stress perfusion 
has been made available for routine clinical workflows [5]. 

Despite the important functional information provided by 
CMR, the increased availability of, and clinical results from 
studies using coronary computed tomography angio- 
graphy (CCTA), as well as recent findings in the ISCHEMIA 
trials, have raised questions about whether an anatomical 
or functional test is better for assessing CAD [6,7]. While  
a more thorough discussion of the debate is beyond  
the scope of this manuscript, recent ESC guidelines for  
stable CAD have been revised to incorporate anatomical 
evaluation as a first-line diagnostic test, especially in  
patients with a low-to-intermediate likelihood of obstruc-
tive disease [8].

The role for CMR in the assessment of CAD in this  
ever-changing environment will require further critical  
developments given these recent clinical findings. On  

1   (1A) The first routine free-breathing (FB) protocol used in 2017, which did not incorporate quantitative perfusion data or coronary magnetic 
resonance angiography (MRA); (1B) the latest version of the protocol with the quantitative perfusion data, plus the stress cine images  
and coronary MRA included in the temporal gaps of the first protocol, with limited time penalty. The whole stress protocol takes around  
30 minutes to complete.
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the one hand, we have a technique that has many unique  
features, robust clinical evidence of effectiveness, and an 
advantageous cost-effectiveness ratio in CAD evaluation 
[9]. On the other hand, the modality remains under- 
utilized in most parts of the world [10], is still considered  
a time-consuming imaging exam, and so far offers limited 
evidence for providing routine clinical assessment of  
coronary anatomy. 3D coronary magnetic resonance  
angiography (CMRA) has been available for more than  
two decades [11], but limited spatial resolution and heart 
coverage, long unpredictable (due to respiratory gating), 
and associated image degradation due to respiratory  
motion acquisition times have prevented its more  
widespread use [12]. Recent technical developments in 
free-breathing whole-heart CMRA including the use of  
artificial intelligence (AI), faster acquisition sequences,  
and motion-compensated reconstruction have made it  
possible to provide images that are clinically useful within  
a clinical environment [13]. Integrating the newer anatom-
ical data provided by these sequences to the already  
established functional CMR exam is still a challenge. In the  
following, we try to provide a framework which we believe 
can help CMR to overcome some of the hurdles involved  
in this integration and offer a truly comprehensive  
approach to provide both anatomical and quantitative 
functional data for CAD in a relatively short time slot while 
still maintaining its cost-effectiveness.

A complete free-breathing protocol
In 2017, we started using a free-breathing (FB) protocol 
routinely in our clinical scans with a MAGNETOM Verio 3T 
scanner [14], which we later upgraded to a MAGNETOM 
Skyrafit. The initial FB protocol is shown in Figure 1A. In 
summary, it contained routine orthogonal and cardiac axis 
localizers, an axial black-blood T1-weighted half-Fourier 
single-shot turbo spin echo (HASTE) sequence, a multi-slice 
FLASH perfusion sequence, a prototype compressed  
sensing cine bSSFP sequence with sparse sampling and  
iterative reconstruction, and a prototype respiratory  
motion-corrected bSSFP averaged phase-sensitive inversion 
recovery sequence (MOCO-PSIR-LGE) that was reconstruct-
ed in-line using the Gadgetron framework [15, 16]. Spatial 
and temporal resolution of the FB sequences matched  
clinically used breath-hold protocols. The FB protocol  
allowed us to perform a cardiac scan in 21.0 ± 5.1 minutes 
(range 14 to 27 minutes) with comparable image quality  
to routine breath-hold protocols.

As technology development occurred, we were able  
to further improve image quality and information gathered 
during the FB exam by incorporating new sequences that, 
while providing the same speed of acquisition and FB  
capabilities, also included new automated features using  
AI or faster, cloud-based post-processing. The current  

protocol uses a dual sequence perfusion protocol with  
in-line, fully automated analysis within a 2-minute  
reconstruction time [17]. This quantitative approach  
has been validated against PET perfusion and provides a 
comprehensive evaluation of ventricular perfusion with  
no additional acquisition time or manual post-processing 
[18]. The ability to have quantitative data without the  
need to change the usual single infusion workflow by  
using the dual sequence approach, makes this sequence 
very practical without the need to change any of our  
routine setup.

In addition to that, we are now able to acquire  
a full dataset of cine images during vasodilatory stress, 
comprising a total of 15 slices (three 4-chamber, three 
2-chamber, and nine short-axis slices) in less than 1 minute 
while aminophylline is being administered to the patient. 
This sequence uses real-time cine images with non-linear 
reconstruction to provide rapid acquisition times with  
the high temporal resolution necessary for evaluating  
possible regional dysfunction during stress [19]. After 
stress reversal, we can now move on to acquire high- 
resolution cine images that require more computational 
power and use a distributed cloud-based solution within 
the Gadgetron framework [20]. This sequence uses a 
re-binning scheme from multiple real-time images, which 
are motion-corrected and averaged to provide a high  
signal-to-noise ratio as well as high temporal resolution 
[21]. The additional quantitative perfusion, stress cines, 
and binning rest cines provide a significant improvement  
in image quality and quantitative information without  
adding to the total exam time.

Coronary MRA – the missing link
Despite now having a full FB protocol that provided  

us with most of the functional data for CAD evaluation,  
the protocol still included 5 to 10 minutes of dead time  
after the second contrast infusion for the first-pass rest 
perfusion while waiting for the LGE acquisitions. In our 
view, this was the perfect time slot to acquire a coronary 
MRA that would add anatomical information to the  
functional information already available.

Twenty years ago, a seminal paper by Kim et al. 
demonstrated the first true clinical application for coronary 
MRA [11]. Despite never having really fulfilled its original 
promise, the use of coronary MRA has significantly evolved 
over the last few years with the development of many  
new technical advances that use a combination of faster 
imaging, more robust respiratory motion correction, and 
enhanced reconstruction methods to boost both spatial 
resolution and whole-heart coverage [13]. This has paved 
the way for the development of new sequences that  
provide isotropic < 1 mm resolution, simplified 3D scan  
planning, and reasonable reconstruction times, giving  
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coronary MRA a true shot at competing with other modali-
ties, especially cardiac CTA [22].

The addition of coronary MRA to perfusion analysis has 
generated mixed results in recent years [23–25]. The lack 
of added value for coronary MRA stems partly from earlier 
technical limitations of the sequences, unpredictable scan 
time [26], and their particular use in intermediate- to  
high-risk populations where functional information seems 
more important. Using more recent techniques, Zhang  
et al. showed that contrast-enhanced coronary MRA  
performed at 3T significantly improved sensitivity and  
diagnostic accuracy versus perfusion/LGE CMR alone [27]. 
This is in line with work in computed tomography that has 
shown that the combination of functional and anatomical 
information can provide results that are superior to either 
type of data on its own [28].

Coronary MRA – inclusion into FB protocol
In order to take advantage of recently developed rapid FB 
CAD CMR protocol, we used a coronary MRA prototype WIP  
sequence1 developed in collaboration with King's College 
London that acquires a full coronary 3D dataset within the 
5–10 minute window prior to the LGE image acquisition. 
The sequence uses a 2D image-based navigation (iNAV) 
[29], a two-point Dixon acquisition with bipolar readout 
gradients for improved fat suppression [30] and a variable 
density spiral-like Cartesian (VD-CASPR) trajectory [31, 32] 
with non-rigid motion-compensated reconstruction [33]. 
Basic scan parameters on our MAGNETOM Skyrafit scanner 
included a 3D spoiled gradient echo sequence, FOV 320 x 
320 x 90–130 mm for an isotropic spatial resolution of  
1.0 mm3, bandwidth 967 Hz/px, subject specific acquisition 

window of 70–100 ms, and a 2D iNAV preceding the  
VD-CASPR acquisition [32]. Undersampling between  
5x and 10x was chosen to maintain an acquisition time of 
around 5–8 minutes, depending on the patient’s heart 
rate. A predictable scan time and 100% respiratory scan  
efficiency is achieved using a non-rigid motion-compensat-
ed iterative reconstruction that is performed in-line on  
the MARS computer. An example of the sequence setup is 
shown in Figure 2. The radiographer has to determine  
the extent of the transversal slab in the coronal plane to 
include the whole heart, and position the iNAV window 
within the left ventricle and two saturation bands to cover 
the arms. Minimum preparation is required for the acquisi-
tion beyond these steps. The sequence then outputs four 
image datasets (Fig. 3): an in-phase, an out-of-phase, a 
water, and a fat volume.

In order to choose a quiet cardiac phase to acquire  
the CMRA, we use another prototype1 for AI-based resting 
phase detection on a 4-chamber FB CINE prior to the  
coronary acquisition. The AI algorithm is able to detect and 
track the motion of the right coronary artery (RCA) located 
at the atrio-ventricular junction in that cine image [34]. 
The sequence then generates a graphic motion curve of 
the RCA throughout the cycle, automatically detecting the 
best resting phase(s). The time and length of the scan  
window can be manually edited by adjusting the trigger 
delay visually, making it a highly customizable option  
if one chooses to use a systolic or diastolic phase, for  
example. In Figure 4, an example of the RCA tracking at  
diastole and systole plus the motion curve and detected 
resting phases as displayed in the 3D protocol is shown.

Given the ability to perform sequence setup and  
acquisition in less than 10 minutes, we routinely included 
this sequence in all our protocols where the information 
regarding coronary anatomy would be clinically valuable, 
using the interval prior to LGE imaging in order to avoid  
extending the exam unnecessarily (Fig. 1B).

1  Work in progress: the application is currently under development and is not for 
sale in the U.S. and in other countries. Its future availability cannot be ensured.

2   A typical whole-heart 3D coronary magnetic resonance angiography (MRA) setup; in yellow, the field of view can be seen with saturation  
slabs on the arms for signal suppression; at 3T and using the Cartesian spoiled gradient echo acquisition, no specific shim box needs to be 
established, with coverage of the whole slab; in blue, the 2D image-based navigation (iNAV) tracking in both read and phase directions  
over the left ventricle.
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Diastole Systole

3   The output from the 3D whole-heart 
coronary magnetic resonance 
angiography (MRA) sequence used 
in this study:  
(3A) out-of-phase images;  
(3B) in-phase images;  
(3C) fat-reconstructed images;  
(3D) water-reconstructed images. 
Most of the time, reading of the 
coronary MRA was performed  
only with the water-reconstructed 
dataset, although the other  
images may also be used to check 
for potential artifacts or other 
anatomical areas of interest outside 
the coronary tree.

4   The AI-based resting phase detection 
for static cardiac imaging output  
is shown after acquiring a free- 
breathing cine in the 4-chamber 
long-axis view. The algorithm 
detects the right coronary artery 
location and tracks its movement 
during the cardiac phase (identified 
in X). It then generates a curve 
graph depicting the movement and 
automatically suggests the optimal 
phase and window length for the 
best resting phase(s) of the coronary 
images. This can be manually edited 
and the user can configure whether 
to image in systole or diastole, and 
can set the temporal resolution of 
the acquisition. Shorter window 
lengths increase the exam time but 
shortens the scan-window within 
one heart-beat, while longer 
window lengths decrease the total 
exam time.

3A 3B

3D3C
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5   (5A) In the systolic frame of 
a short-axis binning FB cine, 
where one can identify the 
antero-septal mid-apical 
segmental hypocontractility;  
(5B and C) show late 
gadolinium enhanced (LGE) 
images with a subendocardi-
al infarct in the same 
segments;  
(5D and E) the left anterior 
descending (LAD) artery 
shows a severe obstructive 
lesion identified in the 
proximal segment of the 
artery (red arrows);  
(5F and G) reveal the 
subsequent invasive 
angiogram that identified  
an occluded proximal LAD 
(red arrows), confirming  
the findings from the 
coronary magnetic 
resonance angiography MRA.
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Clinical uses of the integrated FB CMR exam
Since the integration of the Whole-Heart CMRA WIP1  
in our protocol in May 2020, we were able to scan over 
350 patients using the integrated FB protocol in a  
heterogeneous population comprising CAD evaluation,  
cardiomyopathies, arrythmia investigation, and myocardi-
tis. A more in-depth analysis of the clinical utility, effective-
ness, and quality obtained with this protocol is underway, 
but we believe some examples presented here will help 
other centers to further explore the possibilities that are 
opening up with these new techniques. 

The first case is a 56-year-old male patient who under-
went CMR evaluation for recent onset of typical chest pain 
associated with a segmental deficit identified on a rest 
echocardiography. CMR confirmed the akinesia in the  
antero-septal mid-apical segments of the left ventricle  
(LV), and LGE revealed a subendocardial infarct in areas 
with viable myocardium (Fig. 5). Coronary MRA suggested 
a significant lesion in the proximal segment of the left  
anterior descending artery (LAD) with preserved distal  
segments of the artery. After the exam, the patient under-
went an invasive angiography that confirmed an occluded 
proximal LAD, that was treated percutaneously.

The second example is a 77-year-old woman who  
presented with recent shortness of breath, and had a  
normal exercise ECG test and global LV function by echo-
cardiography. She underwent a CMR exam for further  
evaluation of her symptoms and to rule out CAD (Fig. 6). 

Her stress first-pass perfusion exam showed a mild defect 
in the infero-septal wall throughout the whole extension of 
the LV, although there was some doubt regarding whether 
the finding represented a true defect. LGE images demon-
strated an inferior infarct in the apical segment, comprising 
50–75% of the area of that segment. The complementary 
coronary MRA revealed a dominant left circumflex artery 
with a significant proximal lesion. The LAD artery was  
normal (not shown). Coronary MRA confirmed that the 
perfusion defect was indeed a true defect, and the patient 
subsequently underwent invasive angiography that con-
firmed the CMR findings, and was treated accordingly.

The third example is a 32-year-old man, for whom  
a CMR was requested to investigate the hypothesis of  
myocarditis after episodes of chest pain and raised serum 
troponin. His initial native T1 values in a long-axis view 
(Fig. 7) were normal in the septal region but decreased in 
the basal portion of the infero-lateral wall (1232 ms and 
1057 ms respectively, at 3T). LGE images did not reveal a 
pattern typical of myocarditis, but they did show a trans-
mural lesion with a dark center compatible with a recent 
infarct with areas of no-reflow. The coronary MRA images 
obtained further supported these results, better depicting 
the area of no-reflow shown in the LGE images. Coronary 
evaluation revealed a normal right coronary artery (RCA) 
and LAD, and a significant lesion in the mid portion of  
the circumflex artery just after the take-off of the first left 
marginal branch. CMR findings excluded the hypothesis of 
myocarditis and the patient was treated accordingly.

6   First-pass stress perfusion images of the basal (6A), mid (6B), and apical (6C) segments suggested reduced perfusion in the infero-septal wall 
along the full extension of the left ventricle, but some questions were raised about whether the defect represented true perfusion defects; 
(6D and E) corresponding LGE images that identified an inferior apical infarct; (6F and G) show the coronary MRA images of the dominant 
left circumflex artery with a significant proximal obstruction corroborating the findings from both the perfusion and LGE images.

6A 6B 6C

6D 6E
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7   In a patient studied to rule out myocarditis, native T1 images (7A) identified a lower T1 value in the lateral wall of the basal 
segment of the left ventricle (10577 ms at 3T); (7B and C) LGE images showing an area of transmural scar in the infero-lateral 
wall of the left ventricle with a dark center corresponding to an area of no-reflow; (7D and E) better identified of the region of 
no-reflow using the water-reconstructed image from the coronary MRA dataset (red arrows); the right coronary artery (7F)  
and left anterior descending artery (7G) were normal; the left circumflex artery (7H–J) was occluded in its mid-segment after  
the take-off of the first marginal branch (yellow arrows).
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The final example is shown in Figure 8: a 70-year-old  
woman who underwent CMR for suspected CAD due  
to diffusely inverted T waves in her resting ECG and an  
apparently normal echocardiography. In the cine images, 
we already observed apical hypertrophy that was probably 
missed by echo. Quantitative stress perfusion revealed  
reduced absolute perfusion in the subendocardial portion 
of the apical segments, co-localized with the hypertrophic 

regions seen in the cine images. LGE did not demonstrate 
any fibrosis. The coronary MRA images showed normal  
coronary arteries, confirming that the perfusion defects 
observed were due to microcirculatory deficits common in 
hypertrophic cardiomyopathies, and not a result of epicar-
dial obstruction of the coronary arteries. The patient then 
underwent a coronary CTA, which confirmed the findings 
from the coronary MRA.

8   Cine images (8A and B) illustrate the apical hypertrophy of the left ventricle in a 2-chamber and short-axis view; (8C and D) long-axis LGE 
images confirm the hypertrophy but did not identify any associated scars in those segments; (8E) quantitative first-pass stress perfusion 
shows mild reduction in myocardial blood flow in the subendocardial areas of the hypertrophic segments, but the coronary MRA images  
of the left anterior descending artery (8F), right coronary artery (8G), and left circumflex (8H) did not identify any significant lesions, 
attributing the perfusion findings to microcirculatory impairment found in the primary cardiomyopathy; (8I–K) the patient underwent  
a further coronary computed tomography angiography (CTA) that confirmed the coronary MRA findings.
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Standalone coronary MRA exams
Apart from integrating the coronary MRA with other  
routine CMR sequences, we also explored the possibility  
of using the sequence as a standalone exam for coronary 
MRA anatomical evaluation per se. Our center performs a 
high number of coronary CTAs and it is not uncommon to 
find patients who have that exam ordered, but either do 
not consent to receiving contrast or have a significant  
contraindication to the exam (a history of severe allergic 
reactions or high-risk kidney disease, for example). In cases 
where the pre-test likelihood for CAD was low but the CTA 
exam was requested anyway, we believe that coronary 
MRA can be of value, especially in young patients2, even 
when performed alone and without the other information 
gathered in a routine CMR exam. 

The protocol used in our center for these cases was to 
initially perform a non-contrast CT exam for calcium score 
in patients with the aforementioned history. If the calcium 
score was zero, revealing a very low probability of obstruc-
tive coronary disease given the already low pre-test clinical 
probability, the patient would undergo a coronary MRA 
without the use of contrast. We have performed 17 of 
these cases since the installation of the sequence, and no 
coronary CTA with contrast was subsequently requested in 
any of them, suggesting that this can be a valid alternative 
in this setting, providing further evidence.

In these cases, the objective of the coronary MRA is  
to rule out obstructive CAD in patients with low probability 
of the disease. The CMR protocol requires only localizers 
and use of the AI-based resting phase detection based on 
FB 4-chamber CINE followed by the whole-heart MRA. As  
this is a dedicated exam with more time available in the 
scanner, we perform two separate acquisitions in both  
systole and diastole, in order to improve the accuracy of 
the exam and eliminate artifacts that may be caused by 
coronary motion in either cardiac phase. Figure 9 shows 
the example of a 38-year-old woman who had suffered a 
severe allergic reaction to iodinated contrast prior to her 
coronary CTA request. She first underwent a non-contrast 
CT exam, which showed a calcium score of zero. She then 
underwent a coronary MRA with images obtained both in 
systole and diastole, ruling out significant obstructive CAD.

Limitations and future developments
The current WIP sequences1 used in the last six months  
allowed us to perform coronary MRAs in a busy clinical  
routine without significant impact on examination time. 
We believe that, coupled with the use of a full FB CMR  
protocol and quantitative perfusion analysis, the anatomi-

cal and functional data provided by this comprehensive 
exam can be very competitive in providing the most useful 
clinical information in a relatively short exam time and 
with no radiation, singling out CMR as the only imaging  
modality that can offer this possibility. The current  
implementation of the whole-heart coronary MRA  
technique allows the sequence to become truly usable  
in clinical routine. While the current spatial resolution is 
not yet matching that of coronary CTA technology, the  
CMR alternative is a genuine option for ruling out coronary  
disease, as we have experienced in these initial cases. 

A few challenges still remain, and we list them here  
so that other centers can collaborate in further developing 
what is now a very mature option for anatomical coronary 
assessment. First, in all the exams we performed, no  
particular attention was given to optimizing the coronary 
exam using either nitrates or beta-blockers. The goal was 
to test-drive the sequence in a real clinical environment 
and under any possible circumstances, including cases  
involving arrhythmias, obesity, tachycardia, etc. While the 
benefits of both drugs in coronary CTA are well known,  
the experience in CMR is very limited [35]. Exploring the 
possible benefits of using these drugs for coronary MRA is 
necessary for accurately comparing the findings of this 
technique with coronary CTA. The second question regards 
the influence of contrast agents on SNR. In our cases,  
most patients were studied after having received contrast 
so possibly the current SNR/CNR observed is influenced by 
the protocol design. Having said that, in the cases of isolat-
ed coronary MRAs, no contrast was used and we did not 
observe a significant change in signal compared to the 
contrast enhanced exams (visual observation). But, again, 
this is another issue that merits further investigation as it 
has an important impact on the workflow. 

Another possible use of these sequences is in  
children2, since it can prevent any use of ionizing radiation 
and contrast injection. Given that most coronary evalua-
tions in children are not intended to assess atherosclerotic 
obstructions, which require higher spatial resolution,  
this particular coronary sequence can be very useful as  
it provides a full FB acquisition with 100% respiratory  
efficacy and predictable scan time. Finally, the current  
implementation of whole-heart coronary MRA still cannot 
help us answer questions concerning patients with stents 
or bypass grafts, as most of these cases involve metal  
artifacts. What is more, we also observed some lower  
image quality when assessing the distal segments of the 
RCA, especially the posterior descending artery branch and 
posterior ventricular artery branch. Finally, atherosclerotic 
evaluation and the determination of coronary plaques are 
emerging as key elements for establishing the patient’s 
prognosis and guiding clinical treatment. Current CMRA  
sequences only provide limited information with regard to 
coronary plaque. This is one of the reasons why we opted 

2 MR scanning has not been established as safe for imaging fetuses and infants 
less than two years of age. The responsible physician must evaluate the  
benefits of the MR examination compared to those of other imaging procedures.
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to add a CT calcium score in patients that underwent a 
standalone anatomical coronary study. Reducing the cur-
rent spatial resolution to something closer to 0.5 mm3 is 
still desirable as long as acquisition time can still be kept 
below 10 minutes.

Conclusions
In conclusion, our current experience with integrating  
coronary anatomical information into a full FB CMR  
protocol has been very positive, adding very little overhead 
in terms of exam time while providing us with new infor-
mation to support our clinical diagnosis and therapeutic 

decisions. The current 3D whole-heart sequences could be 
incorporated in a busy clinical service and also provided an 
alternative imaging option to patients who did not consent 
or had a contraindication to an iodinated contrast exam. 
However, there are many questions that remain despite 
this initial experience. We encourage other centers to  
engage in this development, as the impact of coronary  
anatomical evaluation in clinical practice is rapidly being 
revisited with the growing use of CTA. CMR has potential 
for incorporating that information in addition to all  
the unique functional data that it already provides, espe-
cially if more centers contribute to the advancement of  
this technique.

9   A patient with contra-indications for a contrast coronary CTA underwent a non-contrast calcium score exam with a score of zero (9A, part  
of the dataset); she then underwent a non-contrast coronary MRA that revealed normal coronary arteries with no significant obstructions, 
ruling out significant coronary artery disease; (9B and D) the left anterior descending artery and right coronary artery were imaged  
during diastole; (9C and E) the same arteries imaged during systole; both datasets were obtained in order to increase the accuracy of  
the interpretation and rule out potential artifacts; this strategy is also used when reading coronary CTAs, especially when patients are 
arrhythmic and an increased acquisition window is used.

9A

9B

9D

9C

9E
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Like most sites during the initial onset of the COVID-19 
pandemic, we sought to reduce exposure by dramatically 
reducing our dedicated clinical and research MRI scanning 
to a low quantity, resulting in both outpatient and research 
scanning being markedly reduced. During this period, our 
staff took this opportunity to set-up a working group in  
order to advise on scanner efficiency regarding our current 
cardiovascular MRI (CMR) scanning protocols. Given that 
our institution performs a high volume of CMR scans that 
utilize multiple 2-dimensional phase-contrast sequences  
to evaluate the flow across both the aortic and pulmonic 
valves and throughout the course of the aorta, our group 
decided that a concerted effort to fully implement four- 
dimensional phase-contrast imaging (hereafter referred  
to as 4D Flow) could improve scanner efficiency and  
perhaps provide more consistent flow quantification.  
This goal was implemented with the expectation that  
overall MR operations would be streamlined by both  
eliminating the numerous breath-hold 2D phase-contrast 

image acquisitions and decreasing technologist sequence 
planning time, while simultaneously improving patient 
comfort with the free-breathing 4D Flow sequence in cases 
requiring vascular flow evaluation.

Heterogeneity all around 
Previous considerations of clinical implementation of  
4D Flow proved daunting, given the difficulty of uniformly 
setting up a sequence notable for requiring a longer  
(~10 min) acquisition time, unique spatial planning, and 
balancing multiple parameters including velocity encoding, 
phase oversampling, and field of view (FOV), and the time 
necessary for inline reconstruction of the large volume of 
data involved. These factors were further complicated by 
an additional order of complexity, since  many different  
MR scanners are utilized for CMR at our institution. For  
instance, our hospital has multiple 1.5T and 3T MR scan-
ners, but we currently perform 4D Flow only on 1.5T  

1   A screenshot of the scanner workstation 
interface during the planning of the 4D 
Flow sequence: The three images are 
from the 3-plane TrueFISP localizer. 
Notice that the yellow acquisition box  
has a coronal orientation with complete 
inclusion of the thoracic aorta. On the 
axial image (far left), it is evident that  
the main pulmonary artery and its right 
branch are included in the acquisition.
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scanners, reducing the complexity of our implementation 
by a single level. However, a uniform implementation of 
this sequence on multiple different types of 1.5T scanners 
was still a challenge. While the 1.5T scanners that we  
utilize for cardiovascular imaging with 4D Flow are all  
manufactured by Siemens Healthineers, we were still  
faced with a heterogeneous installation since our institu-
tion routinely utilizes 3 different models of scanners:  
MAGNETOM Sola, MAGNETOM Aera, and MAGNETOM 
Avanto. Since the MAGNETOM Sola and MAGNETOM Aera 
are the most recent types of scanners, we will limit the  
discussion of our installation to these scanners, given that 
we expect most readers will be working on a similar plat-
form.  Furthermore, our work with this implementation  
of 4D Flow on the older MAGNETOM Avanto MR scanners 
utilized techniques that may not be widely able for imple-
mentation by our current audience, so further discussions 
of the Avanto will not be included.

Uniformity across different platforms
Our previous 4D Flow pulse sequences used an earlier  
version of the 4D Flow works-in-progress (WIP)1 that was 
prospectively ECG-gated. While this version was useful for 
detecting peak velocities, prospective gating is suboptimal 
for flow analysis, because a portion of diastole is not ac-
quired, thus limiting certain analyses such as mitral regur-
gitation quantification. For this project, our MAGNETOM 
Sola and MAGNETOM Aera scanners were both updated  
to a newer version of the 4D Flow WIP1 pulse sequence,  
allowing us to perform a retrospective ECG-gated sequence 
providing complete analysis of the cardiac cycle and  

2   (2A) Image from one of 
the three phase-encoding 
directions acquired from 
the coronal slab 4D Flow 
acquisition;  
(2B) Uncropped view of 
the 4D Flow coronal slab 
after post-processing; the 
image demonstrates the 
complete visualization  
of flow in all thoracic 
vasculature, including 
complete coverage  
of the thoracic aorta,  
major pulmonary 
arteries, vena cava, and 
cardiac chambers.

2A 2B

the flow of the associated vascular structures. Since this 
sequence was available for both our MAGNETOM Sola  
and MAGNETOM Aera scanners, it provided a unique  
opportunity to improve sequence acquisition uniformity. 
Our goal was to provide a complete phase-contrast  
evaluation of the cardiac cycle across our MR platforms 
with the expectation of a uniform dataset that would be 
comparable regardless of patient pathology or scanner 
type. Given that our previous use of 4D Flow was dictated 
by the clinical indication for the exam, sequence spatial 
coverage had previously been set up in order to interrogate 
specific vascular structures (e.g., a sagittal oblique volu-
metric slab performed with complete coverage of the  
aorta). However, indication-based FOV selection can too 
often lead to errors related to coverage planning or mis-
communication in regard to the indication for the exam.  
In order to simplify set-up and reduce the chances of spa-
tial acquisition errors or incomplete evaluation of vessels, 
our team agreed that our goal would be to perform a  
sequence that could be uniformly applied to all patients 
and was acceptable regardless of the anatomic structure 
being evaluated. With these constraints in mind, we agreed 
that acquisition of a coronal slab, which could be quickly 
and relatively easily planned by the technologist using  
the 3-plane localizer sequences (Fig. 1), would provide an 
ideal solution. The slab would be planned with the primary 
objective of covering the entire aorta while limiting the 
slab to exclude the sternum anteriorly and avoiding the 
soft tissues posterior to the descending thoracic aorta.  
This consistent target would simplify the planning for our 
technologists and provide a uniform anatomic assessment 
for easier post-processing and analysis (Figs. 2A, B).

1  Work in progress: the application is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.
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The slab 
Clinically, the spatial planning of a single coronal slab of 
the chest satisfied our primary goal of acquiring complete 
thoracic aorta coverage and ensuring that each exam 
would enable a comprehensive evaluation of the entire 
thoracic aorta that could be used for all aortic pathologies 
commonly encountered (Fig. 3). An additional advantage 
of routinely implementing 4D Flow via this approach is that 
it gives us the opportunity for post-hoc flow evaluation of 
both the aorta and the aortic valve, which could provide 
quantitative analysis of any previously undiagnosed aortic 
pathology without requiring a priori planning. Additionally, 
the coronal slab spatial acquisition generally includes  
the entire main pulmonary artery and its branch vessels, 
pulmonary veins, and vena cavae, which could be used for 
verification of consistent flows throughout the left and 
right cardiac chambers, and their respective great vessels, 
and for verification of these flows relative to volumetric 
stroke volume analysis from cine data, to better calculate 
valvular insufficiency or shunt (Fig. 4). Also, given the 
emerging use of 4D Flow for intracardiac pathology  
evaluation, this coverage plan would be able to routinely 
investigate the atrioventricular valves and the left ventricu-
lar outflow tract (Fig. 5). 

While our primary goal for spatial planning was to 
achieve both appropriate and uniform anatomic coverage, 
we elected to also simplify the approach by limiting  

additional parameters that should be considered during 
image planning. To simplify planning by our technologist, 
our group decided that coronal orientation would always 
be used with no adjustment to the orientation, such as a  
coronal oblique orientation. Furthermore, we established  
a FOV that would not be adjusted in order to maintain  
a 2.6 x 2.6 mm in-plane spatial resolution that would  
be acceptable for accurate diagnostic quantification of  
vascular flow. In order to avoid spatial aliasing in larger  
patients with wide shoulders, we implemented 20% 
phase-encoding oversampling to the sequence. While ECG 
gating is necessary to maintain temporal resolution, our 
group evaluated the necessity to alleviate breathing-related 
motion artifacts via respiratory navigation (Fig. 6). Since 
the coronal view is less susceptible to motion artifacts,  
we tested the sequence without respiratory navigation. 
The images without respiratory navigation suffered from 
no appreciable motion artifacts and did not have the area  
of signal loss in the right chest that occurs due to the navi-
gator slice. Given that this approach provided a clinically 
acceptable sequence while further streamlining set-up by 
foregoing technologist planning of the navigator slice, and 
faster image acquisition since images could be acquired 
continuously (without navigator efficiency limitations),  
we felt this was an acceptable trade-off. However, we do 
acknowledge that this technique will require further data 
analysis to confirm accuracy.

3   Cropped view of the 4D Flow 
coronal slab after post-processing 
demonstrates pathline visualiza-
tion of flow throughout the 
thoracic aorta.

4   Post-processed view of the 4D Flow 
coronal slab, including cropping and 
segmentation to allow visualization  
of flow via pathlines within the main 
pulmonary artery and its left and right 
branch vessels. 

5   Post-processed view of the 4D Flow coronal 
slab after cropping and angulation orientated 
to the 4-chamber view of the heart: Pathlines 
demonstrate flow during ventricular diastole. 
Note the passive filling of the ventricles, with 
flow leaving the atria and crossing the atrio- 
ventricular valves. 
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As simple as possible, but no more
For planning, our technologists and physicians would  
routinely have to evaluate three independent parameters 
during planning. Since it was agreed that the FOV was to 
not be changed and that the 20% phase oversampling was 
acceptable for most patients’ habitus, the technologist  
was primarily responsible for modifying slice thickness of 
the 4D Flow acquisition. We agreed that a slice thickness of 
2.5 mm in the anteroposterior direction would be optimum 
in order to balance appropriate coverage, image acquisi-
tion time, and spatial resolution. To ensure appropriate 
coverage for larger patients, we advised our technologist 
to increase slice thickness in increments of 0.1 mm and  
to use 3.0 mm as a maximum slice thickness with the cave-
at that slice thickness could also be slightly increased if  
times became unacceptably long (our goal is ~10 minutes). 
Velocity encoding was the second parameter that required 
planning prior to image acquisition. While the variety of 
valvular and stenosis-related pathologies can be expected 
to extend across a spectrum of different flow ranges, we 
elected to encourage a velocity encoding of 150 cm/s for 
patients undergoing routine evaluation, and 300 cm/s  
for patients with a known or highly suspected history of 
significant stenosis. Although our group considered a  
velocity-encoding scout, our goal was to be able to uni-
formly evaluate multiple types of pathologies. The need for 
multiple phase-encoding scouts for the various pathologies 
(e.g., aortic disease vs. pulmonary disease) would there-
fore be counter to our objective, so this option was not 
pursued. In our experience, the two settings for velocity 
encoding have succeeded in the majority of cases. In more 
severe cases of stenosis, alias unwrapping using our 
post-processing software was able to correct the problem. 
The third parameter that the technologist had to set for  
sequence planning was the flip angle. Since not all of  
our cardiovascular cases would require intravenous admin-

istration of gadolinium-based contrast, we instructed our 
technologist to use a flip angle of 15° for scans performed 
with contrast, and 7° for non-contrast scans (Fig. 7). While 
the parameters had been reduced to three main options,  
a final decision that our group had to make was whether  
or not to utilize the Compressed Sensing (CS) version of 
the WIP.

Compressed Sensing working overtime
Compressed Sensing (CS) retrospective ECG-gated 4D Flow 
has been a very promising approach for faster acquisition 
of this pulse sequence, which can often take approximately 
12 minutes to acquire. With CS, it was expected that we 
could reduce our 4D Flow acquisition time approximately 
by half, allowing for faster patient turnaround, given that  
it is customarily run as the last sequence in our protocols. 
While our CS sequence does reduce acquisition time, it was 
found to require a significant amount of inline reconstruc-
tion on the scanner workstation. While the GPU provided 
with the MAGNETOM Sola scanner was able to provide an 
acceptable inline sequence construction time of approxi-
mately six minutes, the GPU of our older MAGNETOM Aera 
unit took longer and was found to not be acceptable. From 
a workflow perspective, we found that despite the differ-
ences in GPU capabilities on the MAGNETOM Sola and Aera 
platforms, the average was approximately 12 minutes from 
the start of the sequence acquisition to the completion of 
the inline reconstruction. While the shorter acquisition 
time provided by CS was felt to be better for the patient, 
since the scan would be completed about six minutes  
earlier, there is also still some debate as to how phase- 
contrast data fidelity is impacted by aggressive acceleration 
techniques. Therefore, we have so far opted to not utilize 
CS approaches in favor of acquisition and data uniformity 
across all scanner platforms.

7   The technologist is responsible for working with the physician- 
provided protocol to designate if this is routine flow evaluation, 
set to a velocity encoding of 150 cm/s. More severe cases are 
often set to 300 cm/s, but depending on history or expectations, 
they could be set higher prior to 4D Flow acquisition.

6   During 4D Flow acquisition, our protocol utilizes a technique  
that does not require use of the respiratory navigator. In the 
Physio card on the scanner, the Respiratory Control setting  
has been set to Off.
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9   Cardiac MRI performed for quantification of pulmonary-to-systemic flow ratio (Qp:Qs): (9A) A secundum atrial septal defect is shown in the 
four-chamber view (yellow arrow); (9B) a double-oblique imaging plane is placed above the aortic valve, and the region of interest is traced 
throughout the cardiac cycle to obtain a flow-time curve and Qs quantification; (9C) 4D Flow visualization shows high velocity flow transiting 
the aorta from early to late systole (left to right) with visualization of the left-to-right intracardiac shunt across the atrial septal defect (yellow 
arrow) during latter systole. In this case, Qp:Qs calculated by 4D Flow was 1.8, indicating hemodynamic significance.

8   Post-processing of 4D Flow data: 
(8A) Raw data is displayed in 
post-processing software and  
(8B) initial segmentation of the 
acquired image.

8A 8B

9A

9C

9B
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10A

10C

10B

10D

10   3D streamlines allow visualization of velocities in the aorta: (10A) 3D reconstruction of the thoracic aorta in a patient with bicuspid aortic 
valve and coarctation with (10B) streamlines showing helical flow patterns (white arrow) and flow acceleration at the coarct (yellow arrow) 
during early to late systole (left to right); (10C) 3D reconstruction of the thoracic aorta in a separate patient after coarctation repair, with 
(10D) now smoother streamlines indicative of substantial normalization of flow and sheer stress during early to late systole (left to right).

Making a diagnosis 
One of the most important aspects of CMR is the ability  
to accurately quantify cardiac and valvular function,  
and, at least at our institution, there is now increasing  
demand for comprehensive aortic hemodynamic evalua-
tion. As 4D Flow has become increasingly available, many 
software vendors now provide tools to post-process the 
data, generate 3D cine flow images, and perform flow 
quantification by placing 2D planes orthogonal to flow  
features of interest. Usually, some degree of background 
offset correction, eddy current correction, and occasionally  
anti-aliasing are required, and different software vendors 
address these needs in different ways. Once the data  
is ready for visualization, we often begin by reviewing  
velocity maximum intensity projections (for example,  
Fig. 9C), which allow for bulk flow visualization that can  
be helpful for plane placement and visualization of intrac-
ardiac and valvular jets. For most cases, it is best practice 
to evaluate flow through the aortic valve and main pulmo-
nary artery, which allows for comparison with right and 
left ventricular stroke volume, and to validate internal  
consistency in the flow data. Research has shown [1] that 
flow quantification accuracy can be limited by areas of  

increased vorticity, which is why we often use streamline  
visualization (Fig. 10B) to identify areas of flow complexity 
that may impact quantification prior to final analysis plane 
placement.

We have multiple examples of 4D Flow “saving” our 
flow and velocity quantification in cases of poor 2D plane 
selection. Moreover, the ability to retrospectively analyze 
all the major vasculature in the chest, including pulmonary 
and systemic veins, provides multiple opportunities to 
check for internal consistency and to more accurately 
quantify valvular insufficiency or shunts (Fig. 9). 

As adult congenital heart disease has become an  
increasing part of our practice, it is clear that the 4D Flow 
is far superior for flow quantification from an efficiency 
standpoint for these patients. For example, a repaired  
Tetralogy of Fallot patient might require 2D phase contrast 
imaging at the aortic valve, pulmonic valve, and left and 
right pulmonary arteries, which all require specialized  
planning sequences and expertise in vascular anatomy.  
4D Flow in a coronal slab brings this acquisition much  
closer to being a “one-click” solution. We also have a  
large bicuspid aortic valve clinical service, so we tend  
to encounter many patients with aortic coarctation or  
repaired coarctations (Fig. 10). 2D plane placement on  
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the scanner for evaluation of a tortuous coarctation can be 
particularly challenging, but 4D Flow makes the acquisition 
straightforward.

Conclusions 
We have designed and implemented a clinical 4D Flow  
protocol for vascular flow evaluation with CMR that  
functions across multiple scanner platforms from  
Siemens Healthineers and is easy to perform for CMR  
technologists of all experience levels. Anecdotally, we  
believe this approach improves the patient experience  
and also provides the interpreting physicians with more 
consistent data for visualization and quantification.  
Moreover, this addition to our protocol not only allows  

for routine flow and velocity measurements of the great 
vessels at multiple sites, but also creates opportunities  
for advanced analysis such as aorta wall-shear stress and 
pulse wave velocity measurements, direct mitral valve  
flow quantification, and flow stasis mapping in the left  
atrium and false lumen of aortic dissection. These are  
currently under investigation and may become important 
diagnostic tools in the near future.
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Introduction
Since its introduction, four-dimensional (4D) flow magnetic 
resonance imaging (MRI) has been established as the in- 
vivo reference standard for non-invasive hemodynamic  
assessment [1]. 4D Flow is usually performed using spoiled 
gradient-echo sequences with short repetition time (TR), 
and electrocardiographic and respiratory gating, for a  
recommended total scan time of 5–8 minutes [2]. This 
technique allows a volumetric assessment of blood flow 
over the entire vessel of interest, along with volumetric 
quantification and retrospective analysis of blood flow 
through any plane [2], thus providing a full functional  
evaluation which can be then combined with anatomical 
information derived from other sequences. Indeed, 4D 
Flow already proved useful in the assessment of many  
clinical conditions, from aortic valve diseases [3] to  
complex congenital heart pathologies [4]. In all such cases, 
4D Flow allows both a qualitative assessment of blood  
flow dynamics, i.e. discerning helical and vortical flow 
from laminar flow, and a quantitative assessment, deriving 
from the encoded velocities parameters such as jet angles 
[5] and wall shear stress [6].

4D Flow in aortic endografts
Recently, the potential role of 4D Flow in the follow up  
of endovascular aortic repair (EVAR) has been explored 
with encouraging results. Indeed, EVAR requires a lifelong  
postoperative surveillance, as it could be affected by  
long-term complications, such as endoleaks [7], which  
are defined as a persistent blood flow outside the stent  
and within the vessel walls, stent collapse, stent infection, 
and stent migration. Furthermore, computational fluid  
dynamics studies showed how hemodynamic factors could 
exert relevant drag force on the stent, possibly leading to 
stent migration or failure [8]. Initially, Hope et al. [9] first 
proposed the use of 4D Flow for the identification of en-
doleaks after EVAR in a case report, then Rengier et al. [10] 
and Bunk et al. [11] demonstrated the feasibility of in-stent 

flow visualization in phantom studies, establishing that the 
stent presence does not undermine flow measurements. 
More recently, Sakata et al. [12] characterized each type  
of endoleak after EVAR by its flow appearance, describing  
a superior sensitivity than computed tomography angiog-
raphy in endoleaks detection. Subsequently, the same 
team investigated the predictive power of 4D Flow analysis 
of type 2 endoleaks, suggesting that it could be useful for 
the prediction of sac expansion after EVAR [13]. Further-
more, Ravesh et al. [14] reported how 4D Flow allowed  
to measure relevant hemodynamic parameters, namely  
blood flow velocity and wall shear stress in a patient with  
a folded endograft following thoracic EVAR (TEVAR). 

1   10-year-old female patient treated for aortic coarctation (black 
arrowhead). Maximum intensity projection image of flow speed, 
3D streamlines visualization. (1A) Peak systolic phase. (1B) 
Diastolic phase. In correspondence of the luminal narrowing there 
is a reduction in flow signal. Nonetheless, flow evaluation is 
feasible proximally and distally from the stent, and an acceleration 
of the blood flow is visible in the aortic arch.

1A 1B
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In our institution, a relevant number of aortic endovascular 
treatments are performed each year, hence we decided to 
explore the clinical usefulness of 4D Flow MRI for patients 
undergoing thoracic aorta endovascular treatment at our 
institution.

Materials and methods
We evaluated 10 patients (2 female), with a mean (± stan-
dard deviation) age of 61 ± 20 years, undergoing MRI for 
follow-up after endovascular aortic treatment. All patients 
underwent EVAR except one, who had an intravascular 
stent therapy for isthmic coarctation. All 4D Flow examina-
tions were performed using a 1.5T system (MAGNETOM 
Aera, Siemens Healthcare, Erlangen, Germany) using  
a 48-channel surface phased-array coil, placed over the 
thorax of the patient in supine position. In addition to the 
standard examination protocol, a 4D flow sensitive 3D  
spatial-encoding, time-resolved, phase-contrast prototype 
sequence1 with retrospective electrocardiogram gating and 
respiratory gating was acquired. This package supports the 
acquisition of volumetric phase contrast data with velocity 
vector encoding. Compared to the current product  
sequences for phase contrast flow imaging, a 3D spatial 
encoding option was integrated, and a navigator as known 
from the product coronary imaging protocols was included. 
To minimize the time during the cardiac cycle used for the 
navigator acquisition, the duration of the navigator module 
was reduced to < 20 msec. From a sequence design stand-
point, phase contrast flow quantification was integrated 
into a sequence derived from the object-oriented cardio-
vascular sequence. Acquisition parameters were:  
TE 2.3–3.1 ms, echo spacing 5.1 ms, flip angle 8°, segment 
number 2, temporal resolution 40.6–43.4 ms, bandwidth 
490 Hz/pixel, FOV 340–232 mm2, 3D acquired resolution 
3.5 × 2.4 × 3.9 mm, and VENC 100 cm/s. Images were  
acquired in a sagittal plane, yielding 40 to 52 slices de-
pending on the patient size. For the post-processing, we 

used 4D Flow Demonstrator Version 2.41, a prototype soft-
ware package that allows the qualitative and quantitative 
analysis of blood flow using time-resolved phase-contrast 
MRI datasets. We also evaluated the presence of artifacts.

Results
Among our cases, flow evaluation was feasible in all  
patients, although in 3 out of 10 patients we observed 
some artifacts. Indeed, three individuals displayed a  
reduced signal within the vessel lumen where the endo- 
graft was placed, while other presented with turbulent  
or increased flow.

Concerning reduced flows, in the first case (Fig. 1),  
a 10-year-old girl treated with a stent for aortic coarctation, 
a flow reduction may be observed where the aortic lumen 
tightens. This may be due to the fact that the narrowing 
causes an acceleration of the flow over the velocity encod-
ing, which is set a priori, or to alterations in the magnetic 
field induced by the stent. The second and the third case, 
respectively an 82-year-old woman and an 81-year-old man 
with EVAR, presented a reduced flow in the aortic lumen 
likely attributable to difficult ECG trigger or stent-induced 
artifacts.

Concerning patients with blood flow turbulence, we 
observed a vortical flow in the ascending aorta of one 
60-year-old male patient that underwent EVAR for aortic 
dissection (Fig. 2). This patient showed an accelerated flow 
right above the aortic valve in peak systole, contributing to 
the generation of a vortex towards the late systolic phase. 
The accelerated flow was situated at the proximal insertion 
of the endograft, and thus the acceleration could be  
attributed to the lumen and wall change that it generates.

Three patients presented aortic flow accelerations.  
In particular, a 70-year-old male patient that underwent 
TEVAR for aortic aneurysm showed an acceleration of the 
aortic flow in the distal section of the endograft (Fig. 3); a 
53-year-old male patient with repaired dissection displayed 

1 Work in progress: the application is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.

2   60-year-old man with EVAR 
for aortic dissection. 
Maximum intensity 
projection image of flow 
speed, 3D streamlines 
visualization. (2A) Peak 
systolic phase. The flow is 
accelerated at the aortic 
valve level. (2B) Mid-systolic 
phase. A vortex starts 
forming in the ascending 
aorta (black arrowhead).  
(2C, D) The vortex grows 
towards the late systolic 
phases (black arrowheads).

2A 2B 2C 2D
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3   70-year-old male patient with TEVAR for 
aortic aneurysm. Maximum intensity 
projection image of flow speed, 3D 
streamlines visualization. The sequence 
of the cardiac circle shows the develop-
ment of an abnormal helical flow in the 
ascending aorta towards the late systolic 
phases, and an increased velocity in the 
distal part of the endograft caused by  
a narrowing of the lumen.

4   53-year-old male patient with repaired dissection. Maximum 
intensity projection image of flow speed, 3D streamlines 
visualization. (4A) Peak systolic phase, the streamlines show  
a complex flow pattern due to the tortuosity of the ascending 
aorta. (4B) Diastolic phase.

5   51-year-old male patient with TEVAR. (5A) Maximum intensity 
projection image of flow speed. The 3D streamlines show 
increased velocity in correspondence with the graft’s bends  
(black arrowheads). (5B) Computed tomography scan showing  
the position of the endograft.

4A 4B 5A 5B
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accelerated and turbulent flow in a tortuous ascending 
aorta, proximally to the endograft (Fig. 4); and a 51-year-
old male patient with a repaired aneurysm of the aortic  
arc presented flow accelerations in correspondence with 
endograft bends (Fig. 5).

Nevertheless, in all the other patients, the flow signal 
magnitude was unaltered throughout the graft lumen, 
granting a complete representation of the flow. For  
instance, in a 53-year-old patient that underwent aortic 
reparation after traumatic rupture, the flow was laminar  
in all the visualized aortic segments, and an acceleration 
was visible at aortic valve level (Fig. 6).

Future perspectives
Currently, CT imaging is the cornerstone for the post- 
operative follow-up of EVAR. Nevertheless, 4D Flow MRI 
offers the unique advantage of a comprehensive analysis 
of blood flow in the repaired aorta. The ability to visualize 
different flow patterns and derive dynamic parameters 
such as wall shear stress might provide new insight on the 
risk of post-operative complications. Indeed, computation-
al fluid dynamics revealed that aortic segments presenting 
low wall shear stress are linked to thrombus formation, 
whereas increased wall shear stress is related to the  
propagation of aortic dissection [15]. 4D Flow MRI may 
thus allow an in-vivo assessment of such features, without 
radiation exposure or administration of contrast agent. 

Moreover, currently, the management of type II  
endoleaks is decided upon the growth of aneurysmatic sac 
[16]. In this regard, 4D Flow analysis of endoleaks flow  
patterns such as flow direction, volume and velocity might 
allow a more timely detection of endoleak complications 
leading to a more tailored treatment [12].

Conclusions
The presence of an aortic endograft does not necessarily 
hinder the visualization of blood flow through 4D Flow  
sequences, although in some cases flow artifacts could  
be generated by the graft. The introduction of a hemody-
namic evaluation for aortic endovascular treatments follow 
up in everyday clinical practice could possibly provide  
insights on the flow changes after EVAR, spotlighting their 
impact on the procedure success. Prospective studies are 
warranted to assess the prognostic value of 4D Flow for  
the follow up after aortic endovascular treatment.
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Introduction
The GIBOR project of the Geneva University Hospitals  
comprises an interventional suite consisting of an operat-
ing room and an electrophysiology room coupled with  
an MRI room. The innovation and the technological  
challenge consisted in moving a standard 3T MRI on  
ceiling rails into a neurosurgical operating room as well  
as an MRI transfer table coupled with a fully operational 
cardiac electrophysiology and angiography suite in an 
adjacent room. This was realized with a 3T MAGNETOM 
Skyra MRI (Siemens Healthcare, Erlangen, Germany)  
integrated in the IMRIS Hybrid Operating Suite (IMRIS, 
Deerfield Imaging, Inc., Minnetonka, MN, USA), coupled 
with a Siemens Healthineers Artis CombiSuite for  
Cardiology/Electrophysiology. The operating room,  
the 3T enhanced MAGNETOM Skyra and the EP room are  

all CE certified. During a neurosurgical procedure, the MRI 
travels into the operating room on rails, thus avoiding the 
need to move the patient between operating and imaging 
rooms. In the case of a catheter ablation procedure or  
other cardiac intervention, the table-top on which the  
patient is located in the EP CombiSuite can be slid and  
inserted directly into the MRI via a transfer stretcher  
which also shortens and simplifies patient transport to  
MRI facilities. Finally, when used in a diagnostic mode, the 
MRI can be rotated from 90° to ease the patient placement 
and allow monitoring directly through the window of the 
control room.

Initiated in 2011, this project was made possible 
through reflection and close collaboration between the 
various medical clinics involved (Neurosurgery, Cardiology, 

1   Floor plan showing the possible 
motion for the 3T MAGNETOM Skyra: 
shift into the neurosurgical operating 
room and 90° rotation from a 
diagnostic position to an interven-
tional position with an easy transfer 
to the electrophysiology room. 
Orange: Patient table position for MRI 
Petrol square: Magnet positions 
Grey arrows: Position of sliding doors 
Dark grey arrows: Movement of 
patient or magnet

Technical room with 
entrance to second floor

equipment rooms

Cardiology EP CombiSuite with  
table that can transfer patient  

into MRI room

Radiology Room with MRI 
facing control room or turned 

for EP room transfer

Neuro OR with table. MRI 
turns and moves into this 
room with patient in situ

MRI control room –  
Neurosurgery

MRI control room –  
Radiology

Neuro  
patient  
entry
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3   MRI with CombiTable in position 0° from the same perspective.

Radiology, Neuroradiology and Anesthesia), and the  
Biomedical Engineering Service. Currently, the MRI  
installation is used two days/week for neurosurgery  
patients, two days/week for atrial fibrillation (AF) patients  
and one day/week by the radiology clinic.

From its conception, the objectives of such a device 
have been focused on better patient care, with: 
•  the possibility of having an MRI examination in situ,  

on the operating table, during the course of a neuro-
surgical procedure in order to evaluate residual  
pathology – without having to move the patient.  
This helps avoid the risk of infection and reduce the 
duration of anesthesia.  
For electrophysiologic cardiac interventions this allows 
for the evaluation of the efficacy of tissue lesions both 
during and directly after the procedure by a rapid  
table-top transfer to the adjacent MRI followed by a  
return to the interventional electrophysiology suite  
to continue the procedure, if necessary,

• a decrease in the number of reoperations in the  
fields of neurosurgery and cardiac electrophysiology 
intervention. 

GIBOR was officially inaugurated on 27 November 2019. 
The first neurosurgery operation, with MRI, was conducted 
on 7 October 2019 and the first cardiology patient with 
MRI was welcomed on 21 November 2019. However,  
since February 2020, the project has been suspended  
by the COVID-19 crisis due to internal reallocation of the 
resources. So far, 14 AF patients have been treated with 
this hybrid suite. When not coupled with MRI, both the  
operative room and the electrophysiological suite are fully 
used as standard standalone equipment. During the time 
without imaging of surgical and cardiac interventions,  
the MRI is used in a diagnostic mode for patients on the 
waiting list of the radiology clinic. This workflow allows  
an efficient use of all the devices.

2   MRI in diagnostic position 90° with conventional table. Neuro suite 
door can be seen to the left.

4   View towards MRI room doors showing position of table during  
EP procedure.

5   Connection of the two tables to transfer the patient on the  
table top.
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The cardiac project of the hybrid  
cardio-neuro MR suite
Aim
Atrial fibrillation (AF) is a serious health problem that is 
treated by medication as well as catheter ablation. Patients 
undergoing catheter ablation for AF have an improved 
quality of life. Recently evidence has shown reduced  
AF related morbidity-mortality in patients receiving  
ablation therapy, but also a 15–40% risk of arrhythmia  
recurrence. The factors associated with recurrence are  
not well known especially those related to the completion 
of the AF ablation procedure. Therefore, the aim of our 
project is to investigate if peroperative imaging can help  
to reduce AF recurrence. Multiple data including a  
multicentric study [1] suggested the utility of gadolinium  
delayed enhancement MRI (LGE-MRI) pre- operative MRI  
to evaluate patients being considered for AF ablation.  
The extent of left atrial uptake of contrast can identify  
patients that would not benefit from the RF procedure. 
However, LGE-MRI remains controversial in the electro- 
physiologic community mainly because of the technical 
difficulty in reproducing the results of delayed enhance-
ment of the atria.

Our project will investigate the added advantage of  
an optimized pre-operative combined with a pre-operative 
MRI. We are currently evaluating the immediate effect of  
MR imaging in situ catheter ablation, so that catheter  
ablation can be performed and its efficacy evaluated while  
the patient is still in the operating room. It is not intended 
to serve as a post-operative follow-up, but to monitor the 
initial effect of the actual ablation procedure. This includes 
pre-intervention screening, intervention planning assis-
tance images that will be completed immediately prior to 
the procedure, and use of the (up to one hour) surveillance 
time for conduction recovery after the procedure (catheter 

ablation) to evaluate the success of the procedure and  
to allow additional catheter ablation with the patient still  
in electrophysiologic room. Unlike the removal of a brain  
tumor, where the remaining contrast absorption indicates 
whether additional ablation is required, the area of RF- 
atrial ablation is less well defined. Significant enhancement  
on the LGE prior to the procedure may indicate that an  
intervention would not provide the desired improvement  
in arrhythmia outcomes. However, LGE-MRI uptake may 
also provide additional targets beyond isolation of the  
pulmonary veins. In addition, the distribution and extent  
of contrast uptake immediately after a standardized or  
routine catheter ablation procedure may provide useful 
prognostic information to indicate an incomplete proce-
dure (see Fig. 7). 

Extra-cardiac soft tissue effects may also provide early 
warning of collateral damage and potential complications. 
Native T1 and T2 imaging as well as atrial and ventricular 
function and flow can also be obtained, to bring comple-
mentary information to the fibrosis and scar assessment by 
LGE without repeated contrast injection. The correlation of 
the electrophysiological findings before and after ablation 
with the corresponding MR images in terms of contrast and 
signal intensity can be also performed allowing calibration 
of delivered ablation parameters in terms of tissue effects. 
The correlation of myocardial MR characteristics with  
electrophysiological findings before ablation may allow  
an improved understanding of the electropathology of  
atrial fibrillation and other arrhythmias such as ventricular 
tachycardia.

Similarly, anatomical as well as fibrosis and scar assess-
ment of ventricular myocardium can be readily obtained,  
in order to allow detailed planning and targeting of the 
electrophysiology procedure. In-silico simulation based  
on MR scar models may allow the choice of the optimal  
ablation strategy from amongst multiple different options. 
Recently developed wide-band imaging sequences facili-
tate acquisition of useful information even from patients 
with intracardiac electrodes including defibrillator coils.

Advantage of the hybrid suite
There is no compromise on the MR system which is a  
standard fully operational MRI. Thanks to a strong and  
efficient support of both IMRIS and Siemens, all the  
available MR sequences for the MAGNETOM Skyra 3T  
MR systems, including prototypes and C2P, are available  
for an enhanced image quality.

An anatomical road map as well as complete function-
al and morphological assessment of the LA can be easily 
obtained just before the intervention in the same patient 
position to ease image registration. This could be especially 
relevant when esophagus modelling is integrated in the 
therapy planning. LAA thrombus can also be evaluated  
before the intervention.

6   CombiTable moving into the MRI room.
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7   Comparison of late gadolinium delayed 
enhancement before and 1 hour after  
FA ablation with a 3D inversion recovery 
prepared GRE prototype sequence1 
featuring an incoherent Cartesian 
sampling pattern (VD CASPR) [2, 3],  
Dixon fat water separation and image 
based respiratory motion compensation 
with a non rigid iterative reconstruction 
[4]. Hyper signal around the ostia of the 
pulmonary veins is visible (yellow arrows) 
after the intervention. Small structures 
like the esophagus (red arrow) can be 
clearly identified with this sequence  
to attest the absence of iatrogenic  
complications. Acquired Resolution  
1.25 x 1.25 x 1.3 mm.

Pre- and post-procedural MRI is easily acquired thanks  
to the CombiTable shift option. The close proximity of  
the two rooms and the fast transfer between them allows 
optimal comparison of physiological parameters measured 
by catheters and MRI like flow and pressure measured in 
the same patient state.

In comparison to an MRI-only guided AF ablation  
approach with MR compatible ablation catheters in a  
standard MRI room, the hybrid suite while providing similar 
information, does not require specific training to master 
catheter manipulation under MRI guidance. As a result,  
the learning curve is mainly focused on patient transfer  
between the electrophysiology and the MRI rooms with  
the main concerns related to security during transfer and 
MR imaging. All the clinical tools for the AF ablation in  
the electrophysiology room are available including high 
resolution 12 channels ECG monitoring system, TEE or  
intra-cardiac echocardiography, the CARTO® mapping  
system (Biosense Webster, Diamond Bar, CA, USA) or  
the Rythmia (Boston Scientific, MA, USA) or the EnSite™ 
NavX™ mapping systems (Abbott Laboratories, Chicago,  
IL, USA). In addition, faster transfer of the patient outside 
the magnet room can be achieved in case of resuscitation  
by comparison with conventional MR systems. This hybrid 
suite benefits from an increased SNR of a 3T magnet by 
comparison to MR systems for cardiac intervention that  
are mostly running at 1.5T. Finally, the cost effectiveness 
of such an approach – allowing scanning of additional  
patients during most of the AF procedure time – deserves 
further study.

Challenges
One of the main issues is related to the patient and  
team safety as most of the collaborators involved in the  
intervention are not familiar with the particularities of 
working in an MR environment. This can be solved by  
extensive and systematic training of the involved teams, 
with the establishment of detailed procedures.

The set-up, and team training, allows very fast  
(< 2 min) transfer from MRI to the CombiSuite, with the  
patient on a sliding transfer table.

Education and cooperation of a multidisciplinary  
team is needed to ensure MRI safety. The patient needs  
to be carefully prepared and the monitoring equipment 
and personnel screened before patient transfer (not as 
complex as the neuro side where the magnet comes in  
to the operating theatre). We have multiple safety check-
lists in place and careful selection of material that is used  
in the cardio room.

Multi-lead wireless ECG monitoring allows continuous 
real-time rhythm monitoring of patients, which is  
particularly important for the cardiac electrophysiology  
interventions. In case of a need for defibrillation, a risk  
that is not negligible after an EP procedure, the patient  
can be transferred very rapidly back to the EP room to 
avoid damage to the MRI table. Intensive simulation drills 
for emergency transfer have been conducted along with 
periodic reinforcement and re-familiarization to ensure 
benchmark performance.

1 Work in progress: the product is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.
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Sharing the infrastructure with neurosurgery improved the 
training of all the teams involved as well as the capability 
of ensuring optimal safety of the procedure. 

The 3T field strength may induce severe susceptibility 
artifacts especially in patients with intracardiac electrodes, 
but advanced MR sequences facilitating a wide-band  
inversion for delayed enhancement sequences1 [5–8]  
and motion correction [9] enabling free-breathing exams 
may reduce the artifact.

Another challenge is related to the whole procedure 
duration (AF ablation + pre- and postprocedural MRI)  
that may result in patient discomfort and prolonged  
sedation/anesthesia protocols. Faster MR sequences,  
using compressed sensing, and optimization of the  
protocols are therefore an important area of research.

Outlook
The hybrid EP-MR suite offers significant investigational  
opportunities with direct therapeutic implications. 3D time 
and respiratory resolved MR sequences for pulmonary vein 
anatomy are currently under development. When per-
formed at the time of the AF ablation with the CombiSuite, 
such MR sequences may reduce the registration errors with 
the angio data related to variation of the LA filling pressure 
and size. Such a high-resolution mapping procedure can  
be used to significantly reduce radiation exposure for  
AF ablation and allow better individual anatomy tailored 
ablation solutions.

In the electrophysiology field, ventricular arrhythmias 
(ventricular premature beats, ventricular tachycardia  
and even ventricular fibrillation) ablation assessment  
is certainly the next step once our team have gained  
experience in patient monitoring inside the MR scanner.

In addition, when RF ablation catheters are available 
for a magnetic field strength of 3T, this hybrid suite will  
be set up to perform complex ablation, such as AF ablation, 
under MRI guidance with the safety backup of the  
angiographic suite; when needed the patients could be 
transferred very rapidly to an environment familiar to the 
electrophysiologist to deal with complications.

Other types of cardiac intervention that are beginning 
to be developed under MRI guidance will benefit from  
a safe and accessible backup of the CombiSuite. Combined 
coronary artery catheterization with MRI may be particular-
ly relevant to assess coronary stenosis significance as well 
as myocardial viability during the intervention. For the  
diagnosis of pulmonary hypertension coupling invasive 
pressure measurement to MRI derived flow measurement 
is especially important to estimate pulmonary resistance.
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Extending the Reach of MRI  
with Remote Operations
Bac Nguyen1; Lukas Sevcik2

1ARISTRA, Rasta, Norway
2ARISTRA, Dübendorf, Switzerland

Introduction
In times of unexpected circumstances, one needs  
dedicated approaches and strategies to be able to perform 
as usual. Due to COVID-19, a lot of private institutes and  
hospitals are having to change their ways of thinking.  
One of the most important messages that we’d like to 
highlight and discuss in this article is that it is possible to 
provide high-quality examinations without local support. 

The key to doing so is a well-connected digital network 
of specialists. At ARISTRA, our entire infrastructure is based 
on doctors and technicians in different locations. We have 
been operating in this way for almost two years now,  
and we have never had the feeling that we are missing 
something.

The MRI institutes, where we operate, are widely 
spread out. This means that, even before the coronavirus 
restrictions, we sometimes could not set our protocols  
onsite. We want to highlight some pitfalls and issues  
that users might run into, and show the solutions we  
find useful for our work processes. 

Scanners at different sites may differ in many ways, 
even if they look alike. 

Examples include:
• gradient strengths
• coils
• versions/releases
• magnetic field strength
• environmental circumstances
• licenses or software packages
• vendors and their specific sequences
• patients/study participants

As you can see, there are many aspects that can bring up 
plenty of challenges. To make sure our protocols provide 
the same quality on different scanners, we must keep all  
of them in mind.

Our approaches
Exporting protocols
When we finish our protocols, we have to export them 
from the scanner unit. The Dot Cockpit provides a  
simple solution: just click on the arrow in the ‘Export’  
menu (Fig. 1). 

2   Choose your protocol and use the ‘Print’ option to export your data 
as a PDF or XML file.

1   Prepare your protocol and use the arrow to export it to your 
favorite destination.
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It also gives you the opportunity to export the finished 
data as a PDF or XML file (Fig. 2). Our recommendation is 
to export it as all different file types to make sure that one 
of them will be suitable for the scanner on which you are 
about to implement the protocol.

Also, if you have images with your preferred protocol, 
syngo.via gives you the opportunity to export them to a CD 
or into your PACS. You’ll see in the next step why this can 
be useful.

Importing protocols
Implementing protocols on a workstation can also be done 
in the Dot Cockpit. You’ll find another arrow in the ‘Import’ 
menu (Fig. 3).

This can be done easily, but there can also be some 
difficulties with the scanner/release version. While trying  
to implement the .edx or .exar file, the Dot Cockpit will 
show you what the issue is caused by:
• Version/release incompatibility → take the information 

from the Dot Cockpit and set up the protocols on your 
scanner manually.

• Hardware incompatibility (e.g., differences in gradient 
system or local coils) → the system will show a popup 
window telling you that it is about to transform the se-
quences in your current system. After this process, 
you’ll be able to see in the Dot Cockpit what parame-
ters have changed (Fig. 5). We strongly recommend 
checking these parameter changes and adapting as 
necessary, probably with a sample patient.

 
If you only have images that you want to implement on 
your scanner, you can just drag and drop them into your 
Dot Cockpit or into the queue in the exam card. 

Adapting protocols
Parameters can convert due to hardware differences, and 
these have to be adapted by technicians onsite. Check the 
mentioned list with changes before you start adapting.  
Protocols with parameter changes due to conversion are 
underlined, and can therefore be identified easily. Perform 
a sample examination to make sure the image quality is the 
same as before. 

Remote approach
In certain situations it can be difficult to achieve the  
same quality as on the reference scanner. If no application 
specialist is available, we recommend using Expert-i.  
This software from Siemens Healthineers provides you  
with a fully remote workstation. 

Another option from Siemens Healthineers is  
syngo Virtual Cockpit. This option allows technologists  
or radiologists to access the current examination from  
anywhere in the world. This can be very useful if the  
technologist needs assistance with difficult cases.  

3   Choose your protocol from your source and click on the arrow to 
tell the Dot Cockpit to import it to your workstation.

4   Choose your sequence and drag and drop it either to the  
Dot Cockpit or your exam card to scan immediately.

1. Option: Dot Cockpit
2. Option: Exam Card

5   Choose ‘Upgrade Info’ to see the adaptation of relevant  
parameters.
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Dübendorf, Switzerland 
Phone: +41764746332 
lukas.sevcik@aristra.com

syngo Virtual Cockpit can also be a cost-effective way  
of teaching technologists remotely, or troubleshooting 
with application specialists. As Siemens Healthineers says, 
syngo Virtual Cockpit helps you move knowledge, not 
staff. 

At ARISTRA, we do not currently have the syngo  
Virtual Cockpit available on any of our scanners, but this  
is something we looked into long before the pandemic hit. 
We hope the syngo Virtual Cockpit will be available on our 
scanners in the near future. This will enable us to maintain 
our protocols well, teach newer technologists, optimize 
processes together, and even manage difficult cases with-
out being physically present. 

Conclusion
Protocol maintenance can be a complicated process that 
has to be performed by highly skilled technicians. This is 
especially true when the hospital has different scanner 
types and different sites. However, there are ways to make 
it easier by using remote operating systems and staff. Our 
solutions show some of the basic approaches. 

As institutes and hospitals spread their MRI scanners, 
there should be improvements in the entire infrastructure. 
We recommend considering and taking a look at the syngo 
Virtual Cockpit, which in our opinion is a holistic solution 
for remote maintenance and high-quality examinations.

Contact 
Bac Nguyen, BSc, RT (R) (MR), App.Sc (MR)  
Senior MR Radiographer  
ARISTRA 
MRI application Specialist 
Rasta, Norway  
Phone: +47 97702111  
bac.nguyen@aristra.com

Advertisement

Prepare your patients mentally  
for their MRI exam
Most patients who undergo an MRI exam, experience 
some level of anxiety. As a result, some move so much 
that they cause motion artifacts, cannot complete the 
scan, or do not even show up for the exam. Up to 75%1 
of all unsatisfactory scan outcomes can be eliminated 
by educating patients on the MRI exam.

Tap the full potential of your facility by preparing your 
patients for the scan with our Patient Education Toolkit. 
A video, poster, meditation, and a book for children 
explain the process of an MRI exam in simple words and 
answer common questions:

• What does an MRI exam entail?
• What is important when having an MRI exam?
• What does an MRI exam feel like?

1  Törnqvist, E., Månsson, A., Larsson, E.-M., & Hallström, I. (2006). Impact of extended written information on patient anxiety and image  
motion artifacts during magnetic resonance imaging. Acta Radiologica, 47(5), 474–480. https://doi.org/10.1080/02841850600690355.

Download the Patient Education Toolkit in your preferred language here: 
siemens-healthineers.com/mri-patient-education 

Your MRI examination 
explained simply

Magnetic Resonance Imaging (MRI) is an imaging technique used in 
radiology for examining internal organs. Unlike other imaging methods 
that use radiation such as CT, MRI uses a magnetic field and radio waves 
to generate precise images. 

Since an MRI does not expose a patient to radiation, the exam is a very 
safe diagnostic procedure. Nevertheless, do inform the staff if you are  
pregnant or allergic to any medicines.

If you have any further questions, please do not hesitate to talk to the medical staff.  
You can also watch this video for more in-depth information on how to prepare for your MRI exam:

siemens-healthineers.com/mri-patient-education

What does an MRI exam entail?

What is important when having  
an MRI exam?

Metal objects are not allowed inside the MRI 
suite due to an MRI’s strong magnetic field. 
Please inform staff if you have any metal 
objects inside of your body that cannot be 
removed such as implants, a pacemaker,  
and stents. 

You won’t feel anything during the exam.  
You will receive earplugs to protect your ears 
from the loud thumping noises of the MRI 
scanner. Lying inside a narrow tunnel can  
be an unusual experience, which is why we 
recommend closing your eyes. However,  
if a contrast agent is used, the area where  
it enters your body may feel warm or cold. 
Large or colored tattoos may also feel warm 
during the exam. 

In the patient questionnaire, you enter  
information that is important for your  
examination. If contrast agent is required  
to detect certain structures in your body 
more clearly, you will be fitted with a port.

An MRI exam lasts approximately 20 to  
60 minutes. During your exam, try to remain 
as still as possible. Movements can adversely 
affect the quality of the images and result  
in delays or rescans.

To achieve best image quality, a receiver  
coil will be placed on the region of your body 
to be examined. Once ready for the exam, 
you will be moved slowly into the MRI tunnel 
and the scan will begin.

You must remove any metal objects on  
your body before the start of the exam 
including piercings, jewelry, eyeglasses, 
hearing aids, phones, or underwire bras. 

What does an MRI exam 
feel like?
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Siemens Healthineers: Our brand name embodies the pioneering spirit and  
engineering expertise that is unique in the healthcare industry. The people working  
for Siemens Healthineers are totally committed to the company they work for, and  
are passionate about their technology. In this section we introduce you to colleagues  
from all over the world – people who put their hearts into what they do.

Meet Siemens Healthineers

How did you first come into contact with MRI?
Growing up in a family of doctors, it was always clear  
to me that I would work in the healthcare sector and this 
would be my focus in life. 

When I moved from radiation oncology, I had to learn 
MRI from scratch. This took a while and, actually, it’s an  
ongoing learning process. But this is exactly how I like  
it and I absolutely embrace it! 

What do you find most fascinating about  
cardiovascular MRI?
Cardiovascular MRI is indeed a fascinating and challenging 
field. I’m always so impressed at how successfully the  
Cardiac Dot Engines work with their automation of differ-
ent examination strategies based on patients’ physiological 
conditions and diseases, for example the Ventricular  
Function workflow. Also, GOHeart – a new preconfigured 
cardiac examination program that allows patients  
to breathe freely during the scan with step-by-step  
user guidance.

What does your Training and Application Support  
work involve?
Improving the various training formats to include virtual 
customer training has played a major role over the past 

couple of years. This has become especially important 
during the COVID-19 pandemic. Key steps toward virtual 
delivery include providing you with individualized learning 
options through the PEPconnect e-learning platform  
and also offering guided virtual classroom training via  
the SmartSimulator solution. SmartSimulator is a virtual  
connection that enables a hands-on scanner experience 
using computing power in the cloud to simulate medical 
device interfaces from Siemens Healthineers. You will  
work together with our dedicated Education Specialists  
and are guided through the entire Cardiac Dot Engine 
workflows, including an in-depth look at the planned  
examination and postprocessing stages.

What would you do, if you could spend a month doing 
whatever you wanted?
This is a very interesting question and my list is so long 
that it’s probably not manageable within a month. If I had 
to prioritize, I would travel to Norway and enjoy the peace 
of the fascinating landscapes. I love relaxing in nature;  
it helps me to refocus and reenergize. I would also like to 
share with my young son the value of this. This would give 
me a great opportunity to spend time with my family with-
out any pressure, to come back to our roots and remind 
ourselves what is really important in life.

Olga Dreger 
Born in Kiev, Ukraine, Olga Dreger moved to Germany as a young 
teenager of 16 years together with her family. After studying medicine 
in Nuremberg, she had her first experience treating patients when 
working in the field of radiation oncology. Looking for new challenges, 
Olga moved into the field of MRI in 2013 to support MAGNETOM users 
and internal specialists from headquarters directly. For the past three 
years, her focus has been on developing training concepts, such as 
blended learning for MRI customer education, as part of product 
management within customer services. Olga works very closely with 
the MRI development team to support knowledge transfer to the 
Training Center, which is responsible for internal training of Education 
Specialists. She also collaborates with e-learning teams, such as 
PEPconnect and SmartSimulator, providing additional material and 
options for cloud-based virtual classroom training. Her aim is to make 
customer training “different and smarter”.

Erlangen, Germany
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Michelle Steinkrug 
After studying theater and media studies at Friedrich-Alexander- 
Universität Erlangen-Nürnberg, Michelle went on to study industrial 
engineering at the same institution. Michelle joined Siemens 
Healthineers in 2018 as an education consultant, which involves 
working closely with the application product managers, the marketing 
team, and the R&D team. Based on the blended learning strategy, 
Michelle develops customer learning material that is published on  
the e-learning platform PEPconnect. She uses different learning 
methods to serve different learner needs. She has helped to develop 
learning material for several modalities, such as CT, XP, and syngo.via. 
Michelle also began producing MR learning material in 2020, and has 
recently developed the XA30 cardiac training program. Erlangen, Germany

How did you first come into contact with MRI?
My very first contact with MRI was when I was nine years 
old. The doctor showed me the images after my scan. This 
was the first time I had seen these kinds of images. I was 
so impressed by the idea that someone could see inside 
the human body.

Professionally, I had my first contact with MRI when I 
joined the Customer Services Education Team as a student. 
My job was to support my colleagues by creating customer 
education training material for our e-learning platform  
PEPconnect. 

What do you find most fascinating about  
cardiovascular MRI?
With MRI in particular, there is plenty of potential to  
improve on established methods, develop new ones, and 
break with existing imaging limitations. We’ve seen this 
very recently with the development of GOHeart, which  
expands the patient population eligible for cardiac MRI.  
It makes it possible to examine patients who cannot hold 
their breath. GOHeart allows you to perform an automated 
and guided comprehensive cardiac examination, as it is 
one extension of the Cardiac Dot Engine.

Exam strategies can be selected based on the patient’s 
physiological condition, and all protocols are adapted auto-
matically. In summary, cardiac MRI is a fascinating field 
within MRI and has tremendous opportunities. I am really 
looking forward to participating in this development.

What does training and application support  
work involve?
With the current global health crisis, educational institu-
tions have undergone radical changes in the past few 
months. Teachers and learners have had to adapt their 
learning methods using the associated technology within  
a very short time. 

And this is where the blended learning strategy comes 
in, that was already well established long before the crisis, 
but now it is getting more and more important: a hybrid  
of in-person lessons and e-learning. Blended learning  

is a viable model for the future of education because the 
in-person and online components can be combined in any 
proportion. The model offers a lot of flexibility and promis-
ing opportunities and with the current situation its focus is 
turning more and more on the online part.

The learning material needs to be available online,  
allowing learners to access it at any time to refresh their 
memory, to check that they understand the course ontent, 
or to seek out additional, in-depth resources about a topic 
of interest. With our e-learning platform PEPconnect,  
you can access a large number of engaging in vivo and in 
vitro learning activities – including e-learnings, webinars, 
job aids, videos, virtual instructor-led events, and more. 

If you haven’t discovered it yet, take a look at  
PEPconnect here: https://pep.siemens-info.com/en-us

You will find a lot of material there, such as the basics 
for getting started with scanning, or ways to learn about 
MR View&GO and its functionalities in more detail. You can 
learn more about MRI application techniques such as SMS, 
Compressed Sensing, and – of course – the Cardiac Dot  
Engine: https://pep.siemens-info.com/en-us/dot-cockpit-
and-dot-engines

This online training is a step-by-step guide to the Dot  
Engine concept and workflow. By creating your own  
account on PEPconnect, you can set up individual learning 
plans, track your progress, and view the learning objects 
you are interested in – any time and any place that suits 
you. I hope you enjoy your learning journey!

What would you do if you could spend a month doing 
whatever you wanted?
I love to travel and to be outside, to learn from different 
cultures and discover countries and cities on foot. That’s 
why I usually avoid using public transport. I love to walk 
during my trips, because then I discover places I didn’t 
know about.

Being outside to put things in perspective, and the 
time away from the normal day-to-day routine gives me 
the opportunity for personal reflection.
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