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This issue of MAGNETOM Flash  
highlights several developments  
and advances in the field of cardio-
vascular magnetic resonance  
imaging (CMR). They demonstrate 
the continuing development of this  
fascinating technique, which looks 
set to continue. A few general trends 
can be observed:

Quantification
CMR is becoming fully quantitative, 
as evidenced by the rapid develop-
ment of mapping techniques  
quantifying T1 and T2 relaxation  
and allowing calculating extracellular 
volume. Several cases demonstrating 
its clinical value are shown in this 
issue. This development is a revolu-
tion in CMR imaging as we move 
away from black, white and grey  
values, visual assessment and con-
trast differences to fully quantifiable 
data approximating to physiology. 
While the development of these  
technologies is ongoing, we can 
already appreciate their value in  
the detection of early changes [1], 
assessment of underlying pathophys-
iology rather than its consequences 
[2] or quantification of alterations in 
absolute terms [3, 4]. Novel data also 
demonstrates that these quantifiable 

The Future of Cardiovascular  
Magnetic Resonance

Professor Eike Nagel, M.D., Ph.D. is a world-recognized 
opinion leader in cardiac imaging. For more than 25 years he 
has been using cardiovascular magnetic resonance imaging to 
diagnose problems of the heart or the vessels non-invasively. 
Professor Nagel has recently been appointed as Chair of 
Cardiovascular Imaging at the Goethe University Frankfurt, 
Germany, where he leads a new Cardiovascular Imaging Center 
equipped with magnetic resonance imaging and computed 
tomography. He focuses on the translation of new diagnostic 
tools into clinical routine particularly in the areas of coronary 
artery disease, cardiomyopathy and heart failure.  

measures are superior to classic 
markers such as volumes, ejection 
fraction and even late gadolinium 
enhancement in predicting cardio-
vascular events in patients with,  
for example, non-ischemic cardio-
myopathies [5] or informing on the 
acuity of inflammation (myocarditis) 
[6]. Similar changes are imminent in 
perfusion analysis and flow imaging.

Speed
Today’s CMR is fast and continues  
to accelerate. The increase in speed 
is due to two changes. Firstly, with 
increasing capabilities of navigator 
sequences data acquisition has 
become less dependent on breath 
holding. Navigator sequences used  
to be slow, unpredictable and  
frequently of low quality. This was 
mainly due to the imperfect estima-
tion of cardiac displacement based 
on measurements of the right  
hemidiaphragm and – as a result of 
the suboptimal correction of breath-
ing motion – the rejection of a large  
proportion of the data acquired. 
Novel image navigators use the true 
position of the heart, yielding a much 
better correction for cardiac displace-
ment during breathing allowing to 
increase scan efficiency to nearly 

100% [7]. This efficiency may make 
navigator sequences faster and more 
patient friendly than breath holding 
for routine scanning in the very near 
future.

Secondly, the amount of redundant 
data acquisition is reduced. Changes 
such as parallel imaging have altered 
cardiac imaging strategies dramati-
cally, as they allow a majority of acqui-
sitions to be performed within a single 
breath hold rather than requiring long 
scans averaged over multiple breath-
ing cycles. Compressed sensing now 
allows squeezing 3D volumes into a 
single breath hold or a short navigator 
scan, finally making CMR a truly 3D  
(or 4D) method.

New applications
Novel abilities continue to emerge. 
This is partially a consequence of an 
increase in speed and the develop-
ment of novel sequences. The greater 
speed allows transferring imaging 
methods to the heart, which were  
previously reserved for non-moving 
structures. An example is diffusion 
tensor imaging, which has been suc-
cessfully used in the brain and other 
structures and starts to emerge as a 
cardiac option [8]. Novel sequences 
utilize contrast better than previous 
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Previously Professor Nagel was Chair of Clinical Cardiovascular 
Imaging, Head of the Department of Cardiovascular Imaging 
and Deputy Head of the Division of Imaging Sciences and 
Medical Engineering at King’s College London as well as 
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for improved diagnoses and has developed stress tests for 
magnetic resonance imaging, which are now in use world-
wide. He holds several patents on imaging methods, and has 
authored more than 250 publications and 25 book chapters. 
Professor Nagel is known worldwide for his teaching abilities.

methods, as highlighted by the articles 
on QISS MRA, which generates unprec-
edented contrast in non CE MRA [9].  
I am sure that coronary MRA will also 
challenge CTA in the next few years.

CMR in 2030
The trends described above are only  
a small proportion of the opportunities 
that will open up to us in the near 
future. Our approach to imaging will 
change drastically. Whilst an accurate 
prediction of the future is almost 
impossible, I’d like to present my  
vision of CMR in 2030. A glance back 
15 years will remind us of the speed of 
change. In 2000, the newly-launched 
iMac boasted a quarter of RAM, a CPU 
with half the speed and about the 
same display matrix as a 2010 iPhone. 
And at about the same time in CMR we 
were replacing Turbo Gradient Echo 
with SSFP, testing the first perfusion 
sequences (with a single shared  
prepulse) and using large external 
optical disks to store the data. So,  
how do I think the next 15 years may 
pan out?

In my vision, diagnostic tools will  
have immediate public access. Medical 
care will be much less confined to  
hospitals or require doctors. People 

will be able to scan their hearts  
(function, structure, blood flow,  
synchrony, coronary arteries, con-
tractility, cardiac efficiency, cell size) 
in public diagnostic centres without 
referral. They will be checked for  
contraindications by an artificial 
intelligence (AI) robot. Additional 
modules can be added based on  
the findings. The data will be auto-
matically analysed and compared  
to a large database of age-gender-
ethnicity-height-weight-matched 
controls, people with similar  
co-morbidities as well as the  
person’s own previous scans. The 
results will be available immediately 
and if any therapy is needed a further 
meeting with an AI robot will assess 
possible contraindications and  
co-morbidities. The person will then 
be issued with the ingredients for  
his home-based pill-printer: a soft-
ware update will provide the correct 
medication on a daily basis. Some 
patients will still need to see a  
doctor, as the AI robot has not yet 
been FDA cleared for certain diseases 
where information remains insuffi-
cient for adequate algorithms.

Of course, all therapy will require 
accurate, quantifiable and reproduc-

ible diagnostics before approval  
by health insurers. Continuation  
of therapy will be only reimbursed  
if a therapeutic effect can be demon-
strated by imaging. As an example,  
a quantitative analysis of myocardial 
ischemia will be required before  
any anti-anginal therapy or even 
revascularization is approved.  
Interventionalists will be required  
to follow the imaging guidance.  
More expensive drugs will only be 
reimbursed if shown to be effective 
in the specific patient.

Trials will require full phenotypisation 
of participants before, during, and  
at the end of the study. Endpoints 
will increasingly be based on the 
underlying pathophysiology rather 
than symptoms, outcomes or conse-
quences of disease.

These are just some examples of 
what may lie ahead. Does CMR have 
a role here? It’s hard to tell, but to 
remain at the heart of developments 
in 15 years’ time we need to pursue 
the following five strategies.

Firstly, we must continue the drive 
for speed. Speed reduces costs,  
provides access, generates large 
numbers and creates the conve-
nience required for success.

Editorial
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Secondly, we must become fully 
quantitative. This may not require 
everything to be measured in  
signal intensity units, but it does 
require everything to be measured  
in units that are reproducible, have 
normal ranges with small standard 
deviations and relate to the severity 
and extent of the abnormality.  
Quantification enables comparability, 
follow-up, assessment of therapeutic 
needs and success and replaces the 
human eye with all its limitations  
by a reliable system. This will require 
standardization, reduction of  
freedom in parameters and massive 
improvement in postprocessing 
software.

Thirdly, we must strive for evidence-
led approaches and overcome the 
battles of turf and power for access 
and reimbursement. We need to 
bring highly qualified teams together 
to push the borders of technology 
and knowledge. Failing this, other 
techniques, markers or groups will 
provide the services that we could 
lead on.

Fourthly, we must share knowledge 
and empower the next generation 
[10]. Our strength will depend on 
our ability to provide rapid services  
to large populations.

Lastly, we must not think in silos.  
I believe that CMR has all the advan-
tages required to be a core modality 
in the type of diagnostic center  

References

1 	 Case Report: Detection of Myocardial 
Changes in a Patient Undergoing Chemo-
therapy, Steve W. Leung, et al., University 
of Kentucky Medical Center, Lexington, 
KY, USA [in this issue].

2 	 Case Report: Myocardial Fibrosis in  
a Non-Ischemic Cardiomyopathy,  
Jeremy D. Collins, et al., Feinberg School 
of Medicine, Northwestern University, 
Chicago, IL, USA [in this issue].

3	 Case Report: Clinical Usability of  
MyoMaps in Myocardial Infarction, 
Masashi Nakamura, Saiseikai Matsuyama 
Hospital, Matsuyama, Ehime, Japan  
[in this issue].

4 	 Case Report: Acute Myocardial Syndrome 
in a 37-Year-Old Patient with Severe Renal 
Impairment, Anna S. Herrey, et al.,  
The Barts Heart Centre, London, UK  
[in this issue].

5	 Puntmann et al., JACC Cardiovascular 
Imaging 2016, in press.

6	 Hinojar R, Foote L, Arroyo Ucar E, Jackson 
T, Jabbour A, Yu C-Y, et al. Native T1 in 
discrimination of acute and convalescent 
stages in patients with clinical diagnosis 
of myocarditis: a proposed diagnostic 
algorithm using CMR. JACC Cardiovasc 
Imaging. 2015 Jan;8(1):37–46. 

7	 Self-Navigated Free-Breathing High-
Resolution 3D Cardiac Imaging: A New 
Sequence for Assessing Cardiovascular 
Congenital Malformations, Pierre Monney, 
M.D. Division of Cardiology and Cardiac 
MR Center, University Hospital of 
Lausanne (CHUV), Lausanne, Switzerland 
[in this issue].

8	 Cardiac Diffusion Tensor MRI Using SMS 
Acquisition with a Blipped-CAIPIRINHA 
Readout, Choukri Mekkaoui, et al.,  
Massachusetts General Hospital, Harvard 
Medical School, Boston, MA, USA  
[in this issue]. 

I have described above (no ionizing 
radiation, 3D coverage, high spatial 
and temporal resolution, excellent 
soft tissue contrast, endless possibili-
ties). However, there are other  
techniques and blood markers that 
may provide similar information.  
We should embrace these techniques  
to allow for true comparison of  
their relative values, strengths and 
weaknesses, and also to remain  
at the forefront of this knowledge. 
We need to ensure that we are the 
ones to train the AI robots, not the 
other way round.

Our goal remains to reduce the  
burden of cardiovascular disease.  
I believe that advanced imaging  
can play a major role in this goal. 
Together, we will be strong enough 
to make sure the therapies of the 
future (cardiac regeneration, cardiac 
rejuvenation, printable electronic 
membranes) will be based on  
diagnostic imaging before, during 
and after therapy, thus ensuring 
maximal benefit for our patients 
while remaining within the given 
financial framework.

I wish you an exciting and inspiring 
SCMR 2016.

With best regards 

Institute for Experimental and Translational  
Cardiovascular Imaging, DZHK Centre for  
Cardiovascular Imaging, University Hospital Frankfurt, 
Germany (Goethe CVI) 

This new institute will provide a platform for interdisciplin-
ary multimodality cardiovascular research. The institute is 
equipped with a state-of-the-art 3T MAGNETOM Skyra MR 
and a SOMATOM Force CT exclusively for cardiovascular 
research. It is situated on the campus of the University 
Hospital within the European Cardiovascular Science  
Centre, which also houses several excellent groups in 

basic cardiovascular science. The Institute is embedded  
in and supported by the German Centre for Cardiovascular 
Research (DZHK), a cluster of 28 members with outstand-
ing cardiovascular research capacities.

Strong connections with the clinical partners in the  
university hospital namely Prof. Dr. Andreas Zeiher  
(Cardiology, Angiology, Nephrology) and Prof. Thomas 
Vogl (Interventional and Diagnostic Radiology) provide 
access to patients, practical know-how, clinical equipment  
and support.
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Cardiovascular Magnetic Resonance  
Teaching Network 
Requirements for Simplified Distribution and Sustained Quality

Fabian Muehlberg, M.D.; Edyta Blaszczyk, M.D.; Jeanette Schulz-Menger, M.D.

Working Group Cardiac MRI, Experimental and Clinical Research Center, a joint cooperation between the Charité Medical 
Faculty and the Max-Delbrück Center for Molecular Medicine und HELIOS Clinic Berlin-Buch, Department of Cardiology and 
Nephrology, Berlin, Germany

Background 
Cardiovascular Magnetic Resonance 
(CMR) is an accepted method for vari-
ous clinical indications, i.e. assess-
ment of coronary artery disease 
(CAD), cardiomyopathies, inflamma-
tory disease as well as valvular disor-
ders [1-3]. Particularly its unique 
capability to detect and differentiate 
myocardial injury helps to establish  
a new understanding of diseases.  
For over 10 years CMR has been used 
for therapy guiding in different indi-
cations such as revascularization 
therapy in CAD or chelate therapy  
in iron overload [4, 5]. The latter  
has also influenced patient outcome 
significantly. Whilst CMR plays an 
important role in a growing number 
of guidelines and position papers, its 
use in daily clinical routine should be 
accelerated. There are several obsta-
cles hampering wide distribution of 
CMR. It once had the reputation of 
being difficult and time consuming. 
However, modern techniques allow 
faster and more robust scans. There 
is no doubt that training as well as 
dedicated teaching is needed, similar 
to any other specialized methods  
[6, 7]. In our opinion referring doc-
tors as well as CMR performing doc-
tors need to be educated in the effec-
tive use of CMR in clinical routine. 

Recently, we published a paper intro-
ducing a novel teaching approach 
allowing time-effective teaching as 
well as an ongoing quality control 
[8]. Our aim is to enable CMR in all 
settings – hospitals of different sizes 
as well as in outpatient departments. 
CMR should be offered not only in a 

dedicated, stand-alone setting but 
also as part of a routine MR facility 
covering extra-cardiac indications. In 
this article, we aim to explain more 
details of the published approach and 
highlight the opportunity of remote 
scanning.

Spectrum of CMR indications
CMR is integrated in the work-up of 
different diseases as published regu-
larly. Our teaching program includes 
all current clinical indications and can 
state that this goal is achievable with 
high quality standards even in small 
hospitals. In this chapter we give an 
overview of the main CMR requests 
in adult cardiology. We assume that 
the same setting is also applicable  
in congenital heart disease (CHD), 
but usually patients with CHD should 
be referred to dedicated centers. 
Table 1 illustrates the main indica-
tions including average scan time in 

Table 1

Indication Average scan time in minutes 

Left and right ventricular function 3-10   

Adenosine perfusion 20-40  

Viability assessment 20   

Inflammatory disease 30   

Cardiomyopathies 20-40  

Valvular disorders 10-30 (depending on need for contrast-media) 

Masses 10-60 

Iron overload 10 

Angiography 10

Routine CMR indications and average scan time.

a routine setting. The broad number  
of indications beyond the capability  
of other imaging modalities has led to 
the growing interest in CMR and the 
consecutive interest in time-effective 
teaching opportunity.

Assessment of coronary artery disease 
is a major indication for CMR. Stress 
testing (Fig. 1) and assessment of  
viability (Fig. 2) cover up to 40% of 
referrals as shown in different regis-
tries [9, 10]. CMR is leading us to new 
insights as depicted in the case with  
a chronic myocardial infarction and 
fatty degeneration, which is also 
known from autopsy studies. The cur-
rent clinical impact is not systemati-
cally evaluated, as the differentiation 
applying fat/water separated images  
is currently not given at all scanners 
[11]. Another unique capability of CMR 
is the identification of microvascular 
obstruction (MVO) in acute myocardial 
infarction (Fig. 3). MVO is accepted as 
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76-year-old woman with atypical chest pain and preserved left ventricular ejection fraction (LVEF 75%). CMR with adenosine stress 
perfusion. Midventricular short axis view shows: (1A) SSFP cine short axis in end-diastole, (1B) adenosine stress perfusion with 
predominantly anterior and inferior perfusion defect and (1C) fibrosis imaging with late gadolinium enhancement (LGE) with no 
evidence for myocardial scar.

1

71-year-old patient with chronic myocardial infarction and slightly reduced LV function (LVEF 50%). All images are given in a 
two-chamber view. SSFP cine imaging in (2A) end-diastole and (2B) end-systole showing the anterior hypokinesia and the apical  
dyskinesia. Fat/water imaging showing fatty replacement (arrow) of the anterior wall (bright in 2C and dark signal in 2D) [9].  
(2E) Fibrosis imaging (LGE) showing a bright signal – indicating scar and fatty replacement. The combination of scar imaging and  
fat imaging allows the differentiation of tissue composition. This chronic myocardial infarction shows fatty degeneration of the scar.

2

56-year-old man with an acute 
anterior myocardial infarction and 
preserved ejection fraction (LVEF 
54%). Main information are given  
in a three-chamber view. (3A) SSFP 
cine imaging in diastole and (3B)  
in systole showing mild anterior 
hypokinesia. (3C) Fibrosis imaging 
(LGE) showing large area of micro-
vascular obstruction (dark signal, 
arrow), surrounded by bright signal 
indicating fibrosis. (3D) Edema 
imaging (T2-weighted, short axis 
view) indicating corresponding 
anterior edema.

3

1A

2A

2C 2D 2E

2B

1B 1C

3A

3C

3B

3D
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34-year-old man with acute myocarditis and preserved LV-function (LVEF 55%).  
SSFP cine in four-chamber view in end-diastole (4A) and end-systole (4B) with no 
wall motion abnormality. (4C) Edema imaging (T2-weighted, short axis view) 
showing large area of edema (arrow). Fibrosis imaging with LGE with typical pattern 
for acute myocarditis: (4D) Four-chamber view, lateral-basal subepicardial LGE,  
(4E) three-chamber view, inferolateral–basal LGE, and (4F) short axis view with 
subepicardial inferolateral and lateral LGE. 

4

75-year-old patient with amyloidosis with preserved LV function (LVEF 52%) and 
marked left ventricular hypertrophy. SSFP-cine in two-chamber view in end-diastole 
(5A) and end-systole (5B). Minimal pericardial effusion. (5C) T1-mapping (midven-
tricuar short axis) max. T1 1186 ms. LGE-imaging in two-chamber view (5D) and 
short axis view (5E) showing unusual enhancement with an inhomogenous pattern 
of myocardium. This finding is pathognomonic for amyloidosis.

5

being relevant to prognosis even 
despite impairment of the left  
ventricular ejection fraction [12]. 

Furthermore, CMR is uniquely  
capable of assessing inflammatory 
reaction including differentiation of 
reversible injury (Fig. 4). This is also  
a part of other clinical recommenda-
tions, including the assessment of 
different pathological mechanisms 
such as edema, hyperemia and fibro-
sis [11]. Parametric mapping tech-
niques are adding further informa-
tion and we assume that they will 
even replace some of current conven-
tional techniques [14, 15]. 

Interestingly, recent AHA-guidelines 
for eligibility and disqualification  
of athletes highlighted the role of 
CMR for assessment of myocarditis as  
well as its role in other cardiomyopa-
thies [16]. Differentiation of cardio-
myopathies including inflammatory 
disease is a major indication for CMR, 
often stated to be 40% of all patients 
[9, 10].

Diseases with left ventricular hyper-
trophy (LVH) are playing a major  
role in cardiology, as i.e. arterial 
hypertension is often characterized 
by increased wall thickness. The dif-
ferentiation of the underlying injury 
in LVH has changed the daily clinical 
work-up in several centers. Differenti-
ation of tissue composition can be 
performed based on quantitative 
mapping techniques. These novel 
parametric techniques allow the 
detection of fatty infiltration, as 
described in Fabry’s disease as well as 
in amyloidosis (Fig. 5) [17]. Hyper-
trophic cardiomyopathy has a major 
impact for the patient due to its sen-
sible risk profile for sudden cardiac 
death. CMR is well established for 
phenotyping and adding information 
about patient’s risk (Fig. 6). A world-
wide NIH-sponsored study is ongoing 
to evaluate the impact of different 
risk-markers or its combination. This 
also includes several CMR biomarkers 
such as fibrosis imaging [18].

Staging of valvular disease is often  
a challenge in cardiology. Routinely, 
transthoracic echocardiography is 
used, but it may fail due to impaired 
ultrasound conditions. In these cases 
CMR can be applied for assessment. 

Furthermore CMR can be utilized to 
avoid transesophageal echocardiog-
raphy e.g. in aortic stenosis (Fig. 7), 
which is published for the quantifica-
tion of native valves as well as bio-
prothesis [19, 20]. Quantification of 
regurgitation (Fig. 8) as well as appli-

cation of phase-contrast measure-
ments for shunt quantification are 
established as well. The diagnostic 
work-up of valvular disease especially 
aortic stenosis should also include an 
angiography, as concomitant abnor-
malities of the large thoracic arteries 

4A

4D

4B

4E

4C

4F

5A

5D

5B

5E

5C
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30-year-old patient with hypertrophic cardiomyopathy, preserved LV function  
(LVEF 62%) and asymmetric hypertrophy of the septal wall. Furthermore the 
papillary muscles are hypertrophied and their insertion is atypically located in  
the apical region. SSFP cine imaging in the four-chamber end-diastolic view (6A) 
shows a maximal wall thickness of 26 mm, end-systolic view (6B). (6C) exemplary 
post-contrast SSFP cine short axis view with already depicted signs of fibrosis in  
the inferior insertion point of the right ventricle. Fibrosis imaging (LGE) in a four-
chamber view (6D) showing intramyocardial fibrosis in the septal wall and basal 
lateral (arrow). Fibrosis imaging (LGE) in a short axis view (6E) showing fibrosis in 
the inferior insertion point of the right ventricle and less intensive anterior (arrow).

6 56-year-old patient with aortic 
stenosis based on a congenital 
bicuspid valve. (7A) SSFP cine  
in diastole: bicuspid aortic valve 
between LCC and RCC-type 1LR. 
(7B) SSFP cine in systole: valve 
area 1.2 cm2 (opening index  
0.6 cm2/m2). (7C) Contrast-
enhanced 3D angiography 
showing of the aorta thoracalis 
with normal diameters. 

7

67-year-old patient  
with aortic regurgitation.  
(8A) Three-chamber view  
in SSFP cine shows aortic 
regurgitation jet. The yellow 
line indicates the positioning 
of the phase contrast flow 
measurement in (8D).  
(8B) SSFP cine showing  
the tricuspid aortic valve  
in systole (opening area  
2.4 cm2). (8C) Same image 
as (8B) in diastole giving  
the regurgitation – missing 
closure of the cusps.  
(8D) Flow curve as a result  
of the PC-measurements 
showing the regurgitation 
(regurgitation fraction 28%).

8
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50-year-old patient with a myxoma,  
all images are given in a four-chamber 
view. (9A) SSFP cine view showing a 
mass in the left atrium, the signal is 
hypo- to isointense in comparison to  
the myocardium. The mass showed 
extensive movement during the heart 
cycle. (9B) T2-weighted image – the 
mass shows a hyperintensive signal  
in comparison to the myocardium.  
(9C) LGE shows isointense signal in 
comparison to the myocardium with  
a slightly inhomogeneous pattern.

9

49-year-old patient with a pleuropericardial cyst adjacent to the right atrium (arrow), 
all images are given in an atypical four-chamber view (adapted to delineate the extra-
cardiac mass). (10A) SSFP cine imaging showing a well-defined structure without any 
infiltration of cardiac structures. Signal intensity is hyperintense in comparison to the 
myocardium (10B) T2-weighted image, signal intensity is hyperintense in comparison 
to the myocardium (10C+D). Fat/water imaging excluded fat component within the 
mass [9].

10

are common. The enhanced distribu-
tion of CMR leads to a growth in this 
application as well. 

Since the early years of CMR differen-
tiation of masses has been a major 
indication. Using different CMR tech-
niques it is possible to differentiate 
the tissue composition of a mass as 
well as to find signs for malignant 
growth pattern (Figs. 9, 10). 

This short overview of CMR indica-
tions is not exhaustive, but it reflects 
the width of indications driving the 
intention to offer CMR in hospitals of 
all sizes.

Current CMR teaching modes 
For standardization of CMR certifica-
tion dedicated teaching systems have 
been defined by different radiology 
(i.e. American College of Radiology 
(ACR)), cardiology (i.e. European 
Society of Cardiology (ESC)) and 
interdisciplinary societies (i.e. Society 
for Cardiovascular Magnetic Reso-
nance Imaging (SCMR)). 

These guidelines require a multi-
modal teaching system with lectures, 
seminars and case studies, as well as 
a dedicated teaching center provid-
ing the necessary volume of CMR 
scans. In order to meet these require-
ments, training courses typically 
require periods of off-site training of 
a potential trainee in a high-volume 
CMR center such as ours. 

There exist several teaching modali-
ties for CMR, i.e. in our institution  
we offer four different types of CMR 
courses. As illustrated in Figure 11, 
weekend courses provide basic  
CMR knowledge whereas three in-
depth courses with different features 
enable participants to acquire 
advanced skills in CMR interpretation.

In traditional fellowship teaching, 
trainees typically spend several 
weeks in an experienced CMR center. 
Teaching is provided by experienced 
CMR supervisors, sometimes on a 
one-on-one basis, and structured 
along daily clinical cases. However, 
this teaching mode requires signifi-
cant times away from the individual 
home facility, typically six to twelve 
weeks.
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Communication (Push) to  
DICOM server requires sender’s IP, 
Port and AE-Title

Cardiac-MRI

Evaluation  
Terminal

Trainee

Communication (Query and 
Retrieve) from DICOM server 
requires recipient’s IP,  
Port and AE-Title

Feedback

Evaluation Terminal

Supervisor

Berlin

Central Server

Central  
DICOM server

Central DICOM server 
receives, stores and  
sends DICOM studies

Basic CMR knowledge

All advanced CMR  
training courses include

•	>30 hours lectures on  
physical and clinical 
CMR prinicples

•	>150 self-conducted 
CMR evaluations

•	all topics required by  
SCMR certification 
guidelines

Weekend CMR courses

•	lectures (6 hours)

•	seminars (3 hours)

•	hands-on CMR cases  
(6 hours)

Advanced CMR knowledge

Module-based network teaching

•	5 weeks one-on-one case-guided teaching in our CMR center  
(module I/III)

•	4-8 months flexible self-guided CMR training in home facility  
with remote co-evaluation/supervision by our CMR center within  
one working day (modules II/IV)

Fellowship teaching

•	8-12 weeks one-on-one case-guiding teaching in our CMR center

Laptop teaching

•	6 weeks one-on-one case-guided teaching in our CMR center

•	4-8 months flexible virtual CMR training in home facility with  
150 pre-defined CMR cases on laptop (incl. regular review/ 
correction by level II/III expert in our center)

Our center also offers a laptop-based 
teaching course, which requires less 
time off-site in our facility where basic 
standard CMR protocols and evaluation 
tools are introduced. Afterwards  
trainees return to their individual 
home facility, equipped with a laptop 
containing selected CMR cases for  
self-interpretation. Participants evalu-
ate all cases and discuss results with 
an expert in the teaching center upon 
completion. Additionally, if needed,  
ad hoc discussions on a particular  
case are arranged via telephone or 
web conference.

CMR teaching network 
The HELIOS CMR network consists  
of a central DICOM server and  
several clients in hospitals through-
out Germany (Fig. 12). 

The CMR network has three  
major objectives: 

Firstly, it is used for remote teaching 
purposes. Trainees who have been 
educated in basic CMR evaluation in 
our center return to their individual 
home facility and self-interpret CMR 
cases using their individual scan  
environment and staff. Afterwards, 

facilitating the network, DICOM files 
and reports are uploaded onto a  
central DICOM server and remotely 
co-evaluated by SCMR level II/III 
supervisors within one working day. 
This enables remote guidance of  
a trainee in their home facility,  
where they are faced with their own 
interpretational errors and technical  
hurdles arisen in their working  
environment – but with the backup 
of an experienced teaching center. 

Secondly, it is used as an expert  
platform even beyond training 
courses. This ranges from simple  

Overview of CMR teaching options. Adapted from [3].11

HELIOS CMR network structure.12
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Cardiac-MRI

Evaluation  
Terminal

User

Expert at CMR center  
remotely watches scan  
procedure and gains control 
of remote MRI workstation,  
if needed.

Remote MR scanner operation

Receiving DICOM studies

Expert

Berlin

second expert evaluation of a scan 
transmitted to the CMR expert center, 
up to the development of case data-
bases for rare findings, common 
errors and image artifacts.

Thirdly, it is utilized for real-time 
remote scan control. Having estab-
lished a full two-way connection 
between two MRI workstations, 
Expert-i software (Siemens Health-
care, Erlangen, Germany) enables 
supervisors and technical assistants 
to remotely control and conduct a 
CMR scan elsewhere. Over recent 
years, members within our CMR net-
work have leveraged this capability 
and contacted our center to obtain 
remote assistance in the event of 
technical CMR issues or an inconclu-
sive CMR finding (Fig. 13). If neces-
sary, the remote supervisor in our 
center is able to actively adjust  
CMR sequence parameters and even  
conduct the entire scan remotely  
in real-time. 

Since its first initialization in 2009 
our CMR teaching network expanded 
from initially five sites to fourteen 
sites by September 2015. These  
14 sites consist of five small hospitals 
(<400 beds), five medium sized  
hospitals (400-1,000 beds) and  
four large hospitals (>1,000 beds). 
Accordingly, our CMR network has 
enabled even small institutions to 

acquire CMR expertise, which has 
enhanced the portfolio of medical 
care in these institutions – some-
thing that would have been much 
more challenging outside a network 
structure.

Comparison to other 
imaging networks
Tele-learning modalities were  
introduced in response to advances 
in technology and the increasing 
demand for flexible learning oppor-
tunities that are not time- and  
location-dependent [21].

At the same time there is an increas-
ing demand for expert networks in a 
number of medical fields, particularly 
due to centralization of expertise in 
larger institutions and an increasing 
degree of sub-specialization in medi-
cine [22]. Most networks mainly con-
centrate on facilitation of communi-
cation, knowledge exchange and 
research collaboration between insti-
tutions [23, 24]. Particularly knowl-
edge exchange and real-time expert 
advice were studied in neurology,  
i.e. in so-called ’tele-stroke networks‘ 
enabling remote clinical stroke evalu-
ation and therapy guidance [25].  
A combination of time pressure  
and incomplete national and global 
coverage with neurologic expertise 
has supported the introduction of 

telemedicine especially in rural areas 
and was demonstrated by several pro-
spective studies to be cost effective 
and quality improving [26, 27].

Even cost savings can be expected due 
to earlier diagnosis and treatment as 
well as through the avoidance of refer-
rals to larger centers, if imaging net-
works enable even small hospitals to 
conduct a broader portfolio of imaging 
modalities. This has also been proven 
for telemedicine in stroke patients  
[24-26] and is of utmost importance 
when it comes to rural areas where the 
next available specialized imaging cen-
ter might be hundreds of miles away. 

Furthermore, studies have shown,  
i.e. for CT colonoscopy, that especially 
in complicated cases, good detection 
rates are achieved only if state-of-the-
art protocols and experienced readers 
are directly involved [27]. Hence, high 
quality imaging networks should be 
built not only for basic educational 
purposes but also function as plat-
forms for continuous expert access.

One particular area of concern in 
remote networks arises from data 
safety and legal issues, especially in 
case of potential cross-border net-
works. While these hurdles may be  
difficult to overcome in general, there 
are examples for bilateral agreements 
between countries as potential means 

13

Real-time remote CMR scan control and supervision.13
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to overcome legal barriers as they  
regulate the distribution of responsi-
bility, i.e. in a German-Estonian part-
nership for congenital heart disease 
[28]. In our network, data safety issues 
were less problematic as the network 
is national and firm-owned with an 
intranet connection for all clinics that 
has ensured consistently high data 
security standards.

Remote scanner access
In a subgroup of sites Expert-i was 
applied. The remote scanner access 
was used to supervise the new center 
during their first own MR-scan experi-
ence. An active interaction was only 
used in case of major difficulties and 
ceased to be necessary after fewer 
than 10 scans. The implementation 
was fast and uneventful. It was usually 
done by an experienced CMR-techni-
cian. In our experience, that back-up 
was well received and shortened the 
scan time, as small optimization could 
be operated immediately. Further-
more, we have also operated own 
scans from outside the hospital to test 
the capability of remote scanning. The 
only potential obstacle is the available 
bandwidth of the network itself. The 
procedure is illustrated in Figure 13.

In the case of pharmacological stress 
or unstable patients, a medical doctor 
has to be onsite as well, but a dedi-
cated CMR experience must not be 
given. That setting enables sites with-
out CMR-specialists to run a CMR.  
But it provides also the possibility to 
teach potential CMR users, as an 
enabling seems to be preferable. 
Meanwhile, CMR is robust enough to 
perform basic protocols worldwide 
also in small sites. Standard protocols, 
reporting- and post-processing guide-
lines are published and will be updated 
regularly [29].

Future perspectives 
CMR has a growing acceptance as  
indicated in different guidelines, but 
for different reasons the use is limited 
in different regions of the world. One 
obstacle is a missing reimbursement in 
several countries that should be faced 
by local authorities but needs a joint 
effort. Knowledge of CMR has to be 
disseminated and teaching plays a key 

role. Referring doctors have to be 
educated worldwide using confer-
ences as well as educational papers. 
Fortunately, it is only a matter of 
time as CMR is today part of the 
teaching at medical schools. Another 
crucial point is the hands-on teaching 
at the scanner as well as image- 
interpretation. Our introduced  
setting will help to accelerate the  
distribution of knowledge and is 
applicable in different settings.
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Myocarditis Dot
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STRATEGY:
•  Routine:  

Breath-hold & Normal ECG
•  Arrhythmia:  

Breath-hold & Arrhythmic ECG
•  Tachycardia:  
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•  Breathing:  
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CLINICAL:
• LV Function: Trufi / Gre
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• Delay Enhanc: Yes / No
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To aid standardization of CMR, the Society for Cardiovascular 
Magnetic Resonance (SCMR) released CMR exam protocol 
recommendations for the most frequent CMR procedures.  
In a collaborational effort Siemens Healthcare and the SCMR 
prepared clinically optimized exam protocols in accordance 
to the SCMR recommendations for the Siemens MAGNETOM 
family of MRI scanners, including 3T MAGNETOM Skyra, 
Skyrafit, Prisma and Prismafit as well as 1.5T MAGNETOM Aera 
and Avantofit, with software version syngo MR E11, 
MAGNETOM ESSENZA and MAGNETOM Amira.

The following SCMR Cardiac Dot protocols are available:

- Acute Infarct Dot 
- Adenosine Stress Dot 
- Aorta Dot 
- Arrhythmic RV Myopathy Dot 
- Chronic Ischemia Dot 
- Coronaries Dot 
- Hypertrophic LV Dot 
- Myocarditis Dot (1.5T only) 
- Tumor & Thrombus Dot 
- Nonischemic Myopathy Dot 
- Pericarditis Dot 
- Pulmonary Vein Dot 
- Valves Dot 
- Library Breath-Hold Dot 
- Library Free-Breathing Dot

Please contact your Siemens 
Application Specialist for the  
exar 1 files of these protocols.

SCMR recommended protocols  
available for Cardiac Dot Engine
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Case Report: Acute Myocardial  
Syndrome in a 37-Year-Old Patient  
with Severe Renal Impairment
S. A. Mohiddin; A. S. Herrey

Institute of Cardiovascular Science, University College London;  
The Inherited Cardiovascular Diseases Unit and Cardiac Imaging Department, The Barts Heart Centre, London, UK

A 37-year-old lady was admitted to 
our institution with chest pain and 
pain in her left arm, but no shortness 
of breath. Preceding the admission 
she had experienced symptoms of  
an acute upper respiratory tract 
infection. 

Her past medical history included 
hypertension, hypothyroidism, hyper-
prolactinaemia, focal sclerosing  
glomerulosclerosis with stage IV 
chronic kidney disease, eGFR 17 ml/
min, treated tuberculosis and three 
first trimester miscarriages.

On admission, her hs- troponin T  
was > 7,000 ng/L (normal < 30 ng/L).  
Her ECG was largely unchanged from 
a previous one taken in 2013 meet-
ing LVH criteria, but otherwise 
unremarkable.

Her echocardiogram showed low-
normal left ventricular systolic func-
tion with akinesis of the mid inferior 
and mid infero-septal segments with 
an estimated EF of 55%. 

On coronary angiography, her coro-
nary arteries were unobstructed.

To confirm the working diagnosis of 
myocarditis, she underwent Cardio-
vascular Magnetic Resonance (CMR) 
imaging on our MAGNETOM Aera 
1.5T (Siemens Healthcare, Erlangen, 
Germany). In view of her severe renal 
impairment, no gadolinium contrast 
was given.

This was reported as showing normal 
biventricular size, mild systolic 
impairment with hypokinesis of the 
antero-septum, infero-septum and 
inferior wall. Non-contrast tissue 
characterisation with T1 and T2  

Contact

Anna S. Herrey  
Institute of Cardiovascular Science  
University College London  
The Barts Heart Centre  
16-18 Westmoreland Street  
London W1G 8PH  
UK 
anna.john@doctors.org.uk

mapping identified markedly increased 
T1 and T2 values matching (and 
extending beyond) the regional wall 
motion abnormalities, confirming the 
diagnosis of florid acute myocarditis.

Subsequently, her troponin levels were 
falling and she was discharged pain 
free a few days later.

A month later, her EF on echo had  
normalised with mild residual inferior 
hypokinesis and her troponin was  
normal at 18 n/L. Her repeat CMR, 
however, showed persistent myocar-
dial inflammation, but with falling  
T2 values.

In summary, non-contrast myocardial 
mapping in this case was used to 
establish and confirm a diagnosis of 
myocarditis and also to monitor 
progress.

Clinical Cardiovascular Imaging

18  MAGNETOM Flash | (64) 1/2016 | www.siemens.com/magnetom-world Reprinted from MAGNETOM Flash 3/2015



Panel 1
The T1 maps (MOLLI) show 
extensive interstitial expansion  
in the septum and the inferior 
wall on the first scan. On the  
second (F_UP) scan, there is 
incomplete resolution in the  
inferior wall and limited change 
in the septum.

a)	On the two-chamber view 
(T1_MOLLI_2cha and  
F_UP_T1_MOLLI_2cha)  
there is increased signal  
in the inferior wall.

b)	In a four-chamber orientation 
(T1_MOLLI-4cha and  
F_UP_T1_MOLLI_4cha),  
there is increased signal in  
the septum.

c)	 In the short axis views  
(T1_MOLLI_mid-SAX and  
F_UP_T1_MOLLI_mid_SAX), 
both increased signal can  
be seen in the septum and  
the inferior wall.

Panel 2
The matching T2 maps confirm 
myocardial oedema matching  
the areas of high native T1  
values. The florid changes seen 
in the initial scan are less impres-
sive at follow-up (F_UP), but still 
present.

a)	High T2 signal is seen in  
the two-chamber view in the  
inferior wall (T2-4cha and  
F_UP_T2_4cha).

b)	In the four-chamber orienta-
tion, there is increased signal 
in the mid septum.

c)	 The short axis view confirms 
similar changes in septum and 
inferior wall compared to the 
T1 maps.

Follow-upInitial CMR

T1_MOLLI_2cha

T2_2cha

T2_4cha

T2_SAX

T1_MOLLI_4cha

T1_MOLLI_mid_SAX
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Case Report: Detection of Myocardial Changes  
in a Patient Undergoing Chemotherapy
Arash Seratnahaei, M.D.; Vincent L. Sorrell, M.D., FACP, FACC, FASE; David Powell, Ph.D.; Peter A. Hardy, Ph.D.; 
Bruce Spottiswoode, Ph.D.; Steve W. Leung, M.D., FACC

University of Kentucky Medical Center, Gill Heart Institute, Lexington, KY, USA

Patient history
46-year-old female presented with 
progressive dyspnea on exertion.  
She was found to have acute myeloid 
leukemia, and underwent 7+3 che-
motherapy induction with daunorubi-
cin. The initial chemotherapy was not 
effective, and thus re-induction with 
high dose cytarabine and idarubicin 
was given. Prior to chemotherapy, she 
had a normal left ventricular ejection 
fraction (LVEF) (>55%) by echocar-
diography. Three weeks after chemo-
therapy, her repeat LVEF by echo was 
reduced to 40-50% with a possible 
thrombus in the LV apex. She under-
went cardiac magnetic resonance 
(CMR) imaging for the assessment of 
left ventricular function and apical 
thrombus.

Sequences details
All images have been acquired using 
a MAGNETOM Aera 1.5T scanner  
with software version syngo MR D13 
(Siemens Healthcare, Erlangen,  
Germany). Mid-ventricular short  
axis MOdified Look Locker Inversion 
Recovery (MOLLI) images were 
acquired during diastole for T1 deter-
mination using an 11 heart-beat, 
5(3)3, SSFP readout sequence.  
Imaging parameters were: Field-of-
view 300 mm, slice thickness 8 mm, 
TR 335.62 ms, TE 2.7 ms, matrix 256 
× 168 pixels resulting in a resolution 
of 1.2 x 1.2 mm, TI start = 130 ms,  
TI increment = 80 ms. 

Then, a total dose of 0.2 mmol/kg 
gadopentetate dimeglumine  
(MAGNEVIST, Bayer HealthCare Phar-
maceuticals, Leverkusen, Germany) 
was injected at 4 ml/second. Ten  
minutes after contrast injection,  

Late gadolinium 
enhancement 
phase-sensitive 
inversion recovery 
mid-ventricular 
short axis image 
demonstrating no 
enhancement. 

3

3

Native T1 mapping 
(MOLLI 5(3)3) in 
the mid-ventricular 
short axis demon-
strating an elevated 
native T1 time in 
the myocardium.

1

Post contrast  
T1 mapping (MOLLI 
4(1)3(1)2) in the 
mid-ventricular 
short axis was used 
for calculation of 
extracellular 
volume fraction. 

2

1

2
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late gadolinium enhancement (LGE) 
images were acquired with a phase- 
sensitive inversion recovery gradient-
echo imaging sequence for the  
assessment of focal myocardial fibrosis. 
Finally, 18 minutes after contrast injec-
tion, post-contrast MOLLI T1 mapping 
4(1)3(1)2 was repeated in identical  
prescription as native T1 mapping.

Native and post-contrast blood T1 times 
were measured on a region-of-interest 
manually drawn in the center of the 
blood-pool. Native and post-contrast  
T1 times were measured on the T1 maps 
as shown in figures 1 and 2.

Imaging findings 
CMRI confirmed the LVEF was reduced 
at 40% with global hypokinesis. LGE 
images did not demonstrate any focal 
fibrosis or left ventricular thrombus. 
Native myocardial T1 time was 1171 ms, 
and 1930 ms for the blood-pool. Post-
contrast myocardial T1 was 563 ms, 
and 417 ms for the blood-pool. Hema-
tocrit, on the morning of the scan,  
was 26.9%. Calculated ECV was  
35.9%, which is elevated. Heart rate 
was 65 bpm during native T1 mapping  
and post-contrast T1 mapping.  
Based on the T1 mapping, the patient 
appears to have edema or acute 
inflammatory response that was not 
detected with traditional CMR imaging. 

The quantitative analysis of native  
T1 mapping (Fig. 1) shows higher  
T1 value, while the quantitative analy-
sis of the post-contrast T1 mapping 
(Fig. 2) shows shorter T1 value.  
LGE (Fig. 3) shows no evidence of 
fibrosis or scar.

Comments (Discussion)
Endomyocardial biopsy is the ‘gold’ 
standard for myocardial disease evalu-
ation. However, this is an invasive  
procedure and its accuracy is limited  
by sampling error and carries a risk of 
morbidity and mortality. Therefore, 
non-invasive testing is the preferred 
technique for myocardial tissue  
evaluation. CMR provides several  
methods for non-invasive myocardial 
tissue characterization. For evaluation 
of the myocardial ECV, T1 mapping 
before and after gadolinium-based 
contrast administration has become  

an emerging technique. Native T1 
mapping reveals acute myocardial 
inflammation, while the combination 
of native and post-contrast T1 map-
ping provides information regarding 
expansion of the myocardial extra-
cellular volume fraction. Increased 
ECV is seen in focal or diffuse fibrosis/
scar or edema [1]. 

Anthracycline-based chemotherapy 
has a well-documented history of 
causing cardiac dysfunction, which 
limits its use. Both short-term and 
long-term cardiac dysfunction has 
been described [2]. Long-term 
effects are cumulative dose depen-
dent and include irreversible LV sys-
tolic dysfunction. In contrast, short-
term effects have been described  
in small case series. These effects  
can occur immediately or within a 
few weeks of chemotherapy adminis-
tration and include pericarditis, 
arrhythmias, and acute LV systolic 
dysfunction [2, 3]. In this patient,  
the native T1 is elevated indicating 
acute myocardial edema. If the native 
T1 time was within the normal range, 
the calculated ECV would have been 

within the normal range as well.  
The elevated ECV appears to be 
driven mainly by the edema, rather 
than diffuse fibrosis. This case high-
lights the ability of CMR with T1  
mapping to identify acute myocardial 
edema in a patient who had recently 
received anthracycline-based chemo-
therapy. Although the patient’s  
LGE images appear normal, the  
overall extracellular volume fraction 
is elevated. 
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λ =
1/T1myocardium postcontrast−1/T1myocardium precontrast

1/T1blood postcontrast−1/T1blood precontrast

ECV = λ (1-Hematocrit)

The partition coefficient lambda (λ) and extracellular volume fraction (ECV) 
were calculated in the following manner:
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Native T1 and 
Gadolinium 
extracellular 
volume (ECV) 
fraction  
maps demon-
strate marked 
elevation  
of myocardial  
T1 values with 
corresponding 
diffuse elevation 
of the 
Gadolinium  
ECV fraction.

1

1E

1B

1F

1C

1G

1D

1H

T1 (ms)

ECV (%)

Apex Mid Base 4-Channel

T2 maps demon-
strate diffuse 
elevation of 
myocardial T2 
values, indicative 
of myocardial 
edema.
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T2 (ms)

Apex Mid Base 4-Channel
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Case Report: Myocardial Fibrosis  
in a Non-Ischemic Cardiomyopathy
Jeremy D. Collins, M.D.1; Bruce Spottiswoode, Ph.D.2; James C. Carr, M.D.1

1	 Feinberg School of Medicine, Department of Radiology, Sections of Cardiovascular Imaging and Interventional Radiology, 
	 Northwestern University, Chicago, IL, USA 
2	Cardiovascular MR R&D, Siemens Healthcare, Chicago, IL, USA

Patient history
49-year-old male with a history  
of congestive heart failure for seven 
years, managed medically, who  
self-referred for a second opinion 
regarding management of presumed 
hypertensive heart disease. About 
four months prior to referral the 
patient stopped working due to  
progressive dyspnea. One month 
prior to referral he noted acute  
worsening of his dyspnea and  

dizziness, and underwent left heart 
catheterization which was negative 
for coronary artery disease. At  
presentation the patient reports 
orthopnea and paroxysmal nocturnal 
dyspnea, with persistent dyspnea, 
lower extremity edema, and a cough. 
The patient denied recent fevers, 
chills, headaches, changes in vision, 
dizziness, weakness, or arthralgias. 
Past medical history was notable  
for hypertension, diabetes mellitus – 

type II, obstructive sleep apnea,  
obesity, and atrial fibrillation. The 
patient denies prior or current tobacco 
use or significant alcohol intake.  
Family history was negative for prema-
ture heart disease. On physical exam 
the heart rate was regular at 70 beats 
per minute with a blood pressure of 
130/80 mmHg and notable for a split 
S2, without S3 or S4. S1 was normal. 
The cardiac apex was non-displaced. 
Laboratory analysis demonstrated an 
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Native T1 and 
Gadolinium extra-
cellular volume 
(ECV) fraction maps 
from a 64-year-old 
male patient 
without diffuse 
fibrosis, demon-
strating normal 
values. Apparent 
increased signal 
along the epicardial 
anteroseptum was 
seen to represent 
volume averaging 
with the right 
ventricular blood 
pool.
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4C
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T1 (ms)

ECV (%)

Apex Mid Base

End-diastole and 
end-systole still 
frames from cine 
SSFP images 
demonstrate 
severe global 
biventricular 
systolic 
dysfunction. 
Corresponding 
delayed enhance-
ment imaging 
demonstrates 
reduced contrast 
between the 
myocardium and 
the blood pool, 
with suggestion  
of diffuse pre- 
dominantly 
subepicardial  
and mesocardial 
scarring.
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Delayed 
enhance-
ment MagIR

Cine SSFP 
end-diastole

Delayed 
enhance-
ment PSIR

Cine SSFP 
end-systole

Apex Mid Base 4-Channel

T2 maps from a 
64-year-old male 
patient without 
myocardial 
edema, demon-
strating normal 
values.

5

5A 5B 5C 5D

T2 (ms)

Apex Mid Base 4-Channel
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elevated b-type natriuretic peptide  
at 817 pg/ml.

As part of his work-up to evaluate  
for an etiology of his non-ischemic 
cardiomyopathy, the patient was 
referred for cardiac MRI to evaluate 
for an infiltrative process and  
assess biventricular systolic function 
and scar.

Sequence details
All images were acquired on a  
MAGNETOM Aera 1.5T scanner with 
an 18-channel phased array body coil 
and software version syngo MR E11 
(Siemens Healthcare, Erlangen,  
Germany). T1 and T2 mapping  
was done using MyoMaps (Siemens 
Healthcare, Erlangen, Germany), 
which includes inline non-rigid 
motion correction and pixelwise 
fitting. 

Pre-contrast T1 mapping uses a  
single shot inversion recovery  
TrueFISP readout with a 5(3)3 
scheme, i.e. an inversion followed  
by 5 acquisition heartbeats, then  
3 recovery heartbeats, and a further 
inversion with 3 acquisition heart-
beats. Post-contrast T1 mapping  
uses a 4(1)3(1)2 scheme. Other 
parameters for T1 mapping include: 
TE 2.7 ms, TR 386 ms, TI start 
110 ms, TI increment 80 ms,  
FOV 380 mm, matrix size 256 × 170, 
flip angle 35 degrees, bandwidth 
1085 Hz/pixel. Pixelwise extracellular 
volume (ECV) maps were generated 
using investigational prototype  
software* with automated image co-
registration and blood segmentation.

T2 mapping uses 3 single shot  
TrueFISP images with T2 preparation 
times of 0 ms, 25 ms and 55 ms,  
and 3 recovery heartbeats between 
each acquisition. Other parameters 
for T2 mapping include: TE 2.7 ms, 
TR 250 ms, FOV 360 mm, matrix size 
192 × 146, flip angle 70 degrees, and 
bandwidth 1185 Hz/pixel.

Imaging findings
Cardiac MRI was notable for moder-
ate right atrial and severe left atrial 
enlargement without significant 
mitral or tricuspid valve disease. 
There was asymmetric septal  
hypertrophy in the basal and mid 
chamber measuring up to 1.7 cm  
in the mid-chamber inferoseptum. 
Biventricular systolic function was 
severely reduced with calculated 
right and left ejection fractions of 
22% and 22%, respectively. The right 
ventricle was normal in size; the left 
ventricle was borderline enlarged 
with an end-diastolic volume index  
of 92 ml/m2. Native T1 values were 
abnormally elevated ranging from 
1200 -1230 ms indicative of myocar-
dial fibrosis. Native T2 values were 
elevated ranging from 66-67 ms con-
sistent with myocardial edema. The 
Gadolinium extracellular volume frac-
tion (ECV) was markedly elevated, at  
58% based on a measured hematocrit 
of 41.8%. Delayed enhancement 
images were of limited diagnostic 
value due to the similar myocardial 
and blood T1 values post-contrast, 
but suggested diffuse predominantly 
mesocardial scar extending to involve 
the subepicardial myocardium.  
There was relative sparing of the  
subendocardium, consistent with  
a non-vascular etiology. Cardiac MRI 
findings were consistent with ongo-
ing myocardial inflammation and 
fibrosis in a non-ischemic cardio-
myopathy. The scar pattern was  
considered atypical for amyloidosis 
given subendocardial sparing.

Additional laboratory analysis was 
performed to evaluate for a monoclo-
nal gammopathy. Although there was 
a mild hypergammaglobulinemia, 
there were no clear bands at serum 
immunofixation electrophoresis. 

The patient was referred for right 
heart catheterization and biopsy. 
Right ventricular endomyocardial 
biopsy demonstrated myocyte  
hypertrophy with interstitial fibrosis. 
The mean pulmonary arterial  
pressure was 37 mmHg, diagnostic  
of pulmonary hypertension.  
Congo red staining was negative  
for apple green birefringence. The 
diagnosis of non-specific, non-amy-
loid myocardial fibrosis was made. 

Discussion
This case demonstrates the utility  
of quantitative T1 and T2 myocardial 
imaging in the evaluation of patients 
with suspected infiltrative heart  
disease. Delayed enhancement  
imaging with phase sensitive inversion 
recovery has reduced the importance 
of careful time-to-inversion selection 
for patchy myocardial scar, such  
as that seen with focal infiltrative  
processes or myocardial infarction. 
However, delayed enhancement imag-
ing is limited in patients with diffuse 
fibrosis, where regions of normal  
myocardium are not clearly visualized. 
In these subjects, there is often little 
contrast difference between the  
T1 values of the blood pool post- 
Gadolinium administration and the 
fibrotic myocardium. Hence delayed 
enhancement images of such patients 
can appear non-diagnostic. Review of 
images from the TI scout may suggest 
altered Gadolinium kinetics with  
T1 shortening of the myocardium  
compared to the blood pool; however, 
this is not consistently identified even 
in significant myocardial fibrosis and is 
dependent on the Gadolinium kinetics 
in a particular patient.

It is increasingly recognized that  
in vivo quantitative T1 and T2 para-
metric mapping with calculation of  
the ECV is useful in the assessment  
of infiltrative and inflammatory  
myocardial disease [1-3]. Native myo-
cardial T2 values are elevated in acute 
inflammatory states, such as myocar-
ditis, and are useful to assess the 
extent of ongoing inflammation. 
Native myocardial T1 values have been 
suggested as an alternative technique 
to delayed enhancement imaging to 
evaluate for myocardial fibrosis [1]. 
Although dependent on the T1  
mapping technique utilized, elevated 
native T1 values generally greater than 
980 ms are considered abnormal at 
1.5T, although the influence of other 
parameters including myocardial iron, 
blood plasma volume, and myocardial 
edema have not been fully elucidated. 
Normal myocardial T1 ranges as well 
as the extent of elevation in different 
disease states remain to be deter-
mined. The Gadolinium ECV fraction 
uses pre- and post-contrast myocardial 
T1 values to determine the gadolinium 

*	WIP, the product is currently under develop- 
	 ment and is not for sale in the US and in  
	 other countries. Its future availability cannot  
	 be ensured. 
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distribution into the myocardium,  
generating a partition coefficient,  
with ECV values > 30% considered 
abnormal [4]. 

In our case the combination of diffuse 
myocardial T2 elevation, native T1  
elevation, and a markedly elevated 
ECV fraction was indicative of a diffuse 
fibrotic process with myocardial 
edema. As indicated by the blood  
protein analysis and concordant  
with biopsy findings, the lack of  
a T1 gradient extending from the  
subendocardium to the subepicardium 
made myocardial amyloidosis a less 
likely diagnosis.
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Case Report: Clinical Usability of  
MyoMaps in Myocardial Infarction
Masashi Nakamura, M.D.

Diagnostic Radiology, Saiseikai Matsuyama Hospital, Matsuyama, Ehime, Japan

Introduction
Cardiac magnetic resonance (CMR) 
imaging offers a lot of information 
about myocardial tissue characteri-
zation with high spatial resolution, 
high-quality imaging and contrast.  
In the past, the key sequences for  
tissue characterization have been 
T1-weighted imaging for scar (late 
gadolinium enhancement: LGE) and 
T2-weighted imaging for edema. 
However, because with these two 
methods clinical cases are evaluated 
by visual interpretation of relative 
signal intensities in relation to nor-
mal myocardium (no quantification), 
there has been no agreement on  
a specific definition of ‘abnormal  
signal’. Recent advances in CMR allow 
measurement and quantification  
of myocardial T1, T2, or T2* values 
(in ms) using short breathhold  
mapping sequences [1, 2]. The 
results are displayed in color-coded 
pixel maps where each pixel repre-

sents a physical estimate for  
T1, T2, or T2* in milliseconds. If  
the clinical context is known, T1,  
T2 and T2*mapping can provide  
useful information. Pre-contrast T1 
(native T1) generally increases in 
conditions that increase total myo-
cardial water, such as acute myocar-
dial infarction (AMI), myocarditis,  
or stress cardiomyopathy. In addition, 
the myocardial extracellular volume 
(ECV) can be calculated from pre- 
and post-contrast T1 values of  
myocardial tissue and the blood  
pool together with the patients’ 
hematocrit [1, 3]. It can quantify  
the myocardial extracellular space 
essentially without dependence  
on magnetic field intensity, amount 
of contrast medium and imaging 
parameters. T2 mapping depicts 
myocardial edema of acute myocar-
dial infarction or myocarditis, while 
T2*mapping allows early detection 
of iron overload as in thalassemia. 

MyoMaps is a new approach for  
quantification of myocardial tissue 
characteristics by Siemens Healthcare. 
Based on HeartFreeze Inline Motion 
Correction, MyoMaps provides pixel-
based myocardial quantification for 
T1, T2 and T2*, on the fly [4, 5].  
Pixel-based myocardial quantification 
and color mapping techniques enable 
a more accurate diagnostic character-
ization of cardiac territories.

CMR sequences
CMR imaging was performed at 3T 
(MAGNETOM Skyra, Siemens  
Healthcare, Erlangen, Germany)  
with an 18-element surface coil.

After the acquisition of scout  
images, Dark Blood T2w short axis 
images were obtained of the left  
ventricle using a Turbo SE sequence. 
Imaging parameters were as follows: 
TR 800 ms, TE 50 ms, flip angle 180°, 
slice thickness (SL) 6 mm, field-of-view  

Case 1

Patient history
A 58-year-old male patient  
presented to our emergency 
department with chest pain and 
clammy sweat. ST-elevation of II, 
III, aVF was seen. Emergency  
invasive coronary angiography 
was performed, 90% stenosis was 
detected in right coronary artery 
(RCA) segment #2 (Fig. 1A). Percu-
taneous coronary intervention 
was performed in segment #2.

Imaging findings
CMR was performed for compre-
hensive myocardial assessment  

6 days following onset. Short axis 
Dark Blood T2w (Fig. 1B) and LGE 
images (Fig. 1C) clearly demonstrate 
the presence of localized high inten-
sity in inferior segment. With Myo-
Maps (Figs. 1D-F), the affected 
regions clearly demonstrate 
increased native T1 (1550 ms) and 
T2 (54 ms) values. Additionally, ECV 
was calculated for the same area as 
67.6% compared to 25.2% for normal 
myocardium (T1 1210 ms, T2 36 ms).

Discussion
Imaging findings (Dark Blood T2w, 
LGE images) well agree with clinical 

course for inferior AMI (day 6 from 
onset, culprit vessel: RCA #2). Color 
images of T1 and T2 map clearly  
demonstrate the lesion. This case is a 
relatively localized lesion, where the 
native T1 maps demonstrate equivalent 
visual diagnostic capability to delayed-
enhancement images. In addition, 
quantitative assessment (T1, T2 map 
and ECV) suggests edematous change 
and myocardial fibrosis in the area  
of the lesion. Thus, for this relatively 
localized lesion, the quantitative 
assessment allowed an accurate evalu-
ation of myocardial tissue characteris-
tics to support the diagnosis.
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370 mm, matrix size 256 x 75%, voxel 
size 1.4 x 1.4 x 6 mm3, parallel imag-
ing acceleration factor 2, ECG trigger 
pulse 2; turbo factor 13, fat sat, SPAIR. 
A gadolinium-based contrast agent 
(gadopentetate dimeglumine,  
Magnevist; Schering, Berlin, Germany) 
was administered intravenously at  
0.1 mmol/kg body weight. LGE images 
were obtained using a TrueFISP IR  
single-shot and phase sensitive  
inversion recovery (PSIR) sequence 
about 10 min after the administration 
of contrast. The imaging parameters 
were as follows: TR 852 ms, TE 1.26 ms, 
echo spacing 3 ms; inversion time, 
measured by TI scout, flip angle 55°, 
SL 6 mm, FOV 350 mm, matrix size 
224 x 65%, voxel size 1.6 x 1.6 mm, 
iPAT 2, ECG trigger pulse 2. 

Pre-contrast T1 maps were obtained 
from three short-axis images (basal, 
mid, and apical) of the left ventricle 
using single shot TrueFISP based  
on modified look-locker inversion-
recovery (MOLLI) sequence. The  
imaging parameters were as follows: 
TR 280.56 ms, TE 1.12 ms, echo spac-
ing 2.7 ms, flip angle 35°, SL 8 mm, 
FOV 360 mm, matrix size 256 x 66%, 
voxel size 1.4 x 1.4 x 8 mm3, iPAT 2; 
MOLLI type 5(3)3 for long T1. Post-
contrast T1 maps were obtained in the 
same locations as the pre-contrast T1 
maps. The imaging parameters were 
as follows: TR 360.56 ms, TE 1.12 ms, 
echo spacing 2.7 ms, flip angle 35°,  

SL 8 mm, FOV 360 mm, matrix size 
256 x 66%, voxel size 1.4 x 1.4 x  
8 mm3, iPAT 2, MOLLI type 4(1)3(1)  
for short T1. 

Pre-contrast T2 maps were obtained 
in the same locations as the pre- 
contrast T1 maps using a FLASH 
sequence with T2 preparation pulses. 
The imaging parameters were as  
follows: TR 207.39 ms, TE 1.32 ms, 
echo spacing 3.1 ms, FA 12°,  
SL 8 mm, FOV 360 mm, matrix size  
192 x 75%; voxel size 1.9 x 1.9 x  
8 mm3, iPAT2, T2 prep., duration  
0, 30, 55 ms.

Conclusion
T1 and T2 mapping not only enables 
visual diagnosis but also offers pixel-
based physical quantification of  
myocardial tissue characteristics in 
myocardial infarction. Thus, in our 
institutions, the number of MyoMaps 
examinations has increased over the 
recent months. Some of the reasons 
for this are: 

1. �Few burdens on patients  
(a single, short breathhold)

2. �Non-contrast imaging for renal 
failure patients (Native T1 or  
T2 map)

3. �Diagnosis of non-ischemic  
cardiomyopathy (assessment  
of minute lesions based on pixel-
based color mapping)

4. �Diagnosis of diffuse myocardial 
impairment (quantification)

5. �Supporting MR image interpreta-
tion (objectivity vs quantification)

Current advances in T1- and T2- 
mapping and ECV quantification 
might have the potential to improve 
the diagnosis of cardiovascular  
disease, refine myocardial risk  
stratification and guide patient  
personalized therapeutic strategies.
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A 58-year-old male patient, 
inferior acute myocardial 
infarction. (1A) Right coronary 
artery (RCA) segment #2.  
(1B) Dark Blood T2w image  
with fat saturation. TSE_ELT 13,  
slice thickness (SL) 6 mm,  
FOV 312 x 370 mm, matrix  
162 x 256, TR 800 ms, TE 50 ms. 
(1C) Late gadolinium 
enhancement (LGE),  
Tfi_segment 67, SL 6 mm,  
FOV 337 x 370 mm, matrix 133 x 
224, TI 400 ms, TR 852,  
TE 1.26 ms. (1D) Native T1 map. 
Inversion recovery (IR) Tfi with 
motion correction (MOCO)  
and iPAT2. (1E) Native T2 map. 
T2prep Tfi with MOCO and iPAT2. 
(1F) Post-contrast T1 map. IR Tfi 
with MOCO and iPAT2.
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Case 2

Patient history
A 66-year-old male patient pre-
sented to our emergency depart-
ment with chest pain. High serum 
levels of CK (303 IU/L) and CK-MB 
(19.0) were seen. Acute myocar-
dial infarction was suspected  
and emergency invasive coronary 
angiography was performed. 99% 
stenosis was detected in left coro-
nary artery (LAD) segment #6 
(Fig. 2A). Percutaneous coronary 
intervention was performed in 
segment #6.

Imaging findings
CMR was performed for myocar-
dial viability assessment after  
10 days of onset. Dark Blood 
T2-weighted imaging (Fig. 2B) 
shows slow moving blood signal 
(slow flow artifacts) in anterior-
septal segments. LGE image  
(Fig. 2C) demonstrates transmural 

enhancement in the same segments, 
and subendocardial low intensity  
in the septal region. In MyoMaps 
(Figs. 2D-F), slow flow artifacts  
are not found in T2 map, and mild 
myocardial T2 prolongation is shown 
in anterior-septal segments. The 
enhanced regions demonstrate 
increased native T1 (1633 ms) and 
ECV (55.1%) compared to normal 
myocardium (native T1 1180 ms, ECV 
25.7%). On the other hand, native T1 
of subendocardial low intensity area 
(1200 ms) is approximately equiva-
lent to normal myocardium.

Discussion
The findings on the Dark Blood T2w 
images are consistent with anterior 
and septal subacute myocardial 
infarction (culprit vessel: LAD #6). 
However, we may overestimate an 
edematous region due to slow flow 
artifacts by the cardiac hypofunction 
in Dark Blood T2w images. T2 map 

images do not show this artifact 
and are thus valuable for the  
correct diagnosis of the edematous 
region. In quantitative assessment, 
increased native T1 and ECV  
suggest myocardial fibrosis and 
edema. A subendocardial linear 
area of low signal intensity is shown 
within the delayed enhanced lesion, 
suggesting microvascular obstruc-
tion (MO). T1 is generally lower in 
hemorrhage or iron accumulation, 
but in this case, native T1 value  
of MO is approximately equivalent 
to normal myocardium (1200 ms 
and 1180 ms). It seems that  
simultaneous occurrence of both 
fibrosis and iron deposition offset 
each T1 prolongation effect and T1 
shortening effect. In this patient 
emergency stent insertion was  
performed. Nonetheless, findings  
of not only transmural infarction 
but also MO in this case suggest 
myocardial viability of infarcted  
segment to be poor. 

A 66-year-old man, septal subacute 
myocardial infarction. (2A) Left 
coronary artery (LAD) segment #6. 
(2B) DB T2w with fat sat. TSE_ELT 
13, SL 6 mm, FOV 312 x 370 mm, 
matrix 162 x 256, TR 800 ms,  
TE 50 ms. (2C) LGE image.  
Tfi_segment 67, SL 6 mm, FOV  
319 x 350 mm, matrix 133 x 224,  
TI 400 ms, TR 852 ms, TE 1.26 ms, 
TR/TE 2RR/1.3 ms. (2D) Native T1 
map. IR Tfi with MOCO, SL 6 mm, 
FOV 307 x 360 mm, matrix  
144 x 256. (2E) Native T2 map. 
T2prep Tfi with MOCO. SL 6 mm, 
FOV 289 x 360 mm, matrix  
116 x 192. (2F) Post-contrast T1 
map. IR Tfi with MOCO, SL 6 mm, 
FOV 307 x 360 mm, matrix  
144 x 256.
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Quiescent Interval Single-Shot (QISS)  
Lower Extremity MRA for the Diagnosis of 
Peripheral Artery Disease: Case Presentations
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Introduction
Peripheral artery disease (PAD) 
affects 12%–14% of the general  
population and its prevalence 
increases with patient age [1]. While 
segmental Doppler pressures and 
pulse volume recording are the most 
appropriate techniques for screening 
symptomatic patients, more sophisti-
cated non-invasive imaging tech-
niques may be necessary for further 
anatomic evaluation and treatment 
planning, especially before revascu-
larization [2, 3]. The American  
College of Radiology (ACR) rates  
both CT angiography (CTA) and  
MR angiography (MRA) as “usually 
appropriate” diagnostic approaches 
for claudication with suspected  
vascular etiology [2]. Because many 
patients with PAD suffer from several 
comorbidities including renal insuffi-
ciency, the administration of either 
iodinated or gadolinium-based con-
trast media may be of concern given 
the increased risk of contrast-induced 

Case 1
A 55-year-old male was referred for 
evaluation and treatment of intermit-
tent claudication despite adherence 
to a regular walking program. The 
patient was a former smoker and his 
medical history included hyperlipid-
emia, hypertension, coronary artery 
disease, PAD, and ANCA-positive vas-
culitis. Physical examination revealed 
diminished femoral and popliteal 
pulses bilaterally. Posterior tibial and 
dorsalis pedis pulses were Doppler-
able. His ankle-brachial index (ABI) 
was 0.78 in the right leg and 0.91 in 

nephropathy or nephrogenic systemic 
fibrosis (NSF), respectively [4, 5]. 

These concerns with the risks of  
contrast media administration in 
combination with recent technical 
advances have led to an increased 
interest in non-contrast MRA tech-
niques. Although many approaches 
to non-contrast MRA have been  
evaluated [6], most of them have 
limited clinical utility in patients  
with PAD due to either technical 
issues (e.g. long acquisition time)  
or overestimation of mild to moder-
ate stenosis [7, 8]. 

Quiescent-interval single-shot (QISS) 
MRA is a recently introduced, robust 
non-contrast MRA technique [9]. 
QISS MRA at 1.5 and 3T has shown 
promising results with reported diag-
nostic accuracies close to or equal  
to contrast-enhanced MRA [10-14]. 
Here, we illustrate some of the bene-
fits of QISS MRA over other modali-
ties through two clinical cases and 

the left leg at rest, while ABI severely 
decreased post exercise (0.53 and 
0.52, respectively). In preparation  
for revascularization the patient was 
referred for a lower extremity run-off 
CTA. CTA demonstrated moderate to 
severe bilateral iliac and superficial 
femoral artery stenosis. The evalua-
tion of calf vessels was inconclusive 
as the slower flow in the stenotic ves-
sels delayed the arrival of contrast 
and thus acquisition occurred before 
peak enhancement was reached in 
these vessels. Prior to intervention, 

the patient underwent a non-contrast 
QISS MRA on a 1.5T MAGNETOM Avanto 
scanner. QISS MRA successfully visual-
ized each arterial segment, including 
those poorly visualized on CTA. In addi-
tion to visualizing the stenosis already 
found on CTA, QISS MRA was able to 
delineate infrapopliteal run off to the 
feet. There was total occlusion of the 
right peroneal artery and total occlusion 
of the left anterior tibial and posterior 
tibial arteries. These findings were con-
firmed by invasive digital subtraction 
angiography (DSA). 

also provide a brief overview of the  
literature available for this technology.

Discussion
These cases demonstrate certain  
benefits of QISS MRA over CTA. As 
emphasized by ACR guidelines, the  
two major shortcomings limiting image 
interpretation of CTA in PAD patients 
are the relatively difficult acquisition 
timing following contrast administra-
tion due to reduced flow in the stenotic 
vessels and reduced lumen visibility 
due to heavily calcified atheromatous 
lesions [2]. As we have shown, QISS 
MRA is able to overcome both of these 
limitations to provide reliable findings 
comparable to invasive DSA. 

The QISS MRA technique was first intro-
duced in 2010 by Edelman et al. [9]. 
This ECG-triggered technique employs 
initial saturation pulses followed  
by a 2D single-shot balanced steady- 
state free precession readout with  
a quiescent interval between them. 
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CTA QISS DSA

Two saturation pulses are used: one 
to suppress the background signal, 
and one applied inferior to the slice 
to suppress the venous blood signal. 

The quiescent interval before the 
readout allows the inflow of unsatu-
rated arterial spins into the imaging 
plane. Due to its design, the flow 

sensitivity of QISS MRA is negligible 
compared to other non-contrast tech-
niques such as time-of-flight, 3D fast 
spin echo based approaches, and 
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Case 2
A 65-year-old man was referred for 
evaluation and treatment of intermit-
tent claudication. Relevant past medi-
cal history included hyperlipidemia, 
hypertension, carotid artery disease, 
subclavian artery disease, and PAD. 
Physical examination was remarkable 
for normal femoral pulses, diminished 
popliteal pulses and Dopplerable pos-
terior tibial and dorsalis pedis pulses 
bilaterally. The patient’s ABI in the 
right leg (0.72) was consistent with 
moderate ischemia, while ABI in the 
left leg (0.95) was within normal limits 

ungated ghost MRA [10]. Additionally, 
single-shot 2D TrueFISP acquisition 
makes this technique relatively insensi-
tive to patient motion. 

Novel technological innovations in 
development promise to further facili-
tate the clinical implementation of 
QISS MRA. QISS MRA can be performed 
without ECG gating by employing pro-
spective self-navigation based on the 
detection of the acceleration of blood 
flow during systole with a reference-
less phase contrast navigator [15]. 
Highly undersampled radial k-space 
readout enables the acquisition of 
multiple 2D slices in a single cardiac 
cycle shortening the acquisition time 
of a complete lower extremity runoff 
MRA to about 2 minutes [16]. High-
resolution QISS MRA provides 1.5 mm 
section thickness and thus more 
detailed visualization of the vascular 
anatomy [17]. Quiescent interval low 
angle shot MRA provides superior 
image quality for the external carotid 
arteries compared to 2D time-of-flight 
with an average acquisition time of 
less than 6 minutes [18]. 

The diagnostic accuracy of non-con-
trast QISS MRA has been evaluated 
with non-invasive contrast-enhanced 
MRA as a reference standard, showing 
a segment-based sensitivity and speci-
ficity of 89.7% and 96.5%, respectively 
[11]. A subgroup analysis in patients 
who also underwent DSA showed sub-
stantial agreement between QISS MRA 
and DSA [12]. Similarily high sensitiv-
ity (98.6%) and specificity (96%) were 
reported for QISS MRA versus contrast-
enhanced MRA in patients with PAD by 

Klasen et al. [13]. QISS MRA demon-
strated superior specificity for detect-
ing hemodynamically significant 
arterial stenosis in the lower extremi-
ties compared to subtracted 3D fast 
spin echo MRA and was also found  
to provide higher image quality and 
diagnostic accuracy in the abdominal 
and pelvic regions [19]. 

While the majority of initial QISS MRA 
studies were performed at 1.5T [9, 
11, 12], QISS MRA has also shown 
good diagnostic accuracy at higher 
field strength. 3T QISS MRA has high 
sensitivity (100%) in the presence  
of adequate image quality for the 
detection of peripheral artery steno-
sis when compared to the DSA as a 
reference standard [14]. Later studies 
have confirmed the feasibility of  
QISS MRA at 3T and reported high 
diagnostic performance and high 
image quality, especially in the distal 
segments [20-22]. 

Conclusion
Past studies have shown that QISS 
MRA provides high diagnostic accu-
racy for the detection of hemody-
namically significant arterial stenosis 
of the lower extremities at both 1.5 
and 3T. QISS MRA seems to be a fea-
sible alternative for patients in whom 
contrast media administration is con-
traindicated, especially in the light  
of the new ACR guidelines widening 
the population considered at risk for 
NSF to patients with eGFR <40 ml/
min/1.73m2 [23]. Furthermore, QISS 
MRA may avoid the timing-related 
difficulties of contrast-enhanced CTA 

and better visualize heavily calcified 
arteries. Finally, its relative insensitiv-
ity to blood-flow and patient motion 
simplifies the patient workflow by 
requiring minimal user input during 
the acquisition. 
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Case Report: QISS MRA at 3T
Anna-Maria Lydon, PgDip MRI, DCR(R)1; Associate Professor Andrew Holden, MBChB, FRANZCR2;  
Dr. Jacobus Kritzinger, MBChB, FRCPC2

1	 Centre for Advanced MRI, Faculty of Medical & Health Sciences, University of Auckland; New Zealand  
2	Auckland City Hospital, New Zealand

Quiescent Interval Single-Shot (QISS) 
MR Angiography (MRA) has been 
shown to be a robust technique for 
non-contrast MRA of the peripheral 
vasculature at 1.5T. At 3T, early  
versions of the sequence offered 
greater signal-to-noise ratio (SNR) 
than at 1.5T, but were occasionally 
compromised by inversion pulse 
insufficiency due to B1 inhomogeni-
ties. This gave rise to poor venous 
suppression particularly in the 
abdominal and pelvic region. We had 
the opportunity to try a WIP version 
of the QISS MRA sequence with a  
modified FOCI pulse which was 
hoped to overcome aforementioned 
B1 inhomogeneities and improve 
venous suppression whilst maintain-
ing small vessel visualisation on 3T. 

We present a case of a 69-year-old 
male who was referred with short 
distance left leg claudication, and 
reduced left femoral pulse, query 
iliac artery disease. He had a history 
of smoking 10 cigarettes per day.  
The patient was imaged on the 3T 
MAGNETOM Skyra (Siemens Health-
care, Erlangen, Germany) using the 
peripheral matrix coil in combination 
with the spine and body matrix coils. 
ECG gating was achieved using the 
Siemens wireless PMU. 

At the time of imaging the patient 
had a heart rate of 68 bpm and a 
recent eGfr of 70 ml/min / 1.73 m2. 

QISS MRA sequences using TrueFISP 
readout were acquired as a vessel 
scout technique as this provides an 

excellent overview for planning sub-
sequent contrast-enhanced (CE) MRA 
imaging. The standard QISS MRA was 
used which consists of 1 x 1 x 3 mm 
contiguous axial slices, single slice  
per RR interval, flip angle 90°, iPat 3, 
40 slices per station. We acquired  
the abdominal stations during quiet 
respiration as we found our elderly 
population cope with this better than 
with breath-holds and there is no time 
penalty between techniques. 

As per our standard protocol subse-
quent CE-MRA imaging was performed 
using diluted 20 ml Multihance (Gado-
benate dimeglumine) + 10 ml 0.9% 
NaCl, followed by 0.9% NaCl flush. A 
test bolus of 1.5 ml contrast @ 2 ml/s 
followed by 20 ml 0.9% NaCl was sam-
pled using a dynamic 2D FLASH single 

1 QISS MRA CE-MRA DSA
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slice positioned at the level of the aor-
tic bifurcation to determine the arrival 
time of the contrast in the abdominal 
aorta. Next the tibial arteries were 
imaged using time-resolved TWIST 
MRA sequence using 4 ml diluted con-
trast and a 20 ml NaCl flush delivered 
@ 2 ml/s. Finally, the full peripheral 
arterial tree is imaged from above the 
renal arteries to the pedal arteries 
using 22-23 ml diluted contrast deliv-
ered as follows:

Dual-phase contrast injection:  
10 ml @ 2 ml/s, followed by  
13 ml @ 1.5 ml/s then an NaCl flush  
of 20 ml @ 1 ml/s.

Findings included a high-grade  
stenosis of the mid left common iliac  
artery. There was also a mild-moderate  
stenosis of the proximal right common 
iliac artery. Femoral and popliteal 
arteries were of normal calibre. There 
was three vessel run-off to each calf,  
with severe disease of the left anterior 
tibial artery and vessel occlusion by 
mid-calf.

Follow-up DSA confirmed QISS MRA 
and CE-MRA findings, and the left 
common iliac artery lesion was 
treated by angioplasty and stenting 
with an 8 x 40 mm self-expanding 
stent, post dilated to 7 mm.

In this case QISS images correlated 
excellently with the CE-MRA images 
and subsequent DSA imaging as seen 
below. We have found that the  
optimized FOCI pulse is particularly 
effective in the aorto-iliac region and 
this case demonstrates very nicely 
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how this new version of the 
sequence (now product) performs 
compared to CE-MRA and also DSA.
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Background
Heart muscle is highly anisotropic 
with an intricate microstructure, well 
suited to characterization with diffu-
sion tensor imaging (DTI) [1]. The 
most widely used measure of fiber 
organization in the myocardium is 
the helix angle (HA), simply defined 
as the inclination of the myofiber  
out of the local short-axis plane. 
Myofibers in the subendocardium 
have a positive HA, while those in  
the subepicardium have a negative 
HA [1, 2]. These myofibers are fur-
ther arranged into laminar sheets, 
which slide against each other allow-
ing the myocardium to thicken dur-
ing systole [3, 4]. Alterations of this 
microstructure due to heart disease 
affect its mechanical efficiency and 
also could contribute to arrhythmias 
[5, 6]. These microstructural changes 
can precede symptoms and thus a 
non-invasive evaluation could be of 
significant clinical value.

The motion of the heart is five  
orders of magnitude greater than  
the self-diffusion of water. Therefore, 
approaches that are sensitive to the 
microscopic diffusion of water, but 
not to cardiac motion and strain, are 
needed for successful in vivo imaging 
[7-9]. One approach to enable in vivo 
DTI uses a diffusion-encoded stimu-
lated echo (STE) sequence (Fig. 1), 
which can be implemented on most 
clinical scanners [10, 11]. The diffu-
sion-encoded STE sequence is played 
out over two successive heartbeats. 
The first and second 90o excitation 
pulses are applied in the first heart-

beat, and the third excitation pulse in 
the second heartbeat. The diffusion-
encoding gradients are monopolar 
and placed immediately after the first 
and third excitation pulses. The main 
appeal of the STE approach is its con-
ceptual immunity to cardiac motion. 
Ideally, each monopolar diffusion 
gradient occurs at exactly the same 
time in two sequential R-R intervals. 
Hence, not only is the phase due  
to the diffusion-encoding gradient 
unwound, but the influence of car-
diac motion on the phase of the  
magnetization also is unwound.

The use of a STE sequence, however, 
introduces a high degree of ineffi-
ciency into the acquisition due to the 
dual-gated acquisition. Additionally, 
the STE is half the amplitude of a 
spin-echo. Consequently most inves-

tigators have used ~8 averages per 
slice in order to achieve sufficient  
signal-to-noise (SNR) during diffusion-
encoded STE acquisitions, taking  
5-7 minutes per slice [12]. The ineffi-
ciency of the STE approach frequently 
requires the anatomical coverage of 
the acquisition to be compromised. 
For instance, only 3 short-axis slices 
can be imaged in ~15 minutes, which 
covers only 25% of the myocardium 
[12]. New approaches to improve  
anatomical coverage and reduce scan 
time are thus sorely needed. The 
development of simultaneous multi-
slice (SMS) acquisition using a blipped 
Controlled Aliasing in Parallel Imaging 
(blipped-CAIPIRINHA) readout holds 
great promise [13, 14], and could  
play a key role in facilitating the more 
widespread use of cardiac DTI.

Dual gated stimulated echo (STE) sequence. Three 90o excitation pulses (RF) are 
applied over two successive heartbeats. The excitation (RF-1), refocusing (RF-3), 
and diffusion dephase and rephrase occur at the same time in the R-R intervals, 
thereby exploiting periodicity of heart motion to rewind motion related dephasing. 
Additionally, the long diffusion time (including TM), allows a sufficient b-value to 
be produced on clinical scanners without the need for an excessively long TE.

1
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Implementation
The technical details of SMS excita-
tion using blipped-CAIPIRINHA  
are described in detail in the SMS 
Supplement of MAGNETOM Flash 
(63) 3/2015. The technique has  
been used extensively in the brain 
[13, 14], and preliminary experience 
with it in the heart appears promis-
ing [15]. In the current article, we 
describe our experience with this 
technique for cardiac DTI in healthy 
volunteers.

Breath-hold DTI was performed on  
a clinical 3T scanner (MAGNETOM 
Skyra, Siemens Healthcare, Erlangen, 
Germany) with a 34-element receive 
coil1 (18 anterior and 16 posterior  
elements). Images were acquired with 
a diffusion-encoded STE sequence, 
which was volume-selected in the 
phase-encode axis using a slab  
selective radiofrequency (RF) pulse. 
Acquisition parameters included:  
FOV 360 x 180 mm, resolution 2.5 x 
2.5 x 8 mm3, in-plane GRAPPA rate 2, 
TE 34 ms, b-value 500 s/mm2, 10 dif-
fusion-encoding directions, and  
8 averages. Twelve short-axis slices 
were acquired in the systolic sweet 
spot of the cardiac cycle to mitigate 
strain effects [11, 16]. Imaging was 
performed with no SMS, and rates 2 
and 3 SMS. HA was derived from the 
diffusion tensor, which was estimated 
from the diffusion-weighted images. 
Fiber tracts were constructed by inte-
grating the primary eigenvector field 

Tractography of the entire LV, color-coded by HA, of the same subject imaged with no SMS, and rates 2 and 3 SMS. Tracts obtained 
using rates 2 and 3 SMS compare favorably and are in agreement with those obtained with no SMS.

3

(2A) Simultaneous acquisition 
of 3 slices with rate 3 SMS.  
The gap between the slices  
is 500% of slice thickness.  
The tensor field is represented 
by supertoroids color-coded  
by HA. Supertoroid fields 
resulting from no SMS (2B), 
rate 2 (2C), and rate 3 (2D) 
SMS acquisitions of the same 
mid-ventricular slice are 
consistent with the transmural 
change in HA from positive  
in the subendocardium to 
negative in the subepicardium.

2

into streamlines using an adaptive  
5th order Runge-Kutta approach [5].

Results and impact
With no SMS, 96 breath-holds were 
required to cover the entire LV. Using 
rate 2 SMS, this was reduced to 48 
breath-holds, and with rate 3 SMS to 
32. With rate 3 SMS, the acquisition 
time was approximately 20 minutes 
for whole-heart coverage. Image 
quality was well preserved using both 
rates 2 and 3 SMS. This is demon-
strated in Figure 2, where the diffu-
sion tensor in each voxel is repre-
sented by the supertoroidal model 
[17]. The glyphs are parameterized 
by the magnitude and orientation 
derived from the diffusion tensor and 
color-coded by HA. The transmural 
evolution in HA from positive in the 
subendocardium to negative in the 
subepicardium is well resolved in all 
3 slices with rate 3 SMS. Glyph fields 
using rates 2 and 3 SMS of a mid-
ventricular slice compare favorably 
with those acquired with no SMS, 
and are consistent with expected 
transmural evolution in HA.

Tractography of the heart has previ-
ously been performed over a small 
anatomical range (3-5 slices) or with 
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1	� The product is still under development  
and not commercially available yet.  
Its future availability cannot be ensured.
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very large slice gaps. Meaningful 
tractography requires the entire 
heart to be imaged without any 
slice gaps. With no SMS, this  
takes over 60 minutes to acquire. 
However, as shown in Figure 3, 
fiber tracts of the entire LV were 
successfully obtained with rates  
2 and 3 SMS, and are qualitatively 
comparable with those obtained 
with no SMS.  
 
Discussion

DTI of the heart has the potential  
to improve the understanding,  
diagnosis and management of a 
range of cardiovascular diseases. 
However, the main limitation is  
long scan times. With current tech-
niques, the acquisition of 3 short-
axis slices takes ~20 minutes. We 
demonstrated that using SMS, scan 
time was reduced by 3-fold. The 
simultaneous acquisition of 3 slices 
(basal, medial, and apical), as 
shown in Figure 2, takes ~5 min-
utes. While imaging only 3 slices 
yields limited coverage of the LV, 
the utility of this approach has been 
demonstrated in first-pass perfusion 
studies of the heart [18]. The addi-
tional acquisition of DTI images in 
the same 3 short-axis slices would 
add little time to a clinical study and 
could be of substantial value.

DTI of the entire heart, while more 
demanding, could provide a unique 
way to evaluate myocardial micro-
structure. SMS combined with  
further technical advances may 
facilitate the clinical translation of 
whole-heart DTI, enabling the reli-
able characterization of myocardial 
structure in a wide range of 
patients with cardiac diseases.
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Introduction
Congenital cardiac malformations 
occur in 9.1 per 1,000 live births [1] 
and range from simple defects includ-
ing bicuspid aortic valve or isolated 
restrictive ventricular septal defect,  
to complex malformations requiring 
surgical correction or palliation early in 
life. While the neonatal mortality with 
such complex malformations remained 
stable, an important increase in life 
expectancy has been achieved with 

the advances in surgical treatment 
and the majority of the patients can 
nowadays reach adulthood [2]. 

As a consequence of this increase  
in life expectancy, the population of 
adult patients with congenital heart 
disease is growing [3]. Despite an 
optimal surgical correction or pallia-
tion, a regular follow-up of these 
patients is mandatory as they remain 
at higher risk for long-term cardiac 
complications including arrhythmia 

and heart failure [4, 5]. Cardiac imag-
ing plays an important role in the fol-
low-up of these patients to assess the 
morphology and function of the car-
diac chambers and the valves, and to 
assess the integrity of any surgically 
implanted material. While echo-cardi-
ography is used as the first-line imag-
ing modality for initial diagnosis and 
follow-up assessments, cardiac mag-
netic resonance (CMR) is the modal-
ity of choice for the assessment of 

(1A) To consistently 
acquire data at the same 
respiratory position,  
a narrow acceptance 
window is defined, 
corresponding to the 
end-expiration, and only 
data acquired within this 
window are utilized in 
the final image recon-
struction, while all other 
data segments are 
rejected and reacquired 
later during the scan. 
(1B) The position of the 
heart at the beginning  
of each data segment  
is compared with a 
reference position,  
i.e. the position of the 
ventricular blood-pool  
at the very first data 
segment, and automati-
cally corrected for respi-
ratory motion before  
the data are sent to the 
reconstruction pipeline.

1

1A

1B
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the right ventricle, the pulmonary 
arteries and veins, and for imaging 
extracardiac shunts or conduits [5]. 

Several consensus papers from scien-
tific societies provide recommenda-
tions for standard CMR protocols 
adapted to the different cardiac mal-
formations [6-9]. Three-dimensional 
whole-heart acquisitions are now 
routinely performed, especially for 
more complex malformations, as 
they allow the acquisition of a full 
volume of data during one single 
imaging sequence, including the 
heart and the intra-thoracic vessels. 
This volume of data can be explored 
freely and specific 2D images can be 
extracted in any plane orientation 
during post-processing.

As CMR acquisitions are relatively  
slow and a high spatial resolution is 
required, the acquisition has to be  
segmented over several heartbeats. 
Additionally, the amount of data is  
so large that it cannot be acquired 
during one single breath-hold and 
respiratory motion compensation  
is needed for an adequate data  
acquisition during free-breathing.

Self-navigation: a new 
concept for respiratory 
motion compensation
Initially developed for coronary 
artery visualization, three-dimen-
sional whole-heart navigator-based 
acquisitions have been used for over 
a decade to also assess the complex 
anatomy of congenital cardiac mal-
formations [10]. These sequences 
rely on diaphragmatic respiratory 
navigation, where a pencil-beam nav-
igator, usually placed on the dome  
of the right hemi-diaphragm, detects 
the respiratory position of the liver-
lung interface along the superior-
inferior direction for every heartbeat 
[11]. To consistently acquire data at 
the same respiratory position, a nar-
row acceptance window is defined, 
corresponding to the end-expiration, 
and only data acquired within this 
window are utilized in the final 
image reconstruction, while all other 
data segments are rejected and reac-
quired later during the scan (Fig. 1A). 
However, respiratory motion of the 
right hemidiaphragm and the heart 

are not tightly coupled, in particular 
during irregular breathing, when  
this correlation changes. As a result, 
data quality, especially during longer 
scans, can be inadequate if patients 
start to breath irregularly. In addi-
tion, with the navigator approach, 
acquisition duration is unpredictable 
and scan efficiency is typically in the 
order of 40% [12].

In order to address these limitations, 
respiratory self-navigation has  
been developed for coronary artery 
imaging [13-15]. With this strategy, 
the position of the heart itself is 
monitored over time and this 
approach should therefore also be 
robust in cases of irregular breathing. 
In addition, the respiratory motion 
information is extracted directly from 
the ventricular blood-pool signal 
throughout the respiratory cycle,  
so that navigator placement is not 
needed [13]. The prototype imaging 
sequence consists of a segmented 3D 
radial acquisition, intrinsically robust 
against motion, undersampling and 
foldover artifacts, with T2 and fat-
saturation pre-pulses, and a balanced 
Steady-State Free Precessing (bSSFP) 
readout. The arrangement of the 
radial lines in k-space follows a spiral 
phyllotaxis pattern [16], with the  
first radial line of each acquired data 
segment (at each heartbeat) being 
consistently oriented in the superior-
inferior direction, allowing for a 
1D-detection of the cardiac displace-
ment during the respiratory cycle. 
The position of the heart at the 
beginning of each data segment  
is thus compared with a reference  
position, i.e. the position of the ven-
tricular blood-pool at the very first 
data segment, and automatically  
corrected for respiratory motion 
before the data are sent to the recon-
struction pipeline (Fig. 1B). With this 
acquisition scheme, the respiratory 
motion correction reliably tracks the 
heart position and scan efficiency is 
typically 100%.

Characteristics of  
the sequence and  
planning strategy 
With the current version of this  
prototype sequence1, a cubic field- 
of-view of 180-240 mm3 is acquired 

with a 3D isotropic spatial resolution  
of 0.9-1.15 mm3. Other important 
imaging parameters are TR 3.1 ms,  
TE 1.65 ms, matrix size (192)3,  
receiver bandwidth 898 Hz/pixel,  
and RF excitation angle of 90°-115°. 
The trigger delay is selected to match 
one of the quiescent periods of the 
cardiac cycle – either mid-diastole  
or end-systole – previously identified 
on a standard four-chamber cine 
acquisition of the heart. The temporal 
resolution is adapted to the duration 
of the quiescent cardiac period, and 
may range from 18 to over 100 ms. A 
higher temporal resolution (= a lower 
number of lines per segment) has to 
be compensated by a higher number 
of heartbeats (= a higher number of 
shots) to ensure an adequate filling  
of the k-space. As a rule of thumb,  
we made sure that a minimum of 20% 
of the Nyquist sampling of k-space 
lines (= number of shots x number  
of lines per segment) were acquired, 
corresponding to a 6 to 12-minute 
scan duration, depending on the  
heart rate of the patient. The Nyquist 
undersampling ratio can be easily 
assessed by a tooltip that pops up 
when hovering the mouse pointer  
over the ‘Radial Views’ parameter in 
the Resolution tab.

The self-navigated 3D whole-heart 
acquisition is easy to use, as it avoids 
the placement of a pencil-beam navi-
gator on the right hemi-diaphragm. 
The planning of the sequence is  
performed in two steps: 1) the coil- 
localizer sequence (allowing an auto-
mated selection of the receiver coils 
that will best detect the blood-pool 
signal for respiratory navigation) [17], 
and 2) the data acquisition sequence. 
The coil-localizer sequence is first 
selected, and the planning is simply 
using the axial, sagittal and coronal 
localizers. On each of these orthogo-
nal planes, the cubic volume of acqui-
sition is displayed as a square field-of-
view, which has to be centered on the 
left ventricular blood-pool. A satura-
tion band is placed on the anterior 
thoracic fat to reduce striking artifacts 
(Fig. 2). The coil-localizer sequence is 

1	The product is still under development  
	 and not commercially available yet.  
	 Its future availability cannot be ensured.
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started without a breath-hold, typi-
cally lasting a total of about 10 sec. 
The data acquisition sequence is  
then opened, and the positions of 
the acquisition volume and of the 
saturation band are simply copied 
from the coil-localizer sequence. The 
trigger delay is selected, such that 
the data window start matches the 
onset of the quiescent period previ-
ously identified (Fig. 3). Depending 
on the duration of the quiescent 
period, the duration of the acquisi-
tion window can be modified, 
together with the number of heart-
beats of acquisition (shots per slice), 
in order to keep the number of 
acquired k-space profiles over the 
above mentioned 20% of the Nyquist 

The trigger delay is selected, such that the data window 
start matches the onset of the quiescent period previously 
identified.

3 Depending on the duration of the quiescent period,  
the duration of the acquisition window can be modified, 
together with the number of heartbeats of acquisition 
(shots per slice), in order to keep the number of acquired 
k-space profiles over the above mentioned 20% of the 
Nyquist limit.

4

The quality of respiratory tracking 
can be checked in real time 
throughout the data acquisition, 
using the inline monitor.

5

3 4

5

The cubic field-of-view is simply placed on the heart, while keeping the left ventricular blood-pool roughly in the center.  
A saturation band is placed on the anterior thoracic fat to reduce striking artifacts.

2

2

limit (Fig. 4). The sequence is then 
started during free-breathing, and 
the quality of respiratory tracking can 
be checked in real time throughout 
the data acquisition, using the inline 
monitor (Fig. 5).

Experience in patients with 
congenital heart disease
Early experience with 3D self-navi-
gated cardiac imaging was gained 
from small series of volunteers  
aiming at the visualization of the  
coronary arteries [13-15]. These 
early studies reported a good perfor-
mance of the sequence with an 
image quality that was equal or  
better than that obtained with  
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conventional diaphragm navigation 
[13]. The first single-center experi-
ence on patients was also reported 
for coronary artery assessment [14]. 
78 patients were included, and the 
self-navigated 3D sequence was used 
with a spatial resolution of 1.15 x 
1.15 x 1.15 mm3. The proximal seg-
ments of the coronary arteries were 
visualized in 92% of cases and the 
distal segments in 56%. When com-
pared to invasive coronary angio-
graphy (available for comparison  
in 31 patients), the sensitivity and 
specificity for the detection of a  
significant coronary artery stenosis 
were 65% and 85%, respectively.

The first experience using the 
sequence for the characterization of 
congenital heart malformations was 
recently reported in a single-center 
series of 105 patients [18]. All  
examinations were performed on  
a 1.5T MAGNETOM Aera (Siemens 
Healthcare, Erlangen, Germany).  
The cohort included patients with 
ages ranging from 2 to 56 years (55% 
were males), and 44% had a complex 
cardiac malformation. The majority 
of the datasets (87%) were acquired  
after intravenous contrast injection  
(Gadovist, Bayer Schering Pharma, 
Zurich, Switzerland). While no direct 
head-to-head comparison with the 
conventional 3D whole-heart imag-
ing sequence using diaphragm navi-
gation was performed, this study 

aimed to assess the diagnostic  
performance and the image quality 
obtained with the new self-navigated 
sequence. 

Using the 3D whole-heart self-navi-
gated sequence alone, the systematic 
segmental anatomy of the heart and 
great vessels was correctly described 
in 93% to 96% of cases (by two dif-
ferent readers) and 93% to 95% of 
the residual uncorrected defects were 
correctly identified. Images were of 
diagnostic quality in 90% of cases 
and 70% were of good to excellent 
quality. Injection of intravenous con-
trast before image acquisition was 
associated with an improvement in 
image quality, resulting in a diagnos-
tic image quality in 94% and a good 
to excellent image quality in 77%  
of the contrast-enhanced datasets.  
The origin and proximal course of the 
coronary arteries were visualized in 
93%, 87% and 98% of the cases for 
the left anterior descending, left  
circumflex and right coronary artery, 
respectively, and all four patients of 
the cohort with an abnormal course 
of the coronary arteries were cor-
rectly identified. Finally, the mea-
surement of the great arteries’ diam-
eters were very robust with a high 
intra-observer (coefficient of varia-
tion 3.5%) and inter-observer (coeffi-
cient of variation 5.0%) agreement. 

27% of the patients were of pediatric2 
age (age <16) and the performance 

of the self-navigated 3D sequence also 
showed good results in this popula-
tion. Despite the fact that fewer datas-
ets were of good to excellent quality  
in children, a diagnostic image quality 
was obtained as frequently as in adult 
patients. This slight reduction in image 
quality might be attributed to a shorter 
quiescent period of the cardiac cycle 
with higher heart rates, or to the fact 
that dephasing artifacts, which may 
occur with high-velocity flows, more 
severely obscured the small vascular 
structures of pediatric patients. 

Figure 6 shows 2D images recon-
structed from a 3D whole-heart data-
set acquired with self-navigation in  
a 47-year-old man with unoperated 
pulmonary atresia with a ventricular 
septal defect (VSD). 6A shows a large 
anterior mal-alignment VSD (*) with 
an overriding aorta. The branch  
pulmonary arteries are hypoplastic 
(6B) and there is fibrous atresia of  
the main pulmonary artery, located 
immediately behind the left atrial 
appendage (arrow on 6C).

Another example of complex cardiac 
anatomy is presented in Figure 7.  
This 27-year-old patient was born with 

2D images reconstructed from a 3D whole-heart dataset acquired with self-navigation in a 47-year-old man with unoperated 
pulmonary atresia with a ventricular septal defect (VSD). 6A shows a large anterior mal-alignment VSD (*) with an overriding aorta. 
The branch pulmonary arteries are hypoplastic (6B) and there is fibrous atresia of the main pulmonary artery, located immediately 
behind the left atrial appendage (arrow on 6C).
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6A 6B 6C

2	 MR scanning has not been established  
	 as safe for imaging fetuses and infants  
	 under two years of age. The responsible  
	 physician must evaluate the benefit of  
	 the MRI examination in comparison to  
	 other imaging procedures.
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right atrial isomerism, complete atrio-
ventricular septal defect, total anoma-
lous pulmonary venous return (TAPVR) 
and a single ventricle of right ventricu-
lar morphology. He underwent surgi-
cal correction of the TAPVR, followed 
by a bilateral Glenn operation and an 
extracardiac Fontan operation. 7A 
shows a large central liver and no 
spleen. The inferior vena cava (IVC)  
is located anterior to the descending 
aorta (AO). 7B shows the single  
ventricle with the typical characteris-
tics of a right ventricle, connected  
to the ascending aorta. The systemic 
venous return is presented on 7C:  
both the right-sided superior vena 
cava (SVC) and the persistent left  
SVC are connected to the pulmonary 
arteries (bilateral Glenn), whereas  
the IVC is connected to the left pulmo-
nary artery through an extracardiac 
conduit. 7D shows the normal-sized 
branch pulmonary arteries.

Good performance of the 3D self- 
navigated cardiac sequence is also 
demonstrated in children [18], as 
shown in the example presented in 
Figure 8. This 6-year-old patient,  
born with d-transposition of the great 
arteries, underwent an arterial switch 
operation. To connect the aorta to the 
left ventricle and the pulmonary artery 
to the right ventricle, the main pulmo-
nary artery has to be displaced anteri-
orly to the ascending aorta by the  
surgeon. 8A shows the typical anterior 

This 27-year-old patient was born with right atrial isomerism, complete atrio-
ventricular septal defect, total anomalous pulmonary venous return (TAPVR)  
and a single ventricle of right ventricular morphology. He underwent surgical 
correction of the TAPVR, followed by a bilateral Glenn operation and an  
extracardiac Fontan operation. 7A shows a large central liver and no spleen.  
The inferior vena cava (IVC) is located anterior to the descending aorta (AO).  
7B shows the single ventricle with the typical characteristics of a right ventricle, 
connected to the ascending aorta. The systemic venous return is presented on 
7C: both the right-sided superior vena cava (SVC) and the persistent left SVC  
are connected to the pulmonary arteries (bilateral Glenn), whereas the IVC  
is connected to the left pulmonary artery through an extracardiac conduit.  
7D shows the normal-sized branch pulmonary arteries.

77

7B

7D7C

7A

This 6-year-old patient, born with d-transposition of the great arteries, underwent an arterial switch operation. To connect the  
aorta to the left ventricle and the pulmonary artery to the right ventricle, the main pulmonary artery has to be displaced anteriorly 
to the ascending aorta by the surgeon. 8A shows the typical anterior position of the main pulmonary artery with the branch 
pulmonary arteries running on either side of the aorta. In this patient, the right pulmonary artery is of normal size (8B) while the 
left pulmonary artery appears compressed by the ascending aorta. Flow acceleration in the LPA induces dephasing of the spins and 
appears as a low-signal artifact in the vessel (8C).

8

8A 8B 8C
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position of the main pulmonary 
artery with the branch pulmonary 
arteries running on either side of  
the aorta. In this patient, the right 
pulmonary artery is of normal size 
(8B) while the left pulmonary artery 
appears compressed by the ascend-
ing aorta. Flow acceleration in the 
LPA induces dephasing of the spins 
and appears as a low-signal artifact 
in the vessel (8C).

Abnormal origin or course of the  
coronary arteries can be successfully 
detected with this sequence, as 
shown in Figure 9. This 4-year-old 
patient is known for a surgically  
corrected tetralogy of Fallot, associ-
ated with a coronary abnormality.  
As shown on 9A, all 3 coronary arter-
ies originate from a single main stem 
connected to the right coronary sinus 
of the aortic root. On 9B, the course 
of the left anterior descending artery 
(LAD) is anterior to the main pulmo-

nary artery. The left circumflex artery 
(LCx) has a proximal course between 
the aorta and the atria (9C), while 
the right coronary artery (RCA) has  
a normal course around the tricuspid 
annulus (9D). Such morphology – 
especially the presence of a LAD  
running anterior to the main  
pulmonary artery, is associated  
with a risk of coronary artery damage 
during the surgical correction of  
the right ventricular outflow tract 
obstruction. A precise identification 
of the coronary anatomy in these 
patients is therefore essential.

Discussion and conclusion
The self-navigated 3D cardiac imag-
ing sequence is characterized by a 
great ease of use and a low operator 
interaction. The radial acquisition 
scheme renders the sequence 
immune to foldover artifacts and a 
high isotropic resolution is obtained 

over a relatively large field-of-view. 
The temporal resolution can be indi-
vidually adapted to the heart rate, 
i.e. the duration of the quiescent 
period of the cardiac cycle, resulting 
in a 6 to 12 min acquisition duration, 
which can be known a priori.

With these characteristics, the 
sequence can be easily added to the 
standard imaging protocol of patients 
with congenital cardiac malforma-
tions. The performance of the 
sequence was considered very good 
in this population with a diagnostic 
image quality obtained in 94% of 
contrast-enhanced datasets and 93 
to 96% of residual defects correctly 
detected. Despite the fact that very 
young children <2 years old were  
not included in the reported study, 
the performance of this sequence 
was good in the pediatric population2 
as well [18]. 

Further improvements are likely  
to be implemented to this sequence  
in the future, including the develop-
ment of 3D rather than 1D respira-
tory motion compensation algo-
rithms [19, 20], or strategies to 
selectively remove k-space lines  
associated with extreme respiratory 
positions [21], which were shown  
to further improve image quality.

In conclusion, the 3D self-navigated 
cardiac imaging sequence is charac-
terized by its high robustness while 
providing high temporal and high 
isotropic spatial resolution. It may 
serve as an attractive tool for the 
three-dimensional assessment of 
congenital heart malformations in 
adults and children.
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Introduction
Heart failure (HF) is a major public 
health problem in the United States, 
with over 5 million individuals 
afflicted, and well over 600,000 new 
cases diagnosed each year resulting 
in a direct and indirect cost in the 
United States of nearly $35 billion 
annually [1]. While coronary artery 
disease (CAD) is the leading cause of 
left ventricular (LV) dysfunction,  
anywhere from a third to a half of all 
patients have LV dysfunction in the 
absence of significant epicardial  
CAD [2]. Most of these patients are 
labeled with the general diagnosis  
of idiopathic non-ischemic cardiomy-
opathy (NICMP), as no direct discern-
able etiology of their myocardial  
dysfunction is evident. Identification 
of the specific etiology of HF in these 
patients with NICMP can have impor-
tant prognostic implications [3]. 
However the traditional imaging 
modalities such as echocardiography, 
nuclear scintigraphy, or coronary 

angiography are limited in their  
ability to specifically evaluate the 
myocardium and to perform tissue 
characterization. In fact even the  
utility of endomyocardial biopsy is 
uncertain because of frequent non-
specific findings, and the inherent 
invasiveness and small but finite risk 
of the procedure [4].

In recent years, delayed contrast 
enhancement (DE) cardiac magnetic 
resonance (CMR) has emerged as a 
powerful non-invasive technique for 
direct assessment of myocardial 
structure and tissue characterization. 
Studies have demonstrated its ability 
to detect both irreversible acute isch-
emic injury and chronic myocardial 
infarction (MI) with a high level of 
accuracy [5-8]. Using this same  
technique in patients with NICMP has 
enabled the detection of unique  
patterns of myocardial scarring which 
aid in identifying a specific etiology 
of NICMP and therefore help provide 
additional prognostic information 

and occasionally drastically alter 
patient management. The focus of  
this article will be to describe the 
potential role of DE-CMR in assessment 
of patients with cardiomyopathy.

Idiopathic dilated 
cardiomyopathy
An early study by McCrohon et al. [9] 
studied a population of 90 patients 
with heart failure and LV dysfunction 
consisting of 63 with idiopathic dilated 
cardiomyopathy and 27 with ischemic 
cardiomyopathy. Of the 27 patients 
with ischemic cardiomyopathy, all  
had a history of myocardial infarction 
and all had a myocardial hyper-
enhancement pattern involving the  
subendocardium. Of the 63 patients 
with idiopathic dilated cardiomyopa-
thy, 59% had no hyperenhancement, 
13% had hyperenhancement involving 
the subendocardium (similar to that 
found in ischemic cardiomyopathy) 
and 28% had hyperenhancement in  

Characteristic patterns of hyperenhancement (scarring) in various forms of non-ischemic 
cardiomyopathy, see text for details.

(1A) Idiopathic Mid-Wall Striae
(1B) Amyloid
(1C) Sarcoid
(1D) Hypertrophic Cardiomyopathy
(1E) Myocarditis

1

1B
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an unusual pattern, primarily involving 
the ventricular midwall with subendo-
cardial sparing. 

In a recent study we evaluated  
45 patients with symptomatic heart 
failure and evidence of significant  
LV systolic dysfunction (LVEF < 35%  
on invasive ventriculography or  
echocardiography). 28 patients had 
ischemic cardiomyopathy and 17 had 
idiopathic dilated cardiomyopathy.  
In this study, hyperenhancement pat-
terns consistent with prior myocardial 
infarction were identified; linear mid-
wall striae with increased image inten-
sity were not scored as hyperenhanced 
regions. Interestingly, the findings 
demonstrated that all patients with 
ischemic cardiomyopathy had hyper-
enhancement, whereas only 12% of 
patients with idiopathic dilated cardio-
myopathy had hyperenhancement. 
When we tested clinical parameters for 
their utility in distinguishing ischemic 
from non-ischemic cardiomyopathy, 
we found that the best discriminator 
was the presence of hyperenhance-
ment on DE-MRI which had a 100% 
sensitivity, 88% specificity, and 96% 
overall accuracy for the detection of 
ischemic disease.

In this study, 100% of patients with 
ischemic cardiomyopathy had evi-
dence of hyperenhancement, despite 
the fact that only 50% had clinical his-
tory of myocardial infarction. This find-
ing is consistent with necropsy studies 
that have demonstrated that virtually 
all patients with congestive heart  
failure and significant coronary artery 
disease have gross myocardial scarring 
at autopsy, even in those without  
clinical history of MI, angina, or 
Q-waves [10, 11]. Conversely, we 
observed in patients with idiopathic 
dilated cardiomyopathy that hyper-
enhancement was uncommon. This 
finding is also consistent with previous 
studies. Roberts et al. [12] found 
grossly visible scars at cardiac nec-
ropsy in 14% of patients with idio-
pathic dilated cardiomyopathy. Uretsky 
et al. [13] evaluated chronic heart  
failure patients at autopsy and found 
old infarcts in 12% of patients without 
coronary artery disease. A number of 
mechanisms may be responsible for 
myocardial infarction in patients with-
out coronary artery disease, including 

coronary vasospasm, thrombosis 
with spontaneous lysis superimposed 
on minimal atherosclerosis, or coro-
nary emboli. Regardless of the mech-
anism, myocardial infarction in the 
absence of coronary artery disease  
is rare, and the findings in this study 
suggest that DE-MRI may be useful  
in distinguishing ischemic from non-
ischemic cardiomyopathy non-inva-
sively. One caveat, however, should 
be noted. The non-CAD cohort in  
the study by McCrohon [9] included 
only patients with idiopathic dilated  
cardiomyopathy, as patients with 
other forms of non-ischemic cardio-
myopathy, such as hypertrophic  
cardiomyopathy, myocarditis, and 
infiltrative cardiomyopathy, were 
excluded at the time of enrollment.

Hypertrophic 
cardiomyopathy
Hypertrophic cardiomyopathy (HCM) 
is the most frequently occurring 
genetic cardiomyopathy [14]. Several 
studies have described DE-MRI find-
ings in patients with hypertrophic 
cardiomyopathy (HCM). Choudhury 
et al. [15] enrolled 21 patients who 
were thought to be representative of 
the majority of community patients 
with HCM, since they were identified 
by routine outpatient screening  
procedures and were generally 
asymptomatic or minimally symp-
tomatic. Patients with concomitant 
CAD were excluded. In this study, 
cine MRI demonstrated that the  
maximum LV end-diastolic wall thick-
ness averaged 25 ± 8 mm, and the  
LV ejection fraction was preserved 
(70 ± 11%). DE-MRI demonstrated 
that hyperenhancement was found  
in the majority of patients (81%),  
and hyperenhancement mass was on 
average 8 ± 9% of the left ventricular 
mass. The pattern of hyperenhance-
ment, however, was peculiar. Hyper-
enhancement occurred only in  
hypertrophied regions, was patchy 
with multiple foci, and predominately 
involved the middle third of the ven-
tricular wall. Additionally, all patients 
with hyperenhancement had involve-
ment at the junctions of the interven-
tricular septum and the RV free wall. 
On a regional basis, there was a mod-
est correlation between the extent of 

hyperenhancement and end-diastolic 
wall thickness (r = 0.36, p < 0.0001). 
No region with end-diastolic wall 
thickness < 10 mm had any  
hyperenhancement. There was also  
a significant but inverse correlation 
between the extent of hyperenhance-
ment and systolic wall thickening  
(r = -0.21, p < 0.0001).

Although a number of pathophysio-
logical processes are evident in 
hypertrophic cardiomyopathy, 
Choudhury et al. interpreted hyper-
enhancement in HCM as specifically 
representing myocardial scarring.  
The rationale for this assumption is 
discussed at length in an editorial 
[16] and data by Moon et al. [17] 
suggests that this assumption is 
valid. In a patient that underwent 
heart transplantation after in vivo 
DE-MRI, followed by detailed histo-
logical analysis of the explanted 
heart, there was a significant rela-
tionship, regionally, between the 
extent of hyperenhancement and  
the amount of myocardial fibrosis  
(r = 0.7, p < 0.0001) but not disarray. 

Moon et al. [18] performed DE-MRI in 
53 patients selected from a dedicated 
HCM clinic. Overall, hyperenhance-
ment was found in 79% of patients,  
a figure quite similar to that found by 
Choudhury et al. This study, however, 
also compared DE-MRI findings to  
the presence of clinical risk factors 
for sudden death in HCM (e.g. non-
sustained ventricular tachycardia, 
syncope, family history of premature 
cardiac death, etc.), and to progres-
sive adverse LV remodeling.  
Interestingly, the authors observed 
that there was a greater extent of 
hyperenhancement in patients with 
two or more risk factors for sudden 
death (15.7% vs. 8.6%, p = 0.02)  
and in patients with progressive 
remodeling (28.5% vs. 8.7% of  
LV mass, p < 0.001).

Since hyperenhancement was 
observed in approximately 80% of 
patients in both the study by Choud-
hury et al. and Moon et al., the pres-
ence of hyperenhancement in itself 
cannot be indicative of an adverse 
prognosis. However, it is possible 
that the amount of hyperenhance-
ment – indicative of the amount of 
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scarring – may be an important prog-
nostic determinant. This hypothesis 
is currently being tested in observa-
tional clinical trials.

Myocarditis
Clinical manifestation of myocarditis 
or inflammatory cardiomyopathy var-
ies with a broad spectrum of symp-
toms ranging from asymptomatic 
signs to myocardial infarction and 
cardiogenic shock. Myocarditis can 
occasionally lead to sudden death 
and may progress to dilated cardio-
myopathy in up to 10% of patients 
[19]. Endomyocardial biopsy is con-
sidered as gold standard for diagno-
sis. It is an invasive procedure and 
has limited sensitivity and specificity. 
A noninvasive and effective diagnos-
tic imaging modality is CMR. Cine 
imaging shows wall motion abnor-
malities that are matched by areas  
of scar on DE-CMR. The scar pattern 
frequently involves the epicardial 
myocardium of the lateral wall.

Mahrholdt et al. [19] performed  
DE-MRI in 32 patients who were  
diagnosed with myocarditis by clini-
cal criteria. Hyperenhancement was 
found in 28 of 32 patients (88%). Of 
the 21 patients in whom myocardial 
biopsy was obtained from the region 
of hyperenhancement, histopatho-
logical analysis revealed active myo-
carditis in 19. Hyperenhancement 
was usually observed in a patchy  
distribution originating primarily 
from the epicardial quartile of the 
wall with one or several foci with a 
predilection for the lateral free wall. 
The pattern and distribution of hyper-
enhancement found in this study are 
consistent with that of myocardial 
lesions found in postmortem evalua-
tions in patients with myocarditis 
[20]. The potential mechanism for 
hyperenhancement in myocarditis 
was postulated to be similar to that 
for coronary artery disease: either 
acute necrosis with cell membrane 
rupture for acute lesions, or myocar-
dial scarring and fibrosis for chronic 
lesions. If true, this mechanism 
would imply that the presence, loca-
tion, and total extent of irreversible 
myocardial damage that occurs in a 
patient with myocarditis could be 
determined noninvasively by DE-MRI.

Amyloid
Cardiac involvement is seen with  
primary amyloidosis (AL) and is an 
example of infiltrative cardiomyopa-
thy [24]. Cardiac amyloid is associ-
ated with a poor prognosis with  
a median survival of 6 months [24, 
25]. Diagnosis of cardiac involvement 
requires multiple endomyocardial 
biopsies, each biopsy specimen has  
a 55% sensitivity for the detection of 
amyloid protein [26]. CMR is a nonin-
vasive diagnostic tool that can iden-
tify patients and guide biopsies to 
areas of scarring for improved sensi-
tivity. Cine CMR shows a restrictive 
morphology. DE-CMR shows early  
diffuse heterogeneous enhancement 
and this proves difficult to null the 
myocardial signal at standard inver-
sion time (TI). This leads to difficulty 
in distinguishing normal from abnor-
mal myocardium. Inversion time 
scout images are obtained over a 
range of TI times to identify the TI 
time corresponding to the null point 
of the blood-pool and the myocar-
dium. Amyloid protein deposits in the 
intercellular spaces and this plays a 
major role in the pattern of hyperen-
hancement seen on DE-CMR. Accord-
ing to Maceira et al. there was 97% 
concordance in diagnosis of cardiac 
amyloid by combining the presence 
of late gadolinium enhancement and 
an optimized T1 threshold (191 ms  
at 4 minutes) between myocardium 
and blood. DE-CMR pattern shows 
scar in the subendocardium and mid 
wall distributions [27].

Sarcoidosis
Myocardial involvement is evident  
in about 5% of patients with sarcoid-
osis, however, autopsy studies have 
shown up to 50% of cases of nonca-
seating granulomas in fatal sarcoid-
osis [28]. In one study by Smedema 
et al. CMR was performed for  
evaluation of cardiac sarcoidosis  
in 58 patients with biopsy proven 
pulmonary sarcoidosis and it showed 
a DE-CMR pattern mostly involving 
basal and lateral segments in 19 
patients [29]. In 8 of the 19 patients 
patchy scar was present. The sensitiv-
ity and specificity of CMR were 100% 
and 78%, and the positive and nega-
tive predictive values were 55% and 

100%, respectively, with an overall 
accuracy of 83%. Sudden cardiac death 
is a leading cause of mortality in this 
population [30]. We hypothesize that 
the presence and extent of hyperen-
hancement on DE-CMR may be directly 
related to the risk of sudden cardiac 
death in this population.

Risk stratification  
for sudden death
Scarred myocardium is an established 
anatomical and electrophysiological 
substrate for the occurrence of ventric-
ular tachyarrhythmias and sudden 
death in patients with CAD [31]. The 
ability of DE-MRI to accurately detect 
the presence and extent of scarred 
myocardium may make it uniquely 
suited to noninvasively identify  
individuals with substrate for sudden 
death. Some recent pilot data compar-
ing DE-MRI findings to results at  
electrophysiological study (EPS)  
suggests that this hypothesis is valid 
[32]. For example, of the total of  
58 patients studied, 18 were deter-
mined to be at high risk for sudden 
death by EPS (inducible monomorphic 
ventricular tachycardia), and all 18  
had myocardial scarring on DE-MRI.  
Conversely, none of the 22 patients 
without scarring had inducible mono-
morphic VT. On multivariate analysis, 
scar size by DE-MRI was found be  
the best independent predictor of 
inducibility at EPS. 

Earlier in this section, we noted that 
hyperenhancement can be observed  
in patients with non-ischemic  
cardiomyopathy, particularly in those 
with hypertrophic and infiltrative 
forms of disease. Although there is 
currently less evidence linking scarred 
myocardium to sudden death in 
patients without CAD, there is reason 
to believe that scar tissue can serve  
as substrate for malignant ventricular 
tachyarrhythmias in these patients as 
well [16]. Therefore, we hypothesize 
that DE-MRI will provide important 
prognostic information for patients 
with a wide range of myocardial  
disorders. Studies are currently under-
way to evaluate for a relationship 
between sudden cardiac death and  
the presence, extent, or morphology 
of myocardial scar.

Clinical Cardiovascular Imaging

50  MAGNETOM Flash | (64) 1/2016 | www.siemens.com/magnetom-world Reprinted from MAGNETOM Flash 3/2015



References

1	 Rosamond, W., et al., Heart Disease and 
Stroke Statistics 2008 Update. A Report 
From the American Heart Association 
Statistics Committee and Stroke Statistics 
Subcommittee. Circulation, 2007.

2	 Fox, K.F., et al., Coronary artery disease as 
the cause of incident heart failure in the 
population. Eur Heart J, 2001. 22(3): p. 
228-36.

3	 Felker, G.M., et al., Underlying causes and 
long-term survival in patients with initially 
unexplained cardiomyopathy. N Engl J Med, 
2000. 342(15): p. 1077-84.

4	 Hunt, S.A., et al., ACC/AHA 2005 Guideline 
Update for the Diagnosis and Management 
of Chronic Heart Failure in the Adult: a 
report of the American College of Cardi-
ology/American Heart Association Task 
Force on Practice Guidelines (Writing 
Committee to Update the 2001 Guidelines 
for the Evaluation and Management of 
Heart Failure): developed in collaboration 
with the American College of Chest Physi-
cians and the International Society for Heart 
and Lung Transplantation: endorsed by the 
Heart Rhythm Society. Circulation, 2005. 
112(12): p. e154-235.

5	 Kim, R.J., et al., Relationship of MRI delayed 
contrast enhancement to irreversible injury, 
infarct age, and contractile function. Circu-
lation, 1999. 100(19): p. 1992-2002.

6	 Fieno, D.S., et al., Contrast-enhanced 
magnetic resonance imaging of 
myocardium at risk: distinction between 
reversible and irreversible injury throughout 
infarct healing. J Am Coll Cardiol, 2000. 
36(6): p. 1985-91.

7	 Hillenbrand, H.B., et al., Early assessment of 
myocardial salvage by contrast-enhanced 
magnetic resonance imaging. Circulation, 
2000. 102(14): p. 1678-83.

8	 Kim, R.J., et al., The use of contrast-
enhanced magnetic resonance imaging to 
identify reversible myocardial dysfunction. 
N Engl J Med, 2000. 343(20): p. 1445-53.

9	 McCrohon, J.A., et al., Differentiation of 
heart failure related to dilated cardiomy-
opathy and coronary artery disease using 
gadolinium-enhanced cardiovascular 
magnetic resonance. Circulation, 2003. 
108(1): p. 54-9.

Contact
Dipan J. Shah, M.D., FACC 
Associate Professor 
The Methodist Hospital  
Research Institute  
Director, Cardiac Magnetic 
Resonance Imaging 
Methodist DeBakey Heart and 
Vascular Center 
The Methodist Hospital 
6565 Fannin St 
Houston, TX 77030, USA 
Phone: +1 713-332-2539 
DJShah@HoustonMethodist.org

causing sudden death, and implications for 
endomyocardial biopsy. Am J Cardiol, 
1993. 72(12): p. 952-7.

21	 Moon, J.C., et al., Gadolinium enhanced 
cardiovascular magnetic resonance in 
Anderson-Fabry disease. Evidence for a 
disease specific abnormality of the 
myocardial interstitium. Eur Heart J, 2003. 
24(23): p. 2151-5.

22	 Moon, J.C., et al., The histological basis  
of late gadolinium enhancement cardiovas-
cular magnetic resonance in a patient with 
Anderson-Fabry disease. J Cardiovasc Magn 
Reson, 2006. 8(3): p. 479-82.

23	 Beer, M., et al., Impact of enzyme 
replacement therapy on cardiac 
morphology and function and late 
enhancement in Fabry’s cardiomyopathy. 
Am J Cardiol, 2006. 97(10): p. 1515-8.

24	 Falk, R.H., R.L. Comenzo, and M. Skinner, 
The systemic amyloidoses. N Engl J Med, 
1997. 337(13): p. 898-909.

25	 Falk, R.H., Diagnosis and management  
of the cardiac amyloidoses. Circulation, 
2005. 112(13): p. 2047-60.

26	 Pellikka, P.A., et al., Endomyocardial biopsy 
in 30 patients with primary amyloidosis 
and suspected cardiac involvement. Arch 
Intern Med, 1988. 148(3): p. 662-6.

27	 Maceira, A.M., et al., Cardiovascular 
magnetic resonance in cardiac amyloidosis. 
Circulation, 2005. 111(2): p. 186-93.

28	 Sharma, O.P., A. Maheshwari, and K. 
Thaker, Myocardial sarcoidosis. Chest, 
1993. 103(1): p. 253-8.

29	 Smedema, J.P., et al., The additional value 
of gadolinium-enhanced MRI to standard 
assessment for cardiac involvement in 
patients with pulmonary sarcoidosis. Chest, 
2005. 128(3): p. 1629-37.

30	 Virmani, R., J.C. Bures, and W.C. Roberts, 
Cardiac sarcoidosis; a major cause of 
sudden death in young individuals. Chest, 
1980. 77(3): p. 423-8.

31	 Hurwitz, J.L. and M.E.n. Josephson, Sudden 
cardiac death in patients with chronic 
coronary heart disease. Circulation, 1992. 
85(1 Suppl): p. I43-9.

32	 Klem, I., et al., The utility of contrast 
enhanced MRI for screening patients at risk 
for malignant ventricular tachyarrhythmias. 
J Cardiovasc Magn Reson, 2004. 6(1): p. 84.

10	 Schuster, E.H. and B.H. Bulkley, Ischemic 
cardiomyopathy: a clinicopathologic study 
of fourteen patients. Am Heart J, 1980. 
100(4): p. 506-12.

11	 Boucher, C.A., et al., Cardiomyopathic 
syndrome caused by coronary artery 
disease. III: Prospective clinicopathological 
study of its prevalence among patients 
with clinically unexplained chronic heart 
failure. Br Heart J, 1979. 41(5): p. 613-20.

12	 Roberts, W.C., R.J. Siegel, and B.M.n. 
McManus, Idiopathic dilated cardiomy-
opathy: analysis of 152 necropsy patients. 
Am J Cardiol, 1987. 60(16): p. 1340-55.

13	 Uretsky, B.F., et al., Acute coronary findings 
at autopsy in heart failure patients with 
sudden death: results from the assessment 
of treatment with lisinopril and survival 
(ATLAS) trial. Circulation, 2000. 102(6): p. 
611-6.

14	 Maron, B.J., Hypertrophic cardiomyopathy: 
a systematic review. JAMA, 2002. 287(10): 
p. 1308-20.

15	 Choudhury, L., et al., Myocardial scarring in 
asymptomatic or mildly symptomatic 
patients with hypertrophic cardiomy-
opathy. J Am Coll Cardiol, 2002. 40(12): p. 
2156-64.

16	 Kim, R.J. and R.M. Judd, Gadolinium-
enhanced magnetic resonance imaging  
in hypertrophic cardiomyopathy: in vivo 
imaging of the pathologic substrate for 
premature cardiac death? J Am Coll Cardiol, 
2003. 41(9): p. 1568-72.

17	 Moon, J.C., et al., The histologic basis of 
late gadolinium enhancement cardiovas-
cular magnetic resonance in hypertrophic 
cardiomyopathy. J Am Coll Cardiol, 2004. 
43(12): p. 2260-4.

18	 Moon, J.C., et al., Toward clinical risk 
assessment in hypertrophic cardiomy-
opathy with gadolinium cardiovascular 
magnetic resonance. J Am Coll Cardiol, 
2003. 41(9): p. 1561-7.

19	 Mahrholdt, H., et al., Cardiovascular 
magnetic resonance assessment of human 
myocarditis: a comparison to histology and 
molecular pathology.  
Circulation, 2004. 109(10): p. 1250-8.

20	 Shirani, J., L.J. Freant, and W.C.n. Roberts, 
Gross and semiquantitative histologic 
findings in mononuclear cell myocarditis 

Conclusion
Delayed enhancement CMR is proving 
to be an invaluable tool in the evalua-
tion of patients with cardiomyopathy. 
Although a number of studies have 
been performed in the past decade, 
significant work still remains to be 
done. The utility of CMR on evaluation 
of cardiomyopathies is yet to be fully 
explored; the authors speculate that 
CMR will be an integral part of the 
evaluation of these patients for years 
to come.

Mohamad G. 
Ghosn

Dipan J.  
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In the field of cardiac magnetic  
resonance imaging (CMR), there  
is a growing interest in tissue  
characterization and quantification  
of lesion size, especially myocardial 
infarct (MI) size. Infarct size is a  
crucial determinant for patient prog-
nosis and follow-up, and delayed 
enhancement (DE) gadolinium 
sequences are established techniques 
for detecting myocardial infarction 
and focal myocardial scarring of  
non-ischemic origin [1, 2]. 

Nevertheless, since DE-CMR is based 
on T1-weighted inversion recovery 
imaging, it intrinsically entails visual 
interpretation of relative signal  
intensities in relation to healthy  
myocardium, and relies on adequate 
prospective setting of inversion-time 
during the acquisition. This intro-
duces a user-dependency on the final 
image quality and achieved contrast-
to-noise ratio (CNR) between MI and 
healthy tissue in the DE-CMR images. 
This remains true whatever the  
kernel type used for the acquisition 
(TrueFISP, FLASH or signal polarity 
(PSIR, MAGIR)) [3]. PSIR techniques 
introduced by Kellman et al. [4] 
undoubtedly alleviate most ambigui-
ties caused by magnitude reconstruc-
tion by always warranting a positive 
contrast of MI lesions related to  
normal myocardium, but do not 
ensure an optimized CNR between 
the two compartments. When  
relaxation times between lesions  
and surrounding tissues (blood  
and myocardium) are similar, lesion  
detection may remain ambiguous 

especially in the case of endocardial 
or papillary lesions.

Synthetic IR reconstructions  
can provide optimal contrast  
DE-CMR images

Since MOLLI has the ability to 
calculate T1 in each pixel of the 
image, synthetic MAGnitude 
Inversion-Recovery (MAGIR) or  
Phase Sensitive Inversion-Recovery 
(PSIR) images can retrospectively  
be calculated using the following 
simple equations:

Using a small increment in TI,  
e.g. 10 ms, allows physicians to  
systematically retrospectively screen 
a wide range of contrast, for instance 
between 200 ms and 500 ms, and 
hence to retrospectively choose the 
optimal contrast-of-interest between 
two tissue components best suited  
to his diagnosis without acquisition 
time loss, and without requiring  
additional acquisitions with different 
TI settings. This approach has first 
been proposed by Varga-Szemes  
and co-authors [5]. 

Figures 1 to 3 show an example 
acquired in a 65-year-old male 
patient with an inaugural ST eleva-

SI (TI)PSIR = 1–2x exp (TI/T1)	 Eq. 1

SI (TI)MagIR = |SI (TI)PSIR|	 Eq. 2

and

tion myocardial infarction with left 
anterior descending artery occlusion 
reperfused H+1h30. CMR was  
performed 4 days after reperfusion. 
Native synthetic MAGIR reconstruc-
tions (Fig. 1) showed increased  
signal related to edema in reperfused  
anteroseptal injured myocardium. 
Post-gadolinium injection synthetic 
MAGIR reconstructions performed  
10 min after bolus injection (Fig. 2), 
showed in the same mid slice level the 
extent of acute anteroseptal necrosis.

Figures 4 to 6 show images acquired  
in a patient suspected of cardiac  
amyloidosis with a concentric hyper-
trophic cardiomyopathy (HCM). Both 
native and post-contrast injection 
MAGIR reconstructions allow for  
intra-myocardial focal lesions in the 
inferior wall to be identified with  
confidence, more clearly delineated 
after injection, with a subtle involve-
ment of the anterior papillary muscle 
and anterolateral subendocardium.

Figure 7 shows a 67-year-old patient 
with a dilated cardiomyopathy (DCM) 
that clearly shows after gadolinium 
injection the extent of a post-ischemic 
subendocardial scar spread in the 
anterior wall and extended to antero-
septal and lateral walls, with a partial 
involvement of the anterior papillary 
muscle but with an islet of preserved 
muscle here clearly depicted. Note  
the existence of a mid-wall fibrosis  
in the inferoseptal segment raising  
discussion of the association with  
a non-ischemic mechanism. All  
these findings are strengthened by  
the visual analysis of the contrast 
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1

2

3A 3B 3C

15 out of 40 
synthetic native 
MAGIR images  
in an anterior 
acute myocardial 
infarction (AMI) 
patient. Recon-
structed images 
are TI shifted 
every 10 ms in  
a 200 to 500 ms 
range (1.5T 
MAGNETOM Aera, 
syngo MR D13).

1

15 out of 40 
synthetic post-
gadolinium 
injection  
(0.02 mmol.kg-1) 
MAGIR images  
in the same AMI 
patient. Recon-
structed images 
are TI shifted 
every 10 ms in  
a 200 to 500 ms 
range.

2

Corresponding: (3A) Pre-contrast (native) T1 map, (3B) post-contrast T1 map and (3C) ECV map in the same AMI patient. 3
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6A 6B

4

5

12 out of 40 
synthetic native 
MAGIR images in 
an HCM patient. 
Reconstructed 
images are TI 
shifted every  
10 ms in a 200  
to 500 ms range 
(1.5T MAGNETOM 
Aera, syngo MR 
D13).

4

12 out of 40 
synthetic post-
gadolinium 
injection  
(0.02 mmol.kg-1) 
MAGIR images in 
the same HCM 
patient. Recon-
structed images 
are TI shifted 
every 10 ms in  
a 200 to 500 ms 
range.

5

Corresponding: (6A) Native T1 map, (6B) post-contrast T1 map and (6C) ECV map in the same patient.6

6C
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7

8A

8B

12 out of 40 
synthetic post-
gadolinium 
injection  
(0.02 mmol.kg-1) 
MAGIR images  
in the same  
post-ischemic 
DCM patient. 
Reconstructed 
images are TI 
shifted every  
10 ms in a 200  
to 500 ms range 
(3T MAGNETOM 
Prisma, syngo MR 
E11). 

7

Short axis images obtained using 3D IR-GRE: (8A) Early gadolinium enhancement and (8B) late gadolinium enhancement  
and corresponding LGE MAGIR and PSIR synthetic images. Calculated histogram of pixel intensity in the myocardium, in the 
MAGIR optimal contrast as compared to original LGE images. Pink overlay corresponds to the area of delayed enhancement  
after 10 min post-injection using a Full Width at Half Maximum (FWHM) algorithm (CMRSegTools plugin (CREATIS) with OsiriX, 
Pixmeo, Geneva).

8
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dynamics across the entire series  
of TI values that may be determinant 
in sub-endocardial regions, more  
difficult to differentiate from the 
enhanced cavity, especially at 3T, 
with again an additional information 
at no additional acquisition time 
cost.

Taken together, the capability to  
generate synthetic images and exist-
ing T1-mapping and ECV-mapping 
possibility, the MOLLI acquisitions 
represent a powerful diagnostic  
tool in CMR offering a three-in-one 
advanced tissue characterization 
technique: Highest capacity to  
highlight and detect abnormalities 
while offering quantitative measures 
of T1 and ECV in absolute units.  
T1 mapping together with optional 
synthetic reconstructions therefore 
provides a unique capacity for  
objective determination of the  
severity of disease with integration 
into clinical routine without extra-
acquisition time. It also reinforces 
robustness of CMR.

Synthetic reconstruction  
for improved automatic 
segmentation of MI size
Several histogram-based methods 
have been proposed for the measure-
ment of DE-CMR infarct size from the 
simple (manual or semi-automatic 
thresholding) to the more advanced, 
including the finite Gaussian mixture 
(FGM) model where Gaussian likeli-
hood distribution is assumed [6]. 

These are widely used models in  
segmentation because they are 
mathematically simple. Unfortu-
nately, variable CNR, and artifacts 
limit the performance of histogram-
based algorithms that in turn  
present pitfalls which, under clinical 
conditions, lead to unreliable results. 
By eliminating the need for patient-
based prospective TI adjustments, 
synthetic IR images based on T1  
mapping offer a satisfactory answer 
to one of the most significant  
downsides of conventional DE-CMR 
acquisition. This technique could 
potentially offer a unique way to 
standardize lesion size measure-
ments for multicenter clinical trials.

Of course, other downsides to the 
automatic segmentation of MI 
infarct, such as partial volume 
effects, motivates for high resolution 
images and thinner slice thickness 
offered with well optimized 3D  
IR-GRE sequences, although these 
come at the cost of the longer  
acquisition times that most patients 
are unable to tolerate. 

In conclusion, the all-in-one  
MOLLI including optional synthetic 
reconstructions reinforces the  
unique capability of CMR to provide 
additional information. This in turn  
may lead to improved diagnostic  
confidence, increased diagnostic 
accuracy and improved robustness, 
alleviating user-dependent adjust-
ments during acquisition, and  
resulting in the most advanced,  
and shortest post-gadolinium tissue 
characterization MR protocol.
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Objectives and definitions
Cardiac MRI background 
In developed countries, approximately 
2% of adults present with heart failure 
and in the elderly population (> 65), 
this increases to 6–10%. [1, 2]

Cardiac MRI is considered as the gold 
standard with respect to accuracy and 
reproducibility of volumes, mass, and 
wall motion. [3]

Cardiac MRI primarily aims to assess 
cardiac morphology and functional 
parameters such as ventricular vol-
umes, ejection fraction, mass and 
regional wall motion. Furthermore, 
cardiac MRI provides an even more 
detailed evaluation of the myocardial 
tissue including the evaluation of  
ischemia, myocardial viability and  
scar, as well as potential edematous 
changes which may be important 
aspects towards therapy guidance.  
In a large variety of cardiac diseases, 
patient prognosis is closely related  
to the left ventricular ejection fraction 
(LVEF), with a low ejection fraction 
being related to higher morbidity and 
mortality.

By definition, the ventricular ejection 
fraction (EF) is the percentage of 
blood that is being ‘ejected’ from  
the maximally filled ventricle during  
systole of each heartbeat (Fig. 1). 
Mathematically, cardiac volumes and 
ejection fraction are related by the  
following equation:

EF = EDV – ESV ×100 
	 EDV

Where:

•	EDV (End-diastolic volume) relates  
to the maximum volume of the  
ventricle at the end of the filling 
phase of the cardiac cycle (diastole) 
with all valves closed just prior to  
the ventricular ejection.

•	ESV (End-systolic volume) relates to 
the minimum volume of the ventri-
cle at the end of the ejection period 
(systole) with all valves closed just 
before ventricular filling.

Measuring volumes
To calculate LVEF, the volume of  
the ventricular cavity needs to be 
assessed at two different specific 
time points within the cardiac cycle, 
at end-diastole and at end-systole.

In order to do so, imaging data is 
acquired using cine techniques  
(typically SSFP techniques) in a series 
of multiple parallel short axis slices 
with additional long axis orienta-
tions, sampling the entire left  
ventricle as illustrated in Figure 2. 

On a broad outline, during post- 
processing, contouring of the endo-
cardial border on every single short 
axis slice allows computing the slice 
area contained within the endocar-
dial contours. By incorporating the 
knowledge about the slice extension 
along the ventricular long axis, the 
volume represented by this contour 
at a specific phase can be calculated. 
The sum of all volumes/slices at end 
diastole and end systole then results 
in EDV and ESV, respectively.

Besides these basic operations an 
important additional aspect needs  
to be considered: the physiologic 
shortening and elongation of the 
ventricle along its long axis over  
the cardiac cycle.

Schematic  
explanation of  
left ventricular  
(LV) ejection 
fraction (EF). 
Reprodcued with 
permission from 
medmovie.com.

1

Stack of short 
axis slices 
sampling the 
left ventricle.

2

1

2

Parallel short 
axis slices 
orientated  
perpendicular  
to the 
ventricular 
long axis.

Myocardium

Blood pool

Endocardium

Epicardium
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Through plane motion and 
base representation
General illustration 
During myocardial contraction and 
relaxation throughout the cardiac 
cycle, the entire heart demonstrates 
significant deformation and motion, 
including translation, rigid body  
rotation, regional twist, and most 
importantly a change in long axis 
dimension.

This change in the long axis dimen-
sion is characterized by a ventricular 
shortening with a physiologic excur-
sion of the basal plane towards the 
apex during systole (basal descent) 
while the apex remains relatively 
stationary (Fig. 3). This through 
plane motion has been well docu-
mented and averages to a max.  
systolic excursion of ~13 mm in 
healthy subjects while it is known to 
generally be reduced in disease [4].

Related to the fact that the LV cross 
sectional area is at its largest at  
the base of the heart, the potential 
error related to through plane motion 
is generally significant. This may lead 
to possible inclusion of atrial volume 
into the LV volume calculation and 
thus potentially resulting in an  
overestimation of the LV volume  
in systole (ESV) with subsequent 
underestimation of EF [5].

Spatial orientation and 
position of base plane
The accuracy of the estimated  
volume of an object is substantially 
dependent on the way this specific 
object is spatially sampled by the 
input images.

In cardiac MRI, the ventricles are  
typically sampled by a set of parallel 
short axis 2D slices, where the slice 
distance and the slice thickness are 
relatively large in comparison to the 
in-plane resolution. If all slices are 
acquired parallel to each other,  
it is difficult to accurately capture 
through plane motion with such a 
sampling pattern. This is especially 
true if the upper and/or lower  
boundary of the object of interest 
may not be entirely parallel to the 
slice orientation.

4

Simple illustration of the through plane motion based on a stack of short axis slices.3

3

Through plane 
motion of the basal 
plane may lead to 
misevaluation of 
the LVEF.

Taking a closer look at Figure 4, it 
becomes obvious that both these  
conditions are often true for the 
delineation of the atrio-ventricular 
(AV) valve (mitral valve in case of  
the left ventricle) plane: Neither 
remains it parallel to the short axis 
over the entire cardiac cycle, nor is 
the complex through plane motion 
entirely parallel to the short axis slice 
orientation (which is represented  
by the dashed yellow line in the two 
chamber view).

As illustrated in Figure 4, the exact 
position of the mitral valve plane and 
its change over the cardiac cycle are 
best captured on long axis slices such 
as the two-chamber view.

Traditional approach to 
determine LV volume in 
cardiac MRI
Traditionally, LV volumes in cardiac 
MRI were determined solely based  
on a stack of short axis slices. As  
illustrated in the previous paragraph, 
the mitral valve and its motion 
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5

Finding Details Dialog in syngo.via allows to choose the requested method5

Comparison of two possible approaches and the corresponding final volumes (left: short axis only, right: long axis and short axis). The 
principle is described on a mid-ventricular slice (6A), a basal slice intersecting with the mitral valve plane (6B) and the most basal slice 
(6C). The representation of the final volume is shown in (6D). When the mitral valve plane intersects the contours, only the portion on 
the ventricular side of the valvular plane is considered for volumetric calculations until the contours fully reach the mitral valve plane.

6

6A

6B

6C

6D

Model of the mitral valve plane

Anatomical position of the mitral valve plane
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University of Toronto 
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Further Reading
•	Hammon M. et al.; Pediatric Radiology, Volume 45, Issue 5, pp 651-657.

•	Hammon M. et al.; Poster ECR: Cardiac MRI in pediatric patients with  
surgically treated right-sided congenital heart disease: Automated left 
ventricular volumes and function analysis and effects of different  
manual adjustments.

towards the ventricular apex from  
ED to ES is not adequately visualized 
in the short axis slices. Consequently, 
this approach requires special care 
with regard to inclusion of basal 
slices in order not to include atrial 
volume in the LV volumetric 
evaluation.

In an attempt to at least consistently 
overcome the short-coming of this 
“short axis only approach”, it is a  
generally accepted convention to  
only include basal slices into the LV 
volumetric evaluation if at least  
50% (180 degree) of the LV blood  
volume is surrounded by ventricular 
myocardium.

Argus VF Analysis represents an 
approach for this traditional way to 
determine ventricular volume which 
has been in use for decades.

syngo.MR Cardiac 4D 
Ventricular Function
syngo.MR Cardiac 4D Ventricular  
Function provides two approaches to 
compute LV volumes and LV function:

1. “Short axis only” approach:  
Only short axis slices are used 
(Argus-like)

•	The position of the mitral valve  
plane in ED and ES is defined by the 
position of the blood pool point in 
ED and ES.

•	The orientation of the mitral valve 
plane is by definition parallel to the 
short axis slices.

2. “Long axis and short axis” 
approach: Both short axis and long 
axis are taken into consideration

•	The position of the mitral valve 
plane in ED and ES is defined on 
the long axis slice(s) by setting 
“valve points” in ED and ES.

•	The orientation of the mitral valve 
plane is matching the anatomical  
orientation (which may be not  
parallel to the short axis slice 
orientation).

The user can switch between both 
variants by selecting the desired 
option in the Finding Details Dialog 
(Fig. 5).

Both approaches are schematically 
illustrated in Figure 6. 

Conclusion
The described differences in the 
methodical approach clearly result  
in variations of quantitative results. 
Affection of both phases, EDV and 
ESV, may not necessarily result in  
a relevant difference in LVEF when 
compared to the “short axis only” 
approach. As the orientation of the 
mitral valve plane and its change 
over the cardiac cycle is patient  
specific, there is no simple relation-
ship of both approaches to each 
other and therefore it is not possible 
to mathematically convert the  

volumes computed with the two 
described approaches.

As illustrated, the “Long-axis and 
short-axis” approach allows to  
accurately model any orientation of 
the mitral valve plane seen on the 
acquired long axis slices. Since it also 
allows defining the mitral valve plane 
independently in ED and in ES, this 
approach enables the user to also 
accurately model the apically directed 
motion of the mitral valve plane from 
ED to ES. Due to this advantage over 
the traditional “Short-axis only” 
approach, the “Long-axis and short-
axis” approach is selected as default  
in syngo.MR Cardiac 4D Ventricular 
Function. It has however to be kept  
in mind that such an approach requires 
an adequate cross-reference of short 
axis and long axis slices in a patients 
data set and as such consistent breath-
holding levels.
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This issue of MAGNETOM Flash  
highlights several developments  
and advances in the field of cardio-
vascular magnetic resonance  
imaging (CMR). They demonstrate 
the continuing development of this  
fascinating technique, which looks 
set to continue. A few general trends 
can be observed:

Quantification
CMR is becoming fully quantitative, 
as evidenced by the rapid develop-
ment of mapping techniques  
quantifying T1 and T2 relaxation  
and allowing calculating extracellular 
volume. Several cases demonstrating 
its clinical value are shown in this 
issue. This development is a revolu-
tion in CMR imaging as we move 
away from black, white and grey  
values, visual assessment and con-
trast differences to fully quantifiable 
data approximating to physiology. 
While the development of these  
technologies is ongoing, we can 
already appreciate their value in  
the detection of early changes [1], 
assessment of underlying pathophys-
iology rather than its consequences 
[2] or quantification of alterations in
absolute terms [3, 4]. Novel data also
demonstrates that these quantifiable

The Future of Cardiovascular 
Magnetic Resonance

Professor Eike Nagel, M.D., Ph.D. is a world-recognized 
opinion leader in cardiac imaging. For more than 25 years he 
has been using cardiovascular magnetic resonance imaging to 
diagnose problems of the heart or the vessels non-invasively. 
Professor Nagel has recently been appointed as Chair of 
Cardiovascular Imaging at the Goethe University Frankfurt, 
Germany, where he leads a new Cardiovascular Imaging Center 
equipped with magnetic resonance imaging and computed 
tomography. He focuses on the translation of new diagnostic 
tools into clinical routine particularly in the areas of coronary 
artery disease, cardiomyopathy and heart failure.  

measures are superior to classic 
markers such as volumes, ejection 
fraction and even late gadolinium 
enhancement in predicting cardio-
vascular events in patients with,  
for example, non-ischemic cardio-
myopathies [5] or informing on the 
acuity of inflammation (myocarditis) 
[6]. Similar changes are imminent in 
perfusion analysis and flow imaging.

Speed
Today’s CMR is fast and continues  
to accelerate. The increase in speed 
is due to two changes. Firstly, with 
increasing capabilities of navigator 
sequences data acquisition has 
become less dependent on breath 
holding. Navigator sequences used  
to be slow, unpredictable and  
frequently of low quality. This was 
mainly due to the imperfect estima-
tion of cardiac displacement based 
on measurements of the right  
hemidiaphragm and – as a result of 
the suboptimal correction of breath-
ing motion – the rejection of a large  
proportion of the data acquired. 
Novel image navigators use the true 
position of the heart, yielding a much 
better correction for cardiac displace-
ment during breathing allowing to 
increase scan efficiency to nearly 

100% [7]. This efficiency may make 
navigator sequences faster and more 
patient friendly than breath holding 
for routine scanning in the very near 
future.

Secondly, the amount of redundant 
data acquisition is reduced. Changes 
such as parallel imaging have altered 
cardiac imaging strategies dramati-
cally, as they allow a majority of acqui-
sitions to be performed within a single 
breath hold rather than requiring long 
scans averaged over multiple breath-
ing cycles. Compressed sensing now 
allows squeezing 3D volumes into a 
single breath hold or a short navigator 
scan, finally making CMR a truly 3D  
(or 4D) method.

New applications
Novel abilities continue to emerge. 
This is partially a consequence of an 
increase in speed and the develop-
ment of novel sequences. The greater 
speed allows transferring imaging 
methods to the heart, which were  
previously reserved for non-moving 
structures. An example is diffusion 
tensor imaging, which has been suc-
cessfully used in the brain and other 
structures and starts to emerge as a 
cardiac option [8]. Novel sequences 
utilize contrast better than previous 
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