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Editorial

Editorial

Orlando P. Simonetti, Ph.D., is a Professor of Internal Medicine
and Radiology at The Ohio State University in Columbus, Ohio.
He joined the OSU faculty in 2005 as the Research Director of
Cardiovascular MR and CT.
His current research interests include fast imaging, flow
quantification, parameter mapping, and exercise stress CMR.
Dr. Simonetti has dedicated his entire career to the advancement of cardiovascular magnetic resonance technology, and is
widely recognized for his contributions to the field.

“The 3 new technologies of myocardial parameter
mapping, CMR-PET, and compressed sensing offer
the potential to significantly improve the efficiency
and effectiveness of CMR, and to expand the
information CMR can provide to physicians to better
diagnose and treat cardiovascular disease.”
Orlando P. Simonetti, Ph.D.

Dear MAGNETOM Flash reader,
One could easily argue that cardiovascular magnetic resonance (CMR)
is in the midst of another technical
revolution. Those of us who have
worked in the field for the last two
decades have seen similar periods
in the past, when major advances in
hardware technology like array coils
and fast gradients, in software
technology like parallel acquisition
techniques, and pulse sequences like
balanced steady-state free precession
have spawned dramatic improvements
in the efficiency and effectiveness
of CMR. Three of the most exciting
recent advances: myocardial parameter
mapping, MR-PET, and compressed
sensing are highlighted in the six
articles of this issue of MAGNETOM
Flash. Relaxation parameter mapping
has initiated an exciting new direction of research into the clinical
implications of diffuse changes in
myocardial tissue (e.g., fibrosis or
edema) that can accompany a variety
of diseases. The novel combination
of CMR and PET is enabling the powerful diagnostic combination of the
exquisite assessment of myocardial
tissue structure and function provided by CMR, together with the evaluation of metabolism by PET. New
approaches to sampling and recon2

struction using compressed sensing
are dramatically reducing the data
acquisition requirements, and thereby
significantly enhancing the efficiency
of CMR. Together, these advances are
indicative of the ever-changing nature
of CMR; a technology that continues
to improve thanks to the passion,
creativity, and tireless effort of the
researchers around the world who
have made this their life’s work.

in both articles, the early evidence
suggests that myocardial relaxation
parameter mapping has fantastic potential as a diagnostic tool that may be
sensitive to early pathological changes
in myocardial tissue potentially
missed by other imaging methods.
Challenges remain in standardization of
these methods to ensure consistent
quantitative results across patients and
imaging platforms.

The article by Moon et al., from
University College London Hospitals,
London, UK, discusses recent trends
in the development and investigation
of techniques for quantitative mapping
of myocardial T1 and T2 relaxation
parameters. Quantitative mapping
addresses many of the technical limitations of conventional T1-weighted
and T2-weighted sequences, most
importantly offering the capability to
assess diffuse changes in myocardial
tissue that can accompany many disease states. The article by Fernandes
et al., from University of Campinas,
Brazil, nicely summarizes the techniques that are employed for myocardial T1 mapping, and reviews recent
investigations of this technology in
patients with a variety of diseases
including amyloid, aortic stenosis, and
various cardiomyopathies. As noted

The article by Schwitter et al., from
the Cardiac Magnetic Resonance C
 enter
of the University Hospital of Lausanne
in Switzerland nicely demonstrates an
important advantage of highly accelerated cine imaging using compressed
sensing data acquisition and reconstruction strategies. The ability to
acquire sufficient cine slices to cover
the entire heart in multiple orientations in a single breath-hold (2 beats
per slice) not only reduces exam times,
but also facilitates more accurate LV
volume calculations using a three
dimensional modeling approach rather
than the traditional Simpson’s Method.
Reducing the potential for mis-registration of slices avoids one of the primary limitations of the 3D approach to
LV volume calculations. Thus, the efficiency gains achieved via compressed
sensing data acquisition and recon-
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struction strategies can positively
impact the clinical value of CMR from
several different perspectives.
The article by Carr et al., from the
group at Northwestern University in
Chicago highlights the tremendous
potential of iterative reconstruction
techniques to dramatically accelerate
cardiac cine imaging. The results shown
indicate that efficiency gains of at least
a factor of two are possible over conventional parallel acquisition techniques. The time-consuming nature of
most CMR techniques, and the requirements of repeated patient breath-holds
and regular cardiac rhythm are factors
that have constrained the widespread
acceptance of CMR into the clinical
routine. While there is still work
remaining to optimize data sampling
and reduce image reconstruction
times, the gains in scanning efficiency
demonstrated in this study could have
far-reaching implications in moving
CMR further into the mainstream as
a cost-effective diagnostic imaging
modality.
The potential advantages of simultaneous CMR and PET acquisitions are
explored in two articles of this issue of
MAGNETOM Flash. Drs. Cho and Kong
from Yeungnam University Hospital,
Daegu, South Korea, demonstrate in a
patient with hypertrophic cardiomyopathy the ability to characterize myocardial fibrosis using both Late Gadolinium Enhancement and 18F-FDG PET.

The article by Dr. James A. White
from The Lawson Health Research
Institute, London, Ontario, Canada,
nicely describes the potential for
advanced myocardial tissue characterization using the synergistic capabilities of CMR and PET. Dr. White
points out how the complementary
and unique information provided by
CMR and PET may better characterize
pathological changes in myocardial
tissue in diseases such as sarcoidosis.
The evaluation of cellular metabolic
activity using PET may fill the role
that MR spectroscopy has promised
but as yet been unable to deliver in
the clinical setting. The field of metabolic imaging is rapidly evolving,

however, and the continued development of hyperpolarized 13C offers
exciting possibilities as well.
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In summary, the three new technologies of myocardial parameter mapping,
CMR-PET, and compressed sensing
discussed in this issue represent some
of the most exciting recent advances
in CMR. They offer the potential to
significantly improve the efficiency
and effectiveness of CMR, and to
expand the information CMR can provide to physicians to better diagnose
and treat cardiovascular disease.

We appreciate your comments.
Please contact us at magnetomworld.med@siemens.com
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before) contrast – Native T1 mapping;
and with contrast, typically by subtracting the pre and post maps with
hematocrit correction to generate
the ECV [6].

Viviana Maestrini; Amna Abdel-Gadir; Anna S. Herrey; James C. Moon

Native T1

The Heart Hospital Imaging Centre, University College London Hospitals, London, UK

Introduction
Cardiovascular magnetic resonance
(CMR) is an essential tool in cardiology and excellent for cardiac function
and perfusion. However, a key, unique
advantage is its ability to directly
scrutinize the fundamental material
properties of myocardium – ‘myocardial tissue characterization’.
Between 2001 and 2011, the key
methods for tissue characterization
have been sequences ‘weighted’ to
a magnetic property – T1-weighted
imaging for scar (LGE) and T2-weighted
for edema (area at risk, myocarditis).
These, particularly LGE imaging, have
changed our understanding and clinical practice in cardiology.
However, there are limitations to
these approaches: Both are difficult
to quantify – the LGE technique in
particular is very robust in infarction,
but harder to quantify in non-ischemic
cardiomyopathy. A more fundamental
difference is that sequences are

1A

T1 mapping
designed to optimize contrast
between ‘normal’ and abnormal –
a dichotomy of health and disease. As
a result, global myocardial pathologies such as diffuse infiltration (fibrosis, amyloid, iron, fat, pan-inflammation) are missed.
Recently, rapid technical innovations
have generated new ‘mapping’ techniques. Rather than being ‘weighted’,
these create a pixel map where each
pixel value is the T1 or T2 (or T2*),
displayed in color. These new
sequences are single breath-hold,
increasingly robust and now widely
available. With T1 mapping, clever
contrast agent use also permits the
measurement of the extracellular
volume (ECV), quantifying the interstitium (odema, fibrosis or amyloid),
also as a map. Early results with these
methodologies are exciting – potentially representing a new era of CMR.

1B

Initial T1 measurement methods were
multi-breath-hold. These were time
consuming and clunky, but were able
to measure well diffuse myocardial
fibrosis, a fundamental myocardial
property with high potential clinical
significance [1]. Healthy volunteers
and those with disease had different
extents of diffuse fibrosis [2], and
these were shown to be clinically
significant in a number of diseases.
T1 mapping methods based on the
MOLLI* approach with modifications
for shorter breath-holds, better heart
rate independence and better image
registration for cleaner maps, however,
transformed the field – albeit still
with a variety of potential sequences
in use [3-5]. There are two key ways
of using T1 mapping: Without (or
* The product is currently under development; is not for sale in the U.S. and other
countries, and its future availability cannot
be ensured.

1.0

Native T1 mapping (pre-contrast T1)
can demonstrate intrinsic myocardial
contrast (Fig. 1). T1, measured in milliseconds, is higher where the extracellular compartment is increased.
Fibrosis (focal, as in infarction, or diffuse) [7-8], odema [9-10] and amyloid [11], are examples. T1 is lower in
lipid (Anderson Fabry disease, AFD)
[12], and iron [13] accumulation.
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These changes are large in some rare
disease. Global myocardial changes
are robustly detectable without contrast, even in early disease. In iron, AFD
and amyloid, changes appear before
any other abnormality – there may be
no left ventricular hypertrophy, a normal electrocardiogram, and normal
conventional CMR, for example – genuinely new information. In established
disease, low T1 values in AFD appear
to absolutely distinguish it from other
causes of left ventricular hypertrophy
[12] whilst in established amyloid T1
elevation tracks known markers of
cardiac severity [11].

ECV in non scar areas (LGE excluded) is associated with all-cause mortality [21].

The signal acquired is also a composite signal – generated by both interstitium and myocytes. The use of
an extracellular contrast agent adds
another dimension to T1 mapping
and the ability to characterize the
extracellular compartment specifically.

Extracellular volume (ECV)
Initially, post-contrast T1 was measured, but this is confounded by renal
clearance, gadolinium dose, body
composition, acquisition time post
bolus, and hematocrit. Better is measuring the ECV. The ratio of change
of T1 between blood and myocardium
after contrast, at sufficient equilibrium
(e.g. after 15 minutes post-bolus – no
infusion generally needed) [15, 16],
represents the contrast agent partition coefficient [17], and if corrected
for the hematocrit, the myocardial
extracellular space – ECV [1]. The ECV

A note of caution, however. Native
T1, although stable between healthy
volunteers to 1 part in 30, is dependent on platform (magnet manufacturer, sequence and sequence variant,
field strength) [14]. Normal reference
ranges for your setup are needed.

3A

1C

2

Proportion Surviving

New Generation Cardiac Parametric Mapping:
the Clinical Role of T1 and T2 Mapping

3B

is specific for extracellular expansion,
and well validated. Clinically this
occurs in fibrosis, amyloid and
odema. To distinguish, the degree of
ECV change and the clinical context
is important. A multiparametric
approach (e. g. T2 mapping or
T2-weighted imaging in addition)
may therefore be useful. Amyloid can
have far higher ECVs than any other
disease [18] whereas ageing has small
changes – near the detection limits,
but of high potential clinical importance [19, 20]. For low ECV expansion diseases, biases from blood pool
partial volume errors need to be meticulously addressed. Nevertheless, even
modest ECV changes appear prognostic. In 793 consecutive patients
(all-comers but excluding amyloid and
HCM, measuring outside LGE areas)
followed over 1 year, global ECV predicted short term-mortality (Fig. 2)

3C

100%

1

1D
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1E

Native T1 maps of (1A) healthy
volunteer (author VM): the
myocardium appears homogenously
green and the blood is red; (1B)
cardiac amyloid: the myocardium
has a higher T1 (red); (1C)
Anderson Fabry disease: the
myocardium has a lower T1 (blue)
from lipid – except the inferolateral
wall where there is red from
fibrosis; (1D) myocarditis, the
myocardium has a higher T1 (red)
from edema, which is regional; (1E)
iron overload: the myocardium has
a lower T1 (blue) from iron.

Reprinted from MAGNETOM Flash 5/2013

0%

3

A patient with myocarditis. On the left side a native T1 map showing the higher T1 value in the inferolateral wall (1115 ms);
in the centre, a post-contrast T1 map showing the shortened T1 value after contrast administration (594 ms); on the right side
the derived ECV map showing higher value of ECV (58%) compared to remote myocardium.

Reprinted from MAGNETOM Flash 5/2013
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Progress is rapid; challenges remain.
Delivery across sites and standardization is now beginning with new
draft guidelines for T1 mapping
in preparation. Watch this space.
References

4C

4D

0
ms

4

(4A) T2 mapping in a normal volunteer (author VM). (4B) High T2 value in patient
with myocarditis – here epicardial edema. (4C) Edema in acute myocardial
infarction – here patchy due to microvascular obstruction – see LGE, (4D).

[21]. The same group also found
(n ~1000) higher ECVs in diabetics.
Those on renin-angiotensin-aldosterone system blockade had lower ECVs.
ECV also predicted mortality and/or
incident hospitalization for heart
failure in diabetics [22].
The use and capability of ECV quantification is growing. T1 mapping is
getting better and inline ECV maps
are now possible where each pixel
carries directly the ECV value (Fig. 3)
– a more biologically relevant figure
than T1 [6].

T2 mapping
T2-weighted CMR identifies myocardial odema both in inflammatory
pathologies and acute ischemia, delineating the area at risk. However, these
imaging techniques (e. g. STIR) are
fragile in the heart and can be challenging, both to acquire and to interpret. Preliminary advances were made
with T2-weighted SSFP sequences,
8

which reduce false negatives and
positives [23, 24]. T2 mapping seems
a further increment [25] (Fig. 4). As
with T1 mapping, global diseases such
as pan-myocarditis may now be identified by T2 mapping, and preliminary
results are showing this in several
rheumatologic diseases (lupus, systemic capillary leak syndrome) and
transplant rejection, detecting early
rejection missed by other modalities
[26, 27].

Conclusion
Mapping – T1, T2, ECV mapping of
myocardium is an emerging topic with
the potential to be a powerful tool in
the identification and quantification
of diffuse myocardial processes without biopsy. Early evidence suggests
that this technique detects early stage
disease missed by other imaging
methods and has potential as a prognosticator, as a surrogate endpoint
in trials, and to monitor therapy.
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Myocardial T1 Mapping:
Techniques and Clinical Applications
Table 1: Comparison of the MOLLI sequences available for T1 mapping

Juliano Lara Fernandes1; Ralph Strecker2; Andreas Greiser3; Jose Michel Kalaf1
Radiologia Clinica de Campinas; University of Campinas, Brazil
Healthcare MR, Siemens Ltda, Sao Paulo, Brazil
3
MR Cardiology, Siemens Healthcare, Erlangen, Germany
1
2

Sequence

Original MOLLI T1 
sequence [15]

Optimized MOLLI 
sequence [17]

Shortened MOLLI 
sequence [18]

Preparation

Non-selective inversion
recovery

Non-selective inversion
recovery

Non-selective inversion
recovery

Bandwidth

1090 Hz/px

1090 Hz/px

1090 Hz/px

Flip angle

50°

35°

35°

Base matrix

240

192

192

Phase resolution

151

128

144

FOV × % phase

380 × 342

256 × 100

340 × 75

TI

100 ms

100 ms

100 ms

Slice thickness

8 mm

8 mm

8 mm

Acquisition window

191.1 ms

202 ms

206 ms

Trigger delay

300 ms

300 ms

500 ms

Inversions

3

3

3

Acquisition heartbeats

3,3,5

3,3,5

5,5,1

Recovery heartbeats

3,3,1

3,3,1

1,1,1

TI increment

100 –150 ms

80 ms

80 ms

Scan time

17 heartbeats

17 heartbeats

9 heartbeats

Spatial resolution

2.26 × 1.58 × 8 mm

2.1 × 1.8 × 8 mm

1.8 × 1.8 × 8 mm

Introduction
Cardiovascular magnetic resonance
(CMR) has been an increasingly used
imaging modality which has experienced significant advancements in
the last years [1]. One of the most
used techniques that have made CMR
so important is late gadolinium

enhancement (LGE) and the demonstration of localized areas of infarct
and scar tissue [2–4]. However,
despite being very sensitive to small
areas of regional fibrosis, LGE techniques are mostly dependent on the
comparison to supposedly normal

1A

reference areas of myocardium, thus
not being able to depict more diffuse
disease.
Myocardial interstitial fibrosis, with
a diffuse increase in collagen content
in myocardial volume, develops as a
result of many different stimuli includ1B

1C

1

10

MOLLI images (1A) with respective signal-time curves (1B) and reconstructed T1 map (1C) at 3T.
The mean T1 time for this patient was 1152 ms (pre-contrast).
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2A

2B

2

MOLLI (2A) versus ShMOLLI (2B) in a single patient at 3T post-contrast. The calculated values for the 11 MOLLI images were 551 ms
versus 544 ms for the 8 images of the shMOLLI set. The time to acquire the MOLLI images were 21 seconds versus 14 seconds for the
shMOLLI sequence (with a patient heart rate of 61 bpm).

ing pressure overload, volume
overload, aging, oxidative stress and
activation of the sympathetic and
renin-angiotensin-aldosterone system [5]. Different from replacement
fibrosis, where regional collagen
deposits appear in areas of myocyte
injury, LGE has a limited sensitivity
for interstitial diffuse fibrosis [6].
Therefore, if one wants to image diffuse interstitial fibrosis within the
myocardium other techniques might
be more suitable.
While echocardiogram backscatter
and nuclear imaging techniques may
be applied for that purpose [7, 8],
myocardial tissue characterization is
definitely an area where CMR plays
a large role. While equilibrium contrast
CMR and myocardial tagging have been
shown to reflect diffuse myocardial
fibrosis, T1 mapping techniques have
been most widely used. In the following, we describe the developments in
T1 mapping as well as their possible
current and future uses.

12

3A

T1 mapping
By directly quantifying T1 values
for each voxel in the myocardium,
a parametric map can be generated
representing the T1 relaxation times
of any region of the heart without
the need to compare it to a normal
reference standard before or after
the use of a contrast agent. The first
attempts to measure T1 times in the
myocardium used the original LookLocker sequence and were done using
free breathing with acquisition times
of over 1 minute per image [9, 10],
not allowing for pixel-based-mapping
but only for regions-of-interest analysis. Another implementation of
T1 mapping used variable sampling
of the k-space in time (VAST), acquiring images in three to four breathholds and correlating that data to
invasive biopsy [11]. Other sequences
have been used for quantification of
T1 as well using inversion recovery
TrueFISP [12, 13] or multishot saturation recovery images [14] but their

MAGNETOM Flash | 1/2014 | www.siemens.com/magnetom-world

reproducibility and accuracy have
not been extensively validated.
The most widely used T1 mapping
sequence is based on the Modified
Look-Locker Inversion-recovery (MOLLI)
technique. Described originally by
Messroghli et al. [15] it consists of a
single shot TrueFISP image with acquisitions over different inversion time
readouts allowing for magnetization
recovery of a few seconds after 3 to
5 readouts. The parameters for the
original MOLLI sequence are described
in Table 1. The advantages of this
sequence over previous methods are
its acquisition in only one relatively
short breath-hold, the higher spatial
resolution (1.6 × 2.3 × 8 mm) and
increased dynamic signal. Reproducibility studies using this sequence have
shown that the method is very accurate with a coefficient of variation of
5.4% [16] although an underestimation of 8% should be expected based
on phantom data. An example of MOLLI
images and its respective signal-time

Reprinted from MAGNETOM Flash 1/2012

3B

3

An example of an automated T1 map generated on the fly with inline processing after acquisition of a MOLLI sequence at 3T.
In (3A) the original images acquired and in (3B) the inline map. The T1 for this patient was calculated at 525 ms post-contrast.

curves and map are shown in Figure 1.
One disadvantage of this implementation of MOLLI is its dependence on
heart rate, mostly true for T1 values
less than 200 msec or greater than
750 msec. However, because the deviation is systematic, raw values can be
corrected using the formula T1corrected =
T1raw – (2.7 × [heart rate -70]), bringing the coefficient of variation down
to 4.6% after applying the correction.
An optimized MOLLI sequence was
subsequently described where heart
rate correction might not be even necessary [17]. In the optimized sequence,
the authors tested variations in readout
flip angle, minimum inversion time,
inversion time increments and number
of pauses between each readout
sequence. The conclusion from these
experiments showed that a flip angle
of 35°, a minimum inversion time of
100 msec, increments of 80 msec and
three heart cycle pauses allowed for
the most accurate measurement of
myocardial T1 (Table 1). Because T1
assessment may be sensitive to motion

Reprinted from MAGNETOM Flash 1/2012

artifacts and not all patients might
be able to hold their breaths throughout all the necessary cardiac cycles
used in MOLLI’s sequence implementation, more recently a shortened
version sequence (ShMOLLI) using
only 9 heart beats was presented to
account for those limitations [18].
Using incomplete recovery of the longitudinal magnetization that is corrected directly in the scanner by
conditional interpretation, ShMOLLI
was directly compared to MOLLI in
patients over a wide range of T1
times and heart rates both at 1.5 and
3T. The results showed that despite
an increase in noise and slight increase
in the coefficient of variation (especially at 1.5T), T1 times were not significantly different using ShMOLLI
with the advantage of much shorter
acquisition times (9.0 ± 1.1 sec versus
17.6 ± 2.9 sec). An example of MOLLI
and ShMOLLI images from the same
patient is presented in Figure 2.
Up to now, after acquiring images
for T1 mapping, one had to analyze

them using in-house developed software, dedicated commercial programs or open-source solutions [19],
not always a simple and routine task,
leading to difficulty in post-processing the data and generating T1 values.
Recent advances have provided new
inline processing techniques that will
generate the T1 maps automatically
after image acquisition with MOLLI,
without the need for further post-processing, accelerating the whole process. An example of such automated
T1 map is presented in Figure 3. At
the same time, inline application of
motion correction permits more accurate pixel-wise maps, avoiding errors
due to respiratory deviations. An
example of an image with and without motion correction is presented
in Figure 4.

Clinical applications
Potentially, T1 mapping can be used
to assess any disease that affects the
myocardium promoting diffuse fibrosis. However, because of its recent
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4A
4
Example of a
MOLLI sequence
obtained without
(4A) and with (4B)
motion correction.
Notice the
deviation from
baseline of the left
ventricle during
the image acquisition cycle, fully
corrected in (4B).

4B

development, the technique has only
been evaluated on a small number of
patients although the clinical scenarios are varied.
The first clinical description of direct
T1 mapping in pathological situations was done in patients with acute
myocardial infarction [20]. While the
authors did not use the described
MOLLI sequence, they did note that
pre-contrast infarct areas had an
18 ± 7% increase in T1 times compared to normal myocardium and that
after contrast the same areas showed
a 27 ± 4% reduction compared to noninfarcted areas (P < 0.05 for both).
In chronic myocardial infarction,
where LGE has proven so useful, these
changes were also observed although
differences were not as pronounced
as in the acute setting [21].
In amyloidosis, post-contrast T1 times
were also detected to be shorter in
the subendocardial regions compared
to other myocardium areas [22]. The
combination of both LGE identification and T1 times < 191 msec in the
subendocardium at 4 minutes provided a 97% concordance in diagnosis
of cardiac amyloidosis and T1 values
significantly correlated to markers of
amyloid load such as left ventricular
mass, wall thickness, interatrial thickness and diastolic function.
In valve disease, an attempt to show
differences in T1 values in patients
with chronic aortic regurgitation using
MOLLI sequence did not find any
changes in the overall group before
14

or after contrast [23]. However, the
authors did notice that differences
were observed regionally in segments
that demonstrated impaired wall
motion in cine images. The small number of patients (n = 8) in the study
might have affected the conclusions
and further evaluation of similar data
might yield other conclusions. A more
recent study showed that, using equilibrium contrast CMR, diffuse fibrosis
measured in aortic stenosis patients
provided significant correlations to
quantification on histology [24].
In heart failure, the use of T1 mapping has been more widely studied
and directly correlated to histology
evaluation [11]. In this paper, the
authors evaluated patients with ischemic, idiopathic and restrictive cardiomyopathies showing that postcontrast T1 times at 1.5T were
significantly shorter than controls
even after exclusion of areas of LGE
(429 ± 22 versus 564 ± 23 msec,
P < 0.0001). We have investigated
a similar group of patients on a 3T
MAGNETOM Verio scanner and have
found that both dilated and hypertrophic cardiomyopathy patients have
lower post-contrast T1 times compared to controls, but non-infarcted
areas from ischemic cardiomyopathy
patients do not show significant
differences (unpublished data).
Examples of a myocardial T1 map at
3T from a patient with dilated cardiomyopathy and suspected hypertrophic cardiomyopathy are seen in Figure 5 and 6 respectively.
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Finally, in patients with both type 1
and 2 diabetes melitus, T1 mapping
using CMR was able to show that these
patients may have increased interstitial
fibrosis compared to controls as T1
times were significantly shorter (425 ±
72 msec versus 504 ± 34 msec,
P < 0.001) and correlated to global
longitudinal strain by echocardiography,
demonstrating impaired myocardial
systolic function.

Nevertheless, with the current techniques available there are already much
more clinical applications to explore
and certainly quantitative T1 mapping
will become one of the key applications in CMR in the near future.

Future directions
Certainly with the research of T1
mapping in different clinical scenarios
the applicability of the method will
increase substantially. In the meantime, more effort has been made to
further standardize values across different patients and time points. As T1
time, especially after injection of contrast, depends on both physiologic and
scan acquisitions, methods have been
described to account for these factors,
with normalization of T1 values [25].
More than that, standardization of
normal values across a larger number
of normal individuals is also necessary
since most papers provide data on
much reduced cohorts, mostly limited
to single center data. In that regard,
a large multicenter registry is already
collecting data at 3T in patients from
20 to 80 years of age in Latin America
[Fernandes JL et al. – www.clinicaltrials.gov – NCT01030549]. Besides that,
other techniques are under development that might allow T1 measurement
with larger coverage of the heart using
3D methods [26].
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T1 mapping at 3T after contrast of a patient with (5A) dilated cardiomyopathy (T1 of 507 ms) in comparison
to (5B) a control patient (T1 of 615 ms).

6A

6B
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Introduction
Left ventricular (LV) ejection fraction
is one of the most important measures
in cardiology and part of every cardiac imaging evaluation as it is recognized as one of the strongest predictors of outcome [1]. It allows to assess
the effect of established or novel
treatments [2], and it is crucial for

decision making [3] e.g. to start [4]
or stop [5] specific drug treatments
or to implant devices [6]. CMR is
generally accepted as the gold standard method to yield most accurate
measures of LV ejection fraction and
LV volumes. This capability and the
additional value of CMR to character-

ize pathological myocardial tissue was
the basis to assign a class 1 indication
for patients with known or suspected
heart failure to undergo CMR in the
new Heart Failure Guidelines of the
European Society of Cardiology [3].

The evaluation of LV volumes and LV
ejection fraction are based on welldefined protocols [7] and it involves
the acquisition of a stack of LV short
axis cine images from which volumes
are calculated by applying Simpson’s
rule. These stacks are typically acquired
in multiple breath-holds. Quality criteria [8] for these functional images are
available and are implemented e.g.
for the quality assessment within the
European CMR registry which currently
holds approximately 33,000 patients
and connects 59 centers [9].
Recently, compressed sensing (CS)
techniques emerged as a means to
considerably accelerate data acquisition without compromising significantly image quality. CS has three
requirements:
1) transform sparsity,
2) incoherence of undersampling
artifacts, and
3) nonlinear reconstruction (for
details, see below).
Based on these prerequisites, a CS
approach for the acquisition of cardiac
cine images was developed and
tested*. In particular, the potential to
acquire several slices covering the
heart in different orientations within

1
1
1

Display of the
planning of the
7 slices (4 short
axis and 3 long
axis slices)
acquired within
a single breathhold with the
three localizers.

*Work in progress: The product is still under
development and not commercially available
yet. Its future availability cannot be ensured.

2A
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Such a pulse sequence would also
offer the advantage to obtain functional information in at least a single
plane in patients unable to hold their
breath for several heartbeats or in
patients with frequent extrasystoles
or atrial fibrillation. However, it should
be mentioned that accurate quantitative measures of LV volumes and
function cannot be obtained in highly
arrhythmic hearts or in atrial fibrillation, as under such conditions volumes and ejection fraction change
from beat to beat due to variable filling conditions. Nevertheless, rough
estimates of LV volumes and function
would still be desirable in arrhythmic
patients.

In a group of healthy volunteers and
patients with different LV pathologies, the novel single-breath-hold CS
cine approach was compared with
the standard multi-breath-hold cine
technique with respect to measure
LV volumes and LV ejection fraction.

The CV_sparse
work-in-progress (WIP)
The CV_sparse WIP package implements sparse, incoherent sampling
and iterative reconstruction for cardiac applications. This method in
principle allows for high acceleration
factors which enable triggered 2D
real-time cine CMR while preserving
high spatial and/or temporal resolution of conventional cine acquisitions. Compressed sensing methods
exploit the potential of image compression during the acquisition of
raw input data. Three components
[10] are crucial for the concept of
compressed sensing to work
I. Sparsity: In order to guarantee
compressibility of the input data,
sparsity must be present in a specific
transform domain. Sparsity can be
computed e.g. by calculating differences between neighboring pixels
or by calculating finite differences in
angiograms which then detect primarily vessel contours which typically
represent a few percent of the

2B

2

18

a single breath-hold would allow to
apply model-based analysis tools
which theoretically could improve the
motion assessment at the base of the
heart, where considerable throughplane motion on short-axis slices can
introduce substantial errors in LV
volume and LV ejection fraction calculations. Conversely, with a multibreath-hold approach, there are typically small differences in breath-hold
positions which can introduce errors
in volume and function calculations.
The pulse sequence tested here
allows for the acquisition of 7 cine
slices within 14 heartbeats with an
excellent temporal and spatial
resolution.

Displays of the data analysis tools for the conventional short axis stack of cine images covering the entire LV (2A) and the 4D
analysis tool (2B), which is model-based and takes long axis shortening of the LV, i.e. mitral annulus motion into account.
Note that with both analysis tools, LV trabeculations are included into the LV volume, particularly in the end-diastolic images
(corresponding images on the left of top row in 2A and 2B).
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3

Standard cine
9 heartbeats

3

CV_SPARSE
3 heartbeats

CV_SPARSE
2 heartbeats

CV_SPARSE
1 heartbeat

Examples of visualization of small trabecular structures in the LV (in the rectangle) with the standard cine SSFP sequence (image
on the left) and the accelerated compressed sensing sequences (images on the right). Despite increasing acceleration most information on small intraluminal structures remains visible.

entire image data only. Furthermore,
sparsity is not limited to the spatial
domain: the acquisition of cine
images of the heart can be highly
sparsified in the temporal dimension.
II. Incoherent sampling: The aliasing artifacts due to k-space undersampling must be incoherent, i.e.
noise-like, in that transform domain.
Here, it is to mention that fully random k-space sampling is suboptimal
as k-space trajectories should be
smooth for hardware and physiological considerations. Therefore, incoherent sampling schemes must be
designed to avoid these concerns
while fulfilling the condition of random, i.e. incoherent sampling.
III. Reconstruction: A non-linear iterative optimization corrects for subsampling artifacts during the process
of image reconstruction yielding to a
best solution with a sparse
representation in a specific transform
domain and which is consistent with
the input data. Such compressed
sensing techniques can also be combined with parallel imaging techniques [11].

20

WIP CV_sparse Sequence
The current CV_sparse sequence [12]
realizes incoherent sampling by
initially distributing the readouts
pseudo-randomly on the Cartesian
grid in k-space. In addition, for
cine-CMR imaging, a pseudo-random
offset is applied from frame-to-frame
which results in an incoherent temporal jitter. Finally, a variable sampling density in k-space stabilizes
the iterative reconstruction. To avoid
eddy current effects for balanced
steady-state free precession (bSSFP)
acquisitions, pairing [13] can also be
applied. Thus, the tested CV_sparse
sequence is characterized by sparse,
incoherent sampling in space and
time, non-linear iterative reconstruction integrating SENSE, and L1 wavelet regularization in the phase encoding direction and/or the temporal
dimension. With regard to reconstruction, the ICE program runs a non-
linear iterative reconstruction with
k-t regularization in space and time
specifically modified for compressed
sensing. The algorithm derives from
a parallel imaging type reconstruction which takes coil sensitivity maps
into account, thus supporting predominantly high acceleration factors.
For cine CMR, no additional reference
scans are needed because – similar
to TPAT – the coil sensitivity maps are
calculated from the temporal average
of the input data in a central region
of k-space consisting of not more
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than 48 reference lines. The extensive calculations for image reconstruction typically running 80 iterations are performed online on all
CPUs on the MARS computer in parallel, in order to reduce reconstruction
times.

Volunteer and Patient
studies
In order to obtain insight into the
image quality of single-breath-hold
multi-slice cine CMR images acquired
with the compressed sensing (CS)
approach, we studied a group of
healthy volunteers and a patient
group with different pathologies of
the left ventricle. In addition to the
evaluation of image quality, the
robustness and the precision of the
CS approach for LV volumes and LV
ejection fraction was also assessed in
comparison with a standard high-
resolution cine CMR approach. All CMR
examinations were performed on a
1.5T MAGNETOM Aera (Siemens
Healthcare, Erlangen, Germany). The
imaging protocol consisted of a set
of cardiac localizers followed by the
acquisition of a stack of conventional
short-axis SSFP cine images covering
the entire LV with a spatial and tem-

poral resolution of 1.2 x 1.6 mm2,
and approximately 40 ms, respectively
(slice thickness: 8 mm; gap between
slices: 2 mm). LV 2-chamber, 3-chamber, and 4-chamber long-axis acquisitions were obtained for image quality
assessment but were not used for LV
volume quantifications. As a next step,
to test the new CS-based technique,
slice orientations were planned to cover
the LV with 4 short-axis slices distributed evenly over the LV long axis complemented by 3 long-axis slices (i.e. a
2-chamber, 3-chamber, and 4-chamber
slice) (Fig. 1). These 7 slices were
then acquired in a single breath-hold
maneuver lasting 14 heart beats (i.e.
2 heart beats per slice) resulting in an
acceleration factor of 11.0 with a temporal and spatial resolution of 30 ms
and 1.5 x 1.5 mm2, respectively (slice
thickness: 6 mm). As the reconstruction algorithm is s usceptible to aliasing
in the phase-encoding direction, the
7 slices were first acquired with a noncine acquisition to check for correct
phase-encoding directions and, if
needed, to adjust the field-of-view

The conventional stack of cine SSFP
images was analyzed by the Argus
software (Siemens Argus 4D Ventricular Function, Fig. 2A). The CS cine
data were analyzed by the 4D-Argus
software (Siemens Argus, Fig. 2B).
Such software is based on an LV
model and, with relatively few operator interactions, the contours for the
LV endocardium and epicardium are
generated by the analysis tool. Of
note, this 4D analysis tool automatically tracks the 3-dimensional motion
of the mitral annulus throughout the
cardiac cycle which allows for an
accurate volume calculation particularly at the base of the heart.

4

RCA

4
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to avoid fold-over artifacts. After
confirmation of correct imaging
parameters, the 7-slice singlebreath-hold cine CS-acquisition was
performed. In order to obtain a reference for the LV volume measurement,
a phase-contrast flow measurement
in the ascending aorta was performed to be compared with the
LV stroke volumes calculated from
the standard and CS cine data.

Example demonstrating the performance of the compressed sensing
technique visualizing small structures such as the right coronary artery
(RCA) with high temporal and spatial resolution acquired within 2 heartbeats. Short-axis view of the base of the heart (1 out of 17 frames).
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Results and discussion
Image quality – robustness
of the technique
Overall, a very good image quality
of the single-breath-hold multi-slice
CS acquisitions was obtained in the
12 volunteers and 14 patient studies.
All CS data sets were of adequate
quality to undergo 4D analysis. Small
structures such as trabeculations
were visualized in the CS data sets
as shown in Figures 3 and 4. However,
very small structures, detectable by
the conventional cine acquisitions,
were less well discernible by the CS
images. Therefore, it should be mentioned here, that this accelerated
single-breath-hold CS approach would
be adequate for functional measurements, i.e. LV ejection fraction
assessment (see also results below),
whereas assessment of small structures as present in many cardiomyopathies is more reliable when performed on conventional cine images.
Temporal resolution of the new technique appears adequate to even
detect visually the dyssynchroneous
contraction pattern in left bundle
branch block. Also, the image contrast between the LV myocardium
and the blood pool was high on the
CS images allowing for an easy
assessment of the LV motion pattern.
As a result, the single-breath-hold
cine approach permits to reconstruct
the LV in 3D space with high temporal resolution as illustrated in Figure
5. Since these data allow to correctly
include the 3D motion of the base
of the heart during the cardiac cycle,
the LV stroke volume appears to be
measurable by the CS approach with
higher accuracy than with the conventional multi-breath-hold approach
(see results below). With an accurate
measurement of the LV stroke volume, the quantification of a mitral
insufficiency should theoretically benefit (when calculating mitral regurgitant volume as ‘LV stroke volume
minus aortic forward-flow volume’).
As a current limitation of the CS
approach, its susceptibility for foldover artifacts should be mentioned
(Figs. 6A). Therefore, the field-ofview must cover the entire anatomy
and thus, some penalty in spatial res-
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olution may occur in relation to the
patient’s anatomy. In addition, the
sparsity in the temporal domain may
be limited in anatomical regions of
very high flow, and therefore, in
some acquisitions, flow-related artifacts occurred in the phase-encoding
direction during systole (Figs. 6B, C).
Also, in its current version, the
sequence is prospective, thus it does
not cover the very last phases of the
cardiac cycle and the reconstruction
times for the CS images lasted several minutes precluding an immediate
assessment of the image data quality
or using this image information to
plan next steps of a CMR examination.

Cardiovascular Imaging Clinical

Performance of the singlebreath-hold CS approach in
comparison with the standard multi-breath-hold cine
approach
From a quantitative point-of-view,
the accurate and reliable measurement of LV volumes and function is
crucial as many therapeutic decisions
directly depend on these measures
[3–6]. In this current relatively small
study group, LV end-diastolic and
end-systolic volumes measured by
the single-breath-hold CS approach
were comparable with those calculated from the standard multi-breath-

5A

5B

5C

5D

hold cine SSFP approach. LVEDV and
LVESV differed by 10 ml ± 17 ml and
2 ml ± 12 ml, respectively. Most importantly, LV ejection fraction differed
by only 1.3 ± 4.7% (50.6% vs 49.3%
for multi-breath-hold and single-breathhold, respectively, p = 0.17; regression: r = 0.96, p < 0.0001; y = 0.96x +
0.8 ml). Thus, it can be concluded that
the single-breath-hold CS approach
could potentially replace the multibreath-hold standard technique for the
assessment of LV volumes and systolic
function.

What about the accuracy of
the novel single-breath-hold
CS technique?
To assess the accuracy of the LV volume measurements, LV stroke volume
was compared with the LV output
measured in the ascending aorta with
phase-contrast MR. As the flow measurements were performed distally to
the coronary arteries, flow in the coronaries was estimated as the LV mass
multiplied by 0.8 ml/min/g. An excellent agreement was found with a
mean of 86.8 ml/beat for the aortic
flow measurement and 91.9 ml/beat
for the LV measurements derived
from the single-breath-hold CS data
(r = 0.93, p < 0.0001). By Bland-Altman
analysis, the stroke volume approach
overestimated by 5.2 ml/beat versus
the reference flow measurement. For
the conventional stroke volume measurements, this difference was 15.6
ml/beat (linear regression analysis vs
aortic flow: r = 0.69, p < 0.01). More
importantly, the CS LV stroke data were
not only more precise with a smaller
mean difference, the variability of the
CS data vs the reference flow data was
less with a standard deviation as low
as 6.8 ml/beat vs 12.9 ml/beat for the
standard multi-breath-hold approach
(Fig. 7). Several explanations may apply
for the higher accuracy of the singlebreath-hold multi-slice CS approach in
comparison to the conventional multibreath-hold approach:
1) With the single-breath-hold
approach, all acquired slices are correctly co-registered, i.e. they are correctly aligned in space, a prerequisite
for the 4D-analysis tool to work
properly.

6A
6A
A typical fold-over
artifact along the
phase-encoding
direction in a short
axis slice, oriented
superior-inferior for
demonstrative
purpose.

6B

6B

No flow-related
artifacts are
visible on the
end-diastolic
phases, while
small artifacts in
phase-encoding
direction (Artif,
arrows) occur in
mid-systole
projecting over
the mitral valve
(6C).

6C

2) This 4D-analysis tool allows for an
accurate tracking of the mitral valve
plane motion during the cardiac cycle
as shown in Figure 5, which is important as the cross-sectional area of the
heart at its base is large and thus, inaccurate slice positioning at the base of

Artif
5

22

Display of the 3D reconstruction derived from the 7 slices acquired within a single breath-hold. Note the long-axis shortening of the
LV during systole allowing for accurate LV volume measurements (5A, 5B, yellow plane). Any orientation of the 3D is available for
inspection of function (5A–D).
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7
7

LV stroke volume: comparison vs aortic forward flow

An excellent correlation is obtained for
the LV stroke volume
calculated from the
compressed sensing
data with the flow
volume in the aorta
measured by phasecontast technique.
Variability of the
conventional LV
stroke volume data
appears higher than
for the compressed
sensing data.

130

ml/beat (LV stroke volume)

120
110
100
90

1.) cardiac function and tissue characterization, specifically to better understand diastolic dysfunction,
2.) the development of MR-compatible
cardiac devices such as pacemakers
and ICDs;
3.) the utilization of hyperpolarized
13
C-carbon contrast media to investigate metabolism in the heart, and

80

CS technique
70

Standard technique

60
50

60

70

80

90

100

110

120

training in CMR to cardiologists and
radiologists, and to pursue research.
In the CMR center education is provided for two specialties while focusing on one organ system. Traditionally,
radiologists have focussed on using
one technique for different organs,
while cardiologists have concentrated
on one organ and perhaps one technique. Now in the CMR center the
focus is put on a combination of specialists with different background on
one organ. Research at the CMR center
is devoted to four major areas: the
study of

130

ml/beat (aortic forward flow by PC)

4.) the development of 19F-fluorinebased CMR techniques to detect
inflammation and to label and track
cells non-invasively.
For the latter two topics, the CMR
center established tight collaborations with the Center for Biomedical
Imaging (CIBM), a network around
Lake Geneva that includes the Ecole
Polytechnique Fédérale de Lausanne
(EPFL), and the universities and university hospitals of Lausanne and
Geneva. In particular, strong collaborative links are in place with the
CVMR team of Prof. Matthias Stuber,
a part of the CIBM and located at the
University Hospital Lausanne and
with Prof. A. Comment, with whom
we perform the studies on real-time
metabolism based on the 13C-carbon
hyperpolarization (DNP) technique.
In addition, collaborative studies are
ongoing with the Heart Failure and
Cardiac Transplantation Unit led by
Prof. R. Hullin (detection of graft
rejection by tissue characterization)

and the Oncology Department led
by Prof. Coukos (T cell tracking by
19
F-MRI in collaboration with Prof.
Stuber, R. van Heeswijk, CIBM, and
Prof. O. Michielin, Oncology). This
structure allows for a direct interdisciplinary interaction between physicians, engineers, and basic scientists
on a daily basis with the aim to
enable innovative research and fast
translation of these techniques from
bench to bedside.
The CMRC is also the center of competence for the quality assessment of
the European CMR registry which
holds currently approximately 33,000
patient studies acquired in 59 centers
across Europe.
The members of the CRMC team are:
Prof. J. Schwitter (director of the
center), PD Dr. X. Jeanrenaud, Dr. D.
Locca, MER, Dr. P. Monney, Dr. T.
Rutz, Dr. C. Sierro, and Dr. S. Koestner (cardiologists, staff members),

LV short-axis slice: CV_SPARSE
the heart with conventional shortaxis slices typically translate in
relatively large errors. Nevertheless,
we observed a systematic overestimation of the stroke volume by the
CS approach of 5.2 ml/beat in comparison to the flow measurements.
In normal hearts with tricuspid aortic
valves, an underestimation of aortic
flow by the phase-contrast technique
is very unlikely [14]. Thus, overestimation of stroke volume by the volume
approach is to consider. In the volume contours, the papillary muscles
are excluded as illustrated in Figure 8.
As these papillary muscles are excluded
in both the diastolic and systolic contours, this aspect should not affect
net LV stroke volume. However, as
shown in Figure 8, smaller trabeculations of the LV wall are included into
the LV blood pool contour in the
diastolic phase, while these trabecu-

24

lations, when compacted in the
end-systolic phase, are excluded from
the blood pool resulting in a small
overestimation of the end-diastolic
volume, and thus, LV stroke volume.
This explanation is likely as Van
Rossum et al. demonstrated a slight
underestimation of the LV mass when
calculated on end-diastolic phases
versus end-systolic phases, as trabeculations in end-diastole are typically
excluded from the LV walls [15].

Testing of this very fast multi-slice cine
approach for the atria and the right
ventricle is currently ongoing. Finally,
these preliminary data show that compressed sensing MR acquisitions in
the heart are feasible in humans and
compressed sensing might be implemented for other important cardiac
sequences such as fibrosis/viability
imaging, i.e. late gadolinium enhancement, coronary MR angiography, or
MR first-pass perfusion.

In summary, this novel very fast
acquisition strategy based on a CS
technique allows to cover the entire
LV with high temporal and spatial
resolution within a single breath-hold.
The image quality based on these
preliminary results appears adequate
to yield highly accurate measures
of LV volumes, LV stroke volume,
LV mass, and LV ejection fraction.

The Cardiac MR Center of the
University Hospital Lausanne
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The Cardiac Magnetic Resonance Center
(CRMC) of the University Hospital of
Lausanne (Centre Hospitalier Universitaire Vaudois; CHUV) was established
in 2009. The CMR center is dedicated
to high-quality clinical work-up of cardiac patients, to deliver state-of-the-art
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8A

8B

End-diastolic frame
8

End-systolic frame

Overestimation of end-diastolic LV volumes by volumetric measurements. In comparison to ejected blood from the LV as measured
with phase-contrast techniques, the volumetric measurements of LV stroke volume overestimated by approximately 5 ml, most
likely by overestimation of LV end-diastolic volume. Small trabculations (yellow contours in 8A) are included into the LV blood
volume (red contour in 8A) in diastole, while these trabeculations (yellow contours in 8B) are typically included in the end-systolic
phase (red contours in 8B). For the same reasons, LV mass (= green contour minus red contour) is often slightly underestimated in
diastole vs systole.
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Dr. G. Vincenti (cardiologist) and
Dr. N. Barras (cardiologist in training,
rotation), PD. Dr. S. Muzzarellli (affiliated cardiologist), Prof. C. Beigelman
and Dr. X. Boulanger (radiologists,
staff members), Dr. G.L. Fetz (radiologist in training, rotation), C. Gonzales, PhD (19F-fluorine project leader),
H. Yoshihara, PhD (13C-carbon project
leader), V. Klinke (medical student,
doctoral thesis), C. Bongard (medical
student, master thesis), P. Chevre
(chief CMR technician), and F. Recordon and N. Lauriers (research
nurses).
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Introduction
Cine MRI of the heart is widely
regarded as the gold standard for
assessment of left ventricular volume
and myocardial mass and is increasingly utilized for assessment of cardiac anatomy and pathology as part
of clinical routine. Conventional cine
imaging approaches typically require
1 slice per breath-hold, resulting in
lengthy protocols for complete cardiac
coverage. Parallel imaging allows
some shortening of the acquisition
time, such that 2–3 slices can be
acquired in a single breath-hold. In
cardiac cine imaging artifacts become
more prevalent with increasing acceleration factor. This will negatively
impact the diagnostic utility of the
images and may reduce accuracy of
quantitative measurements. However,
regularized iterative reconstruction

techniques can be used to considerably improve the images obtained
from highly undersampled data. In
this work, L1-regularized iterative
SENSE as proposed in [1] was applied
to reconstruct under-sampled k-space
data. This technique* takes advantage of the de-noising characteristics
of Wavelet regularization and promises to very effectively suppress subsampling artifacts. This may allow for
high acceleration factors to be used,
while diagnostic image quality is
preserved.
The purpose of this study was to
compare segmented cine TrueFISP
images from a group of volunteers
and patients using three acceleration
and reconstruction approaches: iPAT
factor 2 with conventional reconstruction; T-PAT factor 4 with conven-

tional reconstruction; and T-PAT factor
4 with iterative k-t-sparse SENSE
reconstruction.

Technique
Cardiac MRI seems to be particularly
well suited to benefit from a group of
novel image reconstruction methods
known as compressed sensing [2]
which promise to significantly speed
up data acquisition. Compressed
sensing methods were introduced to
MR imaging [3, 4] just a few years
ago and have since been successfully
combined with parallel imaging [5,
6]. Such methods try to utilize the
*Work in progress: The product is still
under development and not commercially
available yet. Its future availability cannot
be ensured.

Table 1: MRI conventional and iterative imaging parameters
Parameters

Conventional iPAT 2

Conventional T-PAT 4

Iterative T-PAT 4

Iterative recon

No

No

Yes

Parallel imaging

iPAT2 (GRAPPA)

TPAT4

TPAT4

TR/TE (ms)

3.2 / 1.6

3.2 / 1.6

3.2 / 1.6

Flip angle (degrees)

70

70

70

Pixel size (mm2)

1.9 × 1.9

1.9 × 1.9

1.9 × 1.9

Slice thickness (mm)

8

8

8

Temp. res. (msec)

38

38

38

Acq. time (sec)

7

3.2

3.2
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3

12

5
10

Scan Time (sec)

4
8

6

4

2

0
Conventional iPAT 2

1

2

Conventional T-PAT 4

Iterative T-PAT 4

Single slice scan time in patients and volunteers. There was a statistically
significant reduction in scan time compared to the standard iPAT2 for both
TPAT4 acceleration and iterative reconstruction TPAT4 acceleration.

65,00

Ejection Fraction (%)

60,00

55,00

50,00

45,00

40,00
Conventional iPAT 2

2

Conventional T-PAT 4

Iterative T-PAT 4

Ejection fraction in volunteers. Quantitatively measured ejection fractions
were comparable across all three techniques.

full potential of image compression
during the acquisition of raw input
data. In the case of highly subsampled input data, a non-linear iterative
optimization avoids sub-sampling
artifacts during the process of image
reconstruction. The resulting images
represent the best solution consistent with the input data, which have
a sparse representation in a specific
transform domain. In the most favorable case, residual artifacts are not
visibly perceptible or are diagnostically irrelevant.
28
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As outlined by Liu et al. in [1], the
image reconstruction can be formulated as an unconstrained optimization
problem. In the current implementation, this optimization is solved using
a Nesterov-type algorithm [7]. The
L1-regularization with a redundant
Haar transform is efficiently solved
using a Dykstra-type algorithm [8].
This allowed a smooth integration into
the current MAGNETOM platform and,
therefore, facilitates a broad clinical
evaluation.

Materials and methods
Nine healthy human volunteers
(57.4 male/56.7 female) and
20 patients (54.4 male/40.0 female)
with suspected cardiac disease were
scanned on a 1.5T MAGNETOM Aera
system under an approved institutional
review board protocol. All nine volunteers and 16 patients were imaged
using segmented cine TrueFISP
sequences with conventional GRAPPA
factor 2 acceleration (conventional
iPAT 2) T-PAT factor 4 acceleration
(conventional T-PAT 4), and T-PAT factor
4 acceleration with iterative k-t-sparse
SENSE reconstruction (iterative
T-PAT 4). The remaining 4 patients
were scanned using only conventional
iPAT 2 and iterative T-PAT 4 techniques.
Note that the iterative technique is
fully integrated into the standard
reconstruction environment.
The imaging parameters for each
imaging sequence are provided in
Table 1. All three sequences were run
in 3 chamber and 4 chamber views,
as well as a stack of short axis slices.
Quantitative analysis was performed
on all volunteer data sets at a syngo
MultiModality Workplace (Leonardo)
using Argus post-processing software
(Siemens Healthcare, Erlangen,
Germany) by an experienced cardiovascular MRI technician. Ejection fraction, end-diastolic volume, end-systolic
volume, stroke volume, cardiac output, and myocardial mass were calculated. In all volunteers and patients,
Reprinted from MAGNETOM Flash 5/2013

Discussion

3
2
1

0
Quality
Standard iPAT 2

3

Noise
T-PAT 4 Acceleration

Artifact
Iterative Reconstruction T-PAT 4 Accel.

Qualitative scores in patients and volunteers. Image quality was highest and
noise and artifact were lowest with iterative T-PAT 4 and conventional iPAT 2
compared to conventional T-PAT 4.

blinded qualitative scoring was performed by a radiologist using a 5 point
Likert scale to assess overall image
quality (1 – non diagnostic; 2 – poor;
3 – fair; 4 – good; 5 – excellent).
Images were also scored for artifact
and noise (1 – severe; 2 – moderate;
3 – mild; 4 – trace; 5 – none).
All continuous variables were compared between groups using an
unpaired t-test, while ordinal qualitative variables were compared using
a Wilcoxon signed-rank test.

Results
All images were acquired successfully
and image quality was of diagnostic
quality in all cases. The average scan
time per slice for conventional iPAT 2,
conventional T-PAT 4 and iterative
T-PAT 4 were for patients 7.7 ± 1.5 sec,
5.6 ± 1.5 sec and 2.9 ± 1.5 sec and
for the volunteers 9.8 ± 1.5 sec, 3.2 ±
1.5 sec and 3.0 ± 1.5 sec, respectively.
The results in scan time are illustrated
in Figure 1. In both patients and volunteers, conventional iPAT 2 were significantly longer than both conventional
T-PAT 4 and iterative T-PAT 4 techniques
(p < 0.001 for each group).
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The results for ejection fraction (EF)
for all three imaging techniques are
provided in Figure 2. The average EF
for conventional T-PAT 4 was slightly
lower than that measured for conventional iPAT 2 and iterative T-PAT,
but the group size is relatively small
(9 subjects) and this difference was
not significant (p = 0.34 and p = 0.22
respectively).There was no statistically significant difference in ejection
fraction between the conventional
iPAT 2 and the iterative T-PAT 4
sequences (p = 0.48).
The results for image quality, noise
and artifact are provided in Figure 3.
The iterative T-PAT 4 images had comparable image quality, noise and artifact scores compared to the conventional iPAT 2 images. The conventional
T-PAT 4 images had lower image quality, more artifacts and higher noise
compared to the other techniques.
Figures 4 and 5 show an example of
4-chamber and mid-short axis images
from all three techniques in a patient
with basal septal hypertrophy. In both
series’, the conventional iPAT 2 and
iterative T-PAT 4 images are comparable in quality, while the conventional
T-PAT 4 image is visibly noisier.

This study compares a novel accelerated segmented cine TrueFISP technique to conventional iPAT 2 cine
TrueFISP and T-PAT 4 cine TrueFISP in
a cohort of normal subjects and
patients. The iterative reconstruction
technique provided comparable measurements of ejection fraction to the
clinical gold standard (conventional
iPAT 2). The accelerated segmented
cine TrueFISP with T-PAT 4, which
was used as comparison technique,
produced slightly lower EF values
compared to the other techniques,
although this was not found to be
statistically significant. The iterative
reconstruction produced comparable
image quality, noise and artifact
scores to the conventional reconstruction using iPAT 2. The conventional
T-PAT 4 technique had lower image
quality and higher noise scores compared to the other two techniques.
The iterative T-PAT 4 segmented cine
technique allows for greater than
50% reduction in acquisition time for
comparable image quality and spatial
resolution as the clinically used iPAT 2
cine TrueFISP technique. This iterative technique could be extended to
permit complete heart coverage in
a single breath-hold thus greatly simplifying and shortening routine clinical cardiac MRI protocols, which has
been one of the biggest obstacles to
wide acceptance of cardiac MRI. With
a shorter cine acquisition, additional
advanced imaging techniques, such
as perfusion and flow, can be more
readily added to patient scans within
a reasonable protocol length.
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There are currently some limitations
to the technique. Firstly, the use of
SENSE implies that aliasing artifacts
can occur if the field-of-view is
smaller than the subject, which is
sometimes difficult to avoid in the
short axis orientation. But a solution
to this is promised to be part of a
future release of the current prototype. Secondly, the image reconstruction times of the current implementation seems to be prohibitive for
routine clinical use. However,
we anticipate future algorithmic

improvements with increased computational power to reduce the reconstruction time to clinically acceptable
values.

4A

4B

Of course, iterative reconstruction
techniques are not just limited to
cine imaging of the heart. Future
work may see this technique applied
to time intense techniques such as
4D flow phase contrast MRI and 3D
coronary MR angiography, making
them more clinically applicable.
Furthermore, higher acceleration
rates might be achieved by using an
incoherent sampling pattern [9].

With sufficiently high acceleration, the
technique can also be used effectively
for real time cine cardiac imaging in
patients with breath-holding difficulties or arrhythmia. Figure 6 shows that
real-time acquisition with T-PAT 6 and
k-t iterative reconstruction still results
in excellent image quality.

6A

6B

In conclusion, cine TrueFISP of the
heart with inline k-t-sparse iterative
reconstruction is a promising technique for obtaining high quality cine
images at a fraction of the scan time
compared to conventional techniques.

4C

6

Real-time cine TrueFISP T-PAT 6 images reconstructed using (6A) conventional, and (6B) iterative techniques.
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Four chamber cine TrueFISP from a normal volunteer. (4A) Conventional iPAT 2, acquisition time 8 s. (4B) Conventional
T-PAT 4, acquisition time 3 seconds. (4C) Iterative T-PAT 4, acquisition time 3 seconds.

5C

End-systolic short axis cine TrueFISP images from a patient with a history of myocardial infarction. A metal artifact from a previous
sternotomy is noted in the sternum. There is wall thinning in the inferolateral wall with akinesia on cine views, consistent with
an old infarct in the circumflex territory. (5A) Conventional iPAT 2, (5B) conventional T-PAT 4, (5C) iterative T-PAT 4.
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Combined 18F-FDG PET and MRI Evaluation
of a case of Hypertrophic Cardiomyopathy
Using Simultaneous MR-PET

Patient history

Department of Nuclear Medicine, Yeungnam University Hospital, Daegu, South Korea

Introduction
Hypertrophic cardiomyopathy (HCM)
is a common condition causing left
ventricular outflow obstruction, as
well as cardiac arrhythmias. Cardiac
MRI is a key modality for evaluation
of HCM. Apart from estimating left
ventricular (LV) wall thickness, LV
function and aortic flow, MRI is capable of estimating the late gadolinium
enhancement in affected myocardium,
which has been shown to have a
direct correlation with incidence and

severity of arrhythmias in HCM [1].
In patients with HCM, late gadolinium
enhancement (LGE) on CE-MRI is presumed to represent intramyocardial
fibrosis. PET myocardial perfusion
studies have shown slight impairment
of myocardial blood flow with pharmacological stress in hypertrophic
myocardium in HCM, presumably
related to microvascular disease [2].
18
F-FDG PET has been sporadically
studied in HCM, mostly for evalua-

tion of the metabolic status of the
hypertrophic myocardial segment, especially after interventions such as transcoronary ablation of septal hypertrophy (TASH) [3] or to demonstrate
partial myocardial fibrosis [4]. This
clinical example illustrates the value of
integrated simultaneous 18F-FDG PET
and MRI acquisition performed on the
Biograph mMR system.

End Diastole
1A

1B

End Systole
1C

The patient was injected with 10 mCi
F- FDG following glucose loading.
Simultaneous MR-PET study performed on a Biograph mMR was
started one hour following tracer
injection. Following standard Dixon
sequence acquisition for attenuation
correction, the comprehensive cardiac MRI sequences were acquired
including MR perfusion after Gd contrast infusion, as well as post contrast
late Gd enhancement studies. Static
18
F-FDG PET was acquired simultaneously during the MRI acquisition.
18

1

3
1D

1E

2

2
1F

1G

3

1

32

End Systole

2-chamber view

2B

2C

2D

2
End diastolic
and end
systolic views
of 2-chamber
and 4-chamber
views obtained
from gated cine
TrueFISP acquisitions showing
thickness of
the asymmetric
septal hypertrophy (white
arrow).

Discussion
The late Gd enhancement within
the hypertrophic septum along with
the non-uniform glucose metabolism
demonstrated by the patchy 18F-FDG
uptake within the hypertrophic septum
exactly corresponding to the area of
Gd enhancement reflect myocardial
fibrosis within the asymmetric septal
hypertrophy. Myocardial fibrosis and
the presence of late Gd enhancement
on MRI has been shown to be associated with increased risk of cardiac
arrhythmia [1] as evident from the
symptoms of this patient.

Simultaneous MR-PET acquisition
provides combined acquisition of
both modalities, thereby ensuring
accurate fusion between morphological and functional images due to
simultaneous PET acquisition for every
MR sequence. The exact coregistration of the patchy 18F-FDG uptake
in the area of Gd enhancement within
the hypertrophic upper septum
reflects the advantage of simultaneous acquisition.

3
Static 18F-FDG
PET images
in short-axis,
horizontal
long-axis and
vertical longaxis views
demonstrating
normal uptake
in the LV
myocardium
except the
non-uniform
uptake pattern
in the hypertrophied septum
(white arrows).
LV cavity size
appears normal.

1

3

End Diastole
2A

4-chamber view

Ihn-ho Cho, M.D.; Eun-jung Kong, M.D.

A 25-year-old man presented to the
cardiology department with incidental ECG abnormality after fractures to
his left 2nd and 4th fingers. Although
he had not consulted a doctor, he had
been suffering from mild dyspnea
with chest discomfort at rest and
exacerbation at exercise since May
2012. Echocardiography revealed
non-obstructive hypertrophic cardiomyopathy (Maron III) with trivial MR.
The patient was referred for a simultaneous MR-PET study for 18F-FDG
PET and cardiac MRI with Gadolinium
(Gd) contrast for evaluation of the
morphological and metabolic status
of the hypertrophic myocardium.

Short-axis views of end diastole and end systole at 3 different sections in the left ventricle obtained from gated TrueFISP cine
MRI acquisitions performed on Biograph mMR. Note the thick hypertrophic septum (white arrow), which demonstrates the
degree of asymmetric septal hypertrophy.
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T2 HASTE
4A

4D

T2 STIR
4B

4E

5A

T1 FAT SAT
4C

4F

4
Transverse, short-axis and
vertical long-axis MR and
fused MR-PET images show
hypertrophied septum
(white arrows) and normal
thickness of rest of left
ventricular myocardium
with corresponding
normal 18F-FDG uptake.
The T2-weighted STIR (fat
suppression) image shows
slight hyperintensity in
the middle of the hyper
trophied septum which
shows corresponding
non-uniformity in 18F-FDG
uptake.

5B

Cardiac MRI at 3T:
An Indian Experience of 80 Cases
Cardiac MRI is the main investigation
modality for a wide range of clinical
applications and has emerged as a
virtual ‘one-stop-shop’ for imaging
conditions such as Cardiomyopathies.

pericardial effusions, and masses.
It provides optimal assessment of the
location, functional characteristics,
and soft tissue features of cardiac
tumors, allowing accurate differentiation of benign and malignant
lesions.

CMR has added uniquely to the
methods for non-invasive assessment
of myocardial viability by a combination of cine imaging and delayed
hyper-enhancement. CMR provides
excellent depiction of pericardium
in conditions such as pericarditis,

accurate anatomical and functional
information. Several investigators have
confirmed the SNR advantages of CMR
at 3T. These indicate an overall quantitative improvement in SNR and CNR,
thus improving imaging capabilities.
Dr. Bidarkar and colleagues (Departments of Radiology and Cardiology,
Jupiter Hospital, Thane, Maharashtra,
India) illustrate 80 cases of cardiac MRI
imaged between January 2012 and
August 2013 on a 3T MAGNETOM Verio.

MRI is ideally suited to serve as the
primary imaging modality in patients
with congenital heart disease due its
non-invasive and biologically harmless nature, and its ability to provide

5
Post-contrast MR short-axis
images demonstrate late Gd
enhancement within the
hypertrophied septum
(white arrow), which shows
corresponding non-uniform
patchy uptake of 18F-FDG.

Read the comprehensive article

www.siemens.com/
magnetom-world

the LAD, 10 in the RCA and 4 in
the LCX territories, corresponding to
non-viable myocardium (Table 3).
11 patients demonstrated < 50% of
myocardial LGE. Of these, 5 belonged
to LAD territory and 2 and 4 to the
LCX and RCA territories, respectively
(Table 3).
On follow up, 7 patients underwent
revascularisation procedures. All of
these reported to experience symptomatic relief.
15 patients were evaluated for cardiomyopathy. All patients with CMP are
managed by medical therapy and are
doing well.
We evaluated 2 patients for constrictive pericarditis. Both were started
on anti-Koch’s therapy and are symptomatically better.
5 patients were referred for evaluation of cardiac masses after an echocardiographic study. 3 of these

Table 3
Transmural
extent

LAD

LCX

RCA

> 50%

30

4

10

< 50%

5

2

4

Table 4

3 Kuhn et al. Changes in the left ventricular
outflow tract after transcoronary
ablation of septal hypertrophy (TASH)
for hypertrophic obstructive cardiomyopathy as assessed by transoesophageal
echocardiography and by measuring
myocardial glucose utilization and.
perfusion. European Heart Journal
(1999) 20, 1808–1817.

4 Funabashi N et al. Partial myocardial
fibrosis in hypertrophic cardiomyopathy
demonstrated by 18F-fluoro-deoxyglucose positron emission tomography
and multislice computed tomography.
Int J Cardiol. 2006 Feb 15;107(2):284-6.
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India. Due to optimization done on
1.5T and apprehension of challenges
on a 3T system, no significant work
was done on 3T in India. We present
probably the largest number of cardiac
MRI cases performed till date on a 3T
in India.

Kalashree A. Bidarkar DNB; Nikhil Kamat, M.D., DMRD, DNB; M. L. Rokade, M.D., DNB; Nitin Burkule, M.D., DM;
Shubra Gupta

There are several advantages which
motivate users to perform cardiovascular magnetic resonance (CMR) at
higher filed strengths. First, the bulk
magnetisation increases as the magnetic field strength is increased resulting in higher SNR. Second, the increasing field strength increases the
frequency separation of off-resonance
spins. The enhanced frequency differences may be exploited for improvement in spectroscopic imaging and
potentially in fat suppression. A third
advantage is increased T1 signal of
many tissues, resulting in beneficial
effects in some applications, such as
myocardial tagging and myocardial
perfusion sequences [1].

Departments of Radiology and Cardiology, Jupiter Hospital, Thane, Maharashtra, India

Abstract
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Cardiac MRI at 3T: An Indian Experience
of 80 Cases of Cardiac MRI with Review
of Literature

Indications

Number of
patients

1) Myocardial viability

55

2) Recent MI

2

3) Cardiomyopathies

15

a) Hypertrophic
cardiomyopathy
b) Dilated
cardiomyopathy

3

8
5

c) Non compaction
cardiomyopathy

2

d) Restrictive
cardiomyopathy

1

4) Cardiac masses

5

5) Congenital
heart disease

1

6) Pericardium
(constrictive
pericarditis)

2

had revealed a LV clot and 1 patient
had demonstrated a nodular mass
attached to the LV wall. One patient
suspected to have a mass posterior
to left atrium on echocardiography
was diagnosed with straight back
syndrome with the thoracic vertebral
body indenting the left atrium. LV
clots were confirmed on CMR and the
patients were put on anticoagulation
therapy.

Specifically, there is an inverse relationship between transmural extent of
hyperenhancement and likelihood of
wall motion recovery following revascularisation. Hence it follows that
myocardial regions which show little
or no evidence of hyper-enhancement
(i.e. infarction) have a high likelihood
of recovery, whereas regions with
transmural hyperenhancement have
virtually no chance of recovery [9].

a ‘no-reflow’ zone appears to be
associated with worse LV remodelling and outcome [7, 9]. CMR can
be safely carried out in patients
with acute MI and primary angioplasty and aids in risk stratification.
T2-weighted imaging allows the
detection of myocardial edema,
allowing for early diagnosis of myocardial ischemia, area at risk, and
salvage [22] (Fig. 4).

In chronic infarctions, the LGE is
One patient diagnosed as LV myxoma
a result of retention of contrast
being managed on medical therapy,
medium in large interstitial space
is doing well.
Clinical Cardiology
between collagen fibres in the
fibrotic tissue.

Discussion

A) Myocardial viability
3A
Ischemic heart disease (IHD) is
today one of the leading causes of
death all over the world. Cardiac
MRI plays an important role complementary to other imaging
modalities in evaluation of patients
with IHD. Myocardial infarction
results from rupture of an atherosclerotic plaque in a coronary artery
leading to thrombus formation.
The subendocardium is most vulnerable to ischemia and an infarct
expands form subendocardium
to subepicardium [7].
3C

Myocardial infarction, scarring and
viability are simultaneously examined using technique of delayed
enhancement MRI.
Delayed / late gadolinium hyperenhancement is caused by delayed
washout of contrast agent from
the myocardium. Delayed
enhancement is performed 10–15
minutes after i.v. administration of
0.15 to 0.2 mmol/kg of gadolinium.
An inversion recovery sequence is
used in which normal myocardium
is nulled to accentuate the delayed
enhancement [7].
4A

Both acute and chronic infarctions
enhance. In acute infarctions, contrast enters the damaged myocardial cells due to membrane disruption (microvascular obstruction /
no reflow zones). These regions are
recognised as dark central areas
surrounded by hyperenhanced
necrotic myocardium. This finding
indicates the presence of damaged
microvasculature in the core of an
area of infarction. The presence of

3B
Stunning and hibernating
myocardium

3

2) Hibernating myocardium: A state
in which some segments of the
myocardium exhibit abnormalities
of contractile function at rest. This
phenomenon is clinically significant
since it manifests in the setting of
chronic ischemia that is potentially
reversible by revascularisation. The
reduced coronary perfusion causes
the myocytes to enter into a low
energy ‘sleep mode’ to conserve
4B
energy. There is an inverse relationship between transmural extent of
hyperenhancement, and likelihood
of wall motion recovery following
revascularisation [5].

Table 5 [9]: Differentiation between

contributing
to their development
2A
[7]. Cardiac MRI has become
an important tool for the diagnosis and follow-up of patients with
cardiomyopathies. It has a unique
ability to differentiate between
different enhancement patterns in
diseased myocardium on inversion
recovery delayed Gadoliniumenhanced images, making it suit4
able for evaluation of cardiomyop42-year-old
athies
[18]. male patient with
symptoms of acute myocardial

infarction.
Hypertrophic
cardiomyopathy
(4A, B)ASSFP
4-chamber and short
(HCM):
genetically-acquired
axis images
reveal mildly
condition
resulting
fromthickened
abnormalinterventricular septum with subtle
ity in the sarcomere, it results in
hyperintense areas suggestive of
hypertrophy
of the
post-MI edema
(solidmyocardium.
red arrows).

Multiple experimental studies have
demonstrated excellent spatial correlation between the extent of hyperenhancement and areas of myocardial
necrosis (acute MI) or scarring (chronic
MI) at histopathology.

MRI has proven to be an important
tool in the evaluation of patients
with suspected HCM since it helps
readily diagnose those with phenotypic expression of the disorder
and potentially identify the subset
of (4C,
patients
atimages
risk ofacquired
sudden carD) PSIR
immediately
postis
Gdalso
administration
diac
deaths. MRI
capable of
demonstrate
perfusion
defect in the
detecting
regions
of localised
LAD territory corresponding to
hypertrophy
that are missed by
microvascular obstruction (solid
echocardiography.

4D

white arrows).

5

capable of
reperfusion

No reflow territory /

5B

A significant percentage of patients
with HCM demonstrate LGE characteristically involving regions of
hypertrophy, junctions of interventricular septum and RV free wall
[9]. LGE is usually patchy and midwall in location. LGE in HCM also
has a predilection for the anterior
and posterior insertion points.
An exception to this is in areas of
burnt-out myocardium where the
left ventricular wall is thinned and
enhancement is full thickness [18].
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The presence of LGE denotes scar
tissue, a potential nidus for fatal
arrhythmias. CMR can be used
to follow the patients following
ventricular septal resection / percutaneous ablation [7].
Phenotypes of HCM
1) Asymmetric HCM
This is the most common morphologic presentation of HCM, the
anteroseptal being the commonly

7

Introduction
The role of magnetic resonance
imaging (MRI) has significantly
evolved over the last decade. MRI is
now considered useful in the evaluation of pericardium, complex congenital heart disease, cardiac masses,
and ischemic heart disease for myocardial viability, hibernating and
stunned myocardium and the right
ventricle.
In 2002, the US Food and Drug
Administration’s (FDA) approval of
3 Tesla opened the way for multiple
clinical applications. Compared to
1.5T, the higher field strength results
in doubling of SNR due to increased

5D

7A

7B
7

An apical aneurysm formation
with delayed enhancement is
sometimes seen referred to as the
‘burnt-out apex’ resulting from
ischemia due to reduced capillary

C) Cardiac MRI protocol
Cardiac MRI was performed
using a whole-body 3T scanner
(MAGNETOM Verio, Siemens
Healthcare, Erlangen, Germany).
MR imaging protocol commenced

Morphology

T1-weighted
(2CV,4CV,SA)
STIR dark blood
(2CV,4CV,SA)

Fluid content

T2-weighted
(2CV,4CV,SA)

Gadolinium
kinetics

TI scout baseline

Delayed
enhancement

IR turbo TrueFISP
2D

Table 2: Special
considerations
Acute MI

T2-weighted or
STIR dark blood

Cardiac mass
or thrombus

TSE dark blood
T1, TSE dark
blood T2 fat sat

morphological information comprised of chamber anatomy, thickness of the ventricular walls and
assessment of presence and extent
of late gadolinium hyper-enhancement on delayed post contrast
PSIR images.

A summary of the basic cardiac
protocols is presented in table 1.

Functional information comprised
of assessment of wall motion
abnormalities, calculation of ejection fraction and evaluation of
the outflow tracts.

Modified sequences were acquired
for specific indications which have
been summarised in table 2.
D) Results
The study comprised 80 patients.
The age range was 5 to 70 years.
There were 57 male and 23 female
patients. The commonest indication for a CMR study was evaluation of myocardial viability.

In cases of congenital heart disease, cine imaging in horizontal
long axis provided dynamic information of the cardiac size, valve
morphology, wall thickness chamber size, and septum morphology
and aortopulmonary connections
[23].

The variety of indications for
which cardiac MRI was performed
is summarised in table 4.

55 patients were referred for evaluation of myocardial viability. Of
these, 30 showed transmural late
gadolinium enhancement (LGE) in

Images were analysed by one radiologist and one cardiologist. The

ease,
secondary
adaptive patFigure
5 and
illustrates
the characteristic
tern ofofLVthickened
hypertrophy
due to hyperfindings
pericardium
aortic stenosis,
since the
andtension
diffuseor
pericardial
enhancement
strategies differ.
Cardiac
in atreatment
case of constrictive
pericarditis.
MRI is known to play an important
role in differentiating other causes
of myocardial hypertrophy from HCM
because of the unique ability of DE
MRI imaging to characterize different enhancement patterns in diseased myocardium [20]. Figure 7
illustrates a case of concentric HCM
in a symptomatic patient.

6

Dilated cardiomyopathy
(DCM)
These are a common cause of congestive heart failure characterized by
fibrosis and decreased number of

11B

8

6

with no significant
myocardial hypertrophy
(double headed blue
arrows).

myocytes. The abnormalities seen in
primary dilated cardiomyopathies are
fairly similar to those seen as an end
result of CAD (ischemic cardiomyopathy) [7]. LGE can be seen in both
entities. However, ischemic injury progresses as a wavefront from the
subendocardium to epicardium and
shows a territorial distribution (Fig. 11).
Hyper-enhancement patterns that
spare the subendocardium and are
limited to middle or epicardial portions
of the LV, are clearly in a non-CAD distribution [9] (Fig. 12).

HCM with mid-ventricular
12
obstruction. CMR evaluation of
21-year-old male patient with
a 55-year-old male patient with
complaints of progressive dyspnoea
a family history of sudden cardiac
since childhood was referred for CMR.
deaths.
(12A, B) SSFP 4- and 2-chamber views
(8A, B) Horizontal long axis SSFP
reveal moderate cardiomegaly.
cine MR images reveal significant
hypertrophy of the LV myocardium
(16–17 mm width). The thickened
myocardium (asterisk in 8A) causes
mid-cavity obstruction with apical
thinning and outpouching resulting
in a ‘dumbbell shaped LV’.
(8C, D) PSIR images acquired 15
minutes post Gd administration
Clinical Cardiology
(12C, D) PSIR images
acquired
show
subendocardial LGE (solid
15 minutes post Gdwhite
administration
arrows), around 50% in the
11C
11D
reveal no LGE in theproximal
myocardium
areas to
and transmural in
suggest fibrosis. The
was 15B
thepatient
apex (burnt
out apex)
15A
diagnosed as idiopathic/non
suggestiveischaemic
of ischaemic fibrosis.
dilated cardiomyopathy.

Restrictive cardiomyopathy
Restrictive CMP is characterised by
reduced ventricular filling and diastolic
15
volume,
leading to atrial dilatation and
venous
stasis,
with preserved
systolic
46-year-old
asymptomatic
male patient
with a family
history ofCMP
sudden
cardiac
function.
Restrictive
may
be idiodeaths secondary
came to our to
institution
for CMR
pathic,
infiltrative
and
evaluation.
storage
disorders (such as amyloidosis
(15A, B) SSFP short axis images reveal
and sarcoidosis) or associated with
severe non-compaction of the apex, mid
myocardial
disorders such as hypereolateral and mid anterior walls with a ratio
sinophilic
syndrome.
of NC/C being
2.7 suggestive of

(10C, D) PSIR images
acquired 15 minutes
post Gd administration
reveal LGE along the
inferior and posterior
walls suggestive of
early fibrosis.

non-compaction CMP. Left atrial
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16A

11

2

Figure 10 illustrates CMR finding s
in a 36-year-old asymptomatic
male patient with a family history
of HCM.
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11A

An example of Diastolic septal bounce. Septal flattening / inversion seen in
10
constrictive pericarditis, since outward expansion of the right ventricle is
Preclinical HCM.
limited by a non-compliant pericardium.
(6A) Shows IV septum in mid systolic phase. Shown are images of
a 35-year-old
asympto
(6B) Diastolic phase reveals mild leftward bowing
of the septum.
matic male patient
with a family history
of HCM.
(10A, B) SSFP
sequential 4-chamber
MAGNETOM Flash | 1/2014 | www.siemens.com/magnetom-world
and short axis SSFP
8C
8D
cine MR images reveal
mid biatrial dilatation
12C
12D
(thin yellow arrows)

5) Mass-like HCM
Mass-like HCM manifests as a masslike hypertrophy because of focal
segmental location of myocardial 10D
disarray and fibrosis which may be
differentiated from neoplastic
masses. MR imaging with first pass
perfusion and DE technique helps
to differentiate between the two
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every 2 to 5 years, particularly in
young patients [20].

Cardiac MRI is a fundamental diagnosdilatation was also observed.
tic tool because it helps in differentiating between restrictive CMP and constrictive pericarditis which have

8

NC/C ratio = 2.7
Clinical Cardiology
13
(15C, D) PSIR images acquired 15
Example of an advanced case of 15D
minutes after Gd administration showed
14A
idiopathic dilated cardiomyopathy in
moderate patchy LGE involving the
18E
18F
a 34-year-old female patient with
anterior wall and interventricular
dyspnoea
and intermittent chest
septum, predominantly at the RV
11 CMR of a 65-year-old male patient with a history of anterior wall MI.
pain. (11A, B) SSFP 4- and 2-chamber chamber views reveal moderately dilated left
ventricle.
insertion
sites (asterisk in C).
(13A,(11B,
B) SSFP
4- and
2-chamber
C) PSIR
images
acquired 15 minutes post Gd administration reveals transmural LGE in the antero-septal
viewswall,
respectively,
show
dilatation of
suggestive
of non-viable
myocardium in the LAD and RCA territories (thin yellow arrows).
all theThe
cardiac
chambers.
patient was diagnosed as ischaemic dilated cardiomyopathy.

(13C, D) PSIR images acquired 15
minutes post Gd administration
reveal diffuse subendocardial LGE in
the septal, anterior and posterior
walls (thin yellow arrows). Mild
16B
pericardial effusion can be appreciated on the short axis view (white
solid arrow).

19A
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Congenital heart disease is a common clinical entity and occurs in
0.8% of newborns [23]. Major
advances in hardware design, new
pulse sequences, and faster image
reconstruction techniques allow
rapid high resolution imaging of
complex cardiovascular anatomy and
physiology [24].
In our study, we imaged one 9-yearold male patient with complaints of
progressive dyspnoea. Since contact
of patients with CHDs referred for
cardiac MRI exam is limited, we fragmented a single case of complicated
CHD to demonstrate various cardiac
anomalies.

• Ventricular septal defect: A common congenital heart disease classified into membranous, muscular,
15

Left ventricular myocardial non compaction (LVNC) is a recently recognised form of primary and genetic
cardiomyopathy. Also known as
spongy myocardium, LVNC is characterised by prominent ventricular
myocardial trabeculations and deep
intertrabecular recesses communicating with the ventricular cavity. LVNC
is secondary to arrest in the normal
process of myocardial compaction
during fetal life.

Cardiac MRI also helps in the differentiation between the above entities
in cases with minimally thickened
pericardium. Morphologic images in
restrictive CMP may show atrial
enlargement. Cine images allow
assessment of altered diastolic ventricular filling. Cine MRI assessment
of diastolic ventricular septal moveCMR can clearly display the comments and real time MRI imaging of
pacted and non-compacted myocarseptal movements during respiration
Figures 15, 16 demonstrate the imagenhanced MRI enables differentiadium layers better than echocardiogshow that in restrictive CMP,ing
septal
characteristics in non-compaction
tion between thrombus and
convexity is maintained in allCMP.
respira- raphy [13].
surrounding myocardium as thromtory phases, whereas in constrictive
In a normal ventricle, the proportion
bus being avascular is characterpericarditis, septal flatteningCardiac
can be masses
of ventricular wall formed by trabecized by lack of contrast uptake.
seen in early inspiration [12] (Fig. 6). ulations never exceeds thicknessRarely,
of
large chronic thrombi may
CMR is widely recognised as the imagThe issue of LGE in idiopathic restriccompacted
layer. In LVNC,
the
show peripheral enhancement and
ing modalitythe
of choice
in evaluation
of
tive CMP has not been specifically
thickness
of non-compact
be diagnostically challenging [17].
cardiac masses.
Invasion
in to adjacentmyocardium
addressed in the literature, although
is greater
than that of compacted
structures, precise
compartmental
Figure 17 shows a case of a
late enhancement patterns in specific layer which is thinned. It is suggested
localisation can be easily accomplished
patient suspected to have a LV clot
causes of restrictive CMP have been
that
a NC/C ratio
> 2.3 [9].
in diastole disnarrowing the
differential
diagnosis
(on echocardiography), confirmed
described [12].
tinguishes pathological non compacon
CMR.
1) Thrombus:
a common
differential
tion
from pronounced
trabeculae
Figure 14 illustrates a case of Restricdiagnosis seen
for cardiac
tumors
in other
CMPs is[13].
2) Cardiac myxomas: These account
tive CMP.
intracardiac thrombus.
for 20–25% of cardiac tumors. The
Thrombi may appear isointense or
14C
slightly hyperintense
relative to
the myocardium on black blood pre18
pared HASTE images [21] .Contrast-

14B

17A

10

(16C, D) PSIR images acquired 15
minutes post Gd administration reveal
mild subendocardial LGE in the septal
region, anterior and posterior walls, not
conforming to any vascular territory
(thin yellow arrows).

16D

Non-compaction
cardiomyopathy

most common locations are in the
left atrium (60–75%), right atrium
(20–28%), but rarely in both
20 the
atria and ventricles [17].

Contrast-enhanced study
of the LV myxoma.
(18E, F) PSIR images
17B
acquired 5 minutes and
15 minutes post Gd administration reveal minimal to no
enhancement in the 5 min
scan and intense homogenous enhancement in the
delayed scan (solid white
arrows).
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endocardial cushion defects, and
conal [23] (Fig. 21A).
• Atroial septal defect: The main
types of ASD are secundum (middle
of atrial septum) as seen in figure
21B, sinus venosus (at junction of
SVC and right atrium superiorly),
and primum (near the AV valves)
[23].
• Patent ductus arteriosus: PDA is the
persistence of the 6th aortic arch
and accounts for 10% of congenital
heart disease. MRI demonstrates a
persistent connection between the
origin of left pulmonary artery to
the descending aorta just beyond
origin of the left subclavian artery
[23] as seen in figure 22.
• Transposition of great arteries: The
most common congenital heart
lesion found in neonates, found in
5–7% of congenital cardiac malformations. Congenitally-corrected
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18C

18D

transposition refers atrioventricular
discordance, ventricular inversion
transposition, and inversion of great
arteries [25] (Fig. 19).

Cardiology Clinical

Their contours are round or oval,
sometimes lobulated with a smooth
surface and a narrow pedicle. They
have a gelatinous structure and
may be relatively high in signal on
SSFP and static images. They typically demonstrate heterogeneous
enhancement on delayed-enhancement images [9] (Fig. 18).
We encountered one patient
referred for a CMR for assessment
of a mass attached to the interventricular septum (as seen on
echocardiography). Although the
location was uncommon, the mass
showed morphologic and enhancement characteristics of a myxoma
21A
and was diagnosed as such.

Cardiology Clinical

21B

17
LV clots in a 65-year-old male patient with
dyspnoea.
(17A, B) PSIR images acquired 15 minutes
post Gd administration reveal transmural
LGE in the apex and the anteroseptal wall
suggestive of non-viable myocardium in the
LAD. A layered non-enhancing clot is seen
at the apex adjacent to the akinetic apical
myocardium (thin yellow arrows).
20 Coronal T2-weighted
21 Figure 21A: Shows ventricular septal defect (arrow).
image shows liver situated
(21B) Shows atrial septal defect, secundum type (arrow).
on left side of the
abdomen – situs inversus.

14 13-year-old female patient with a history of progressive dyspnoea.
(14A) SSFP images in the horizontal long axis view reveals significant bi-atrial dilatation (thin yellow arrows) with normal sized
16
ventricular cavities.
19B
Another
caseC)ofPSIR
non-compaction
CMP15inminutes post Gd administration demonstrate no enhancement in the myocardium.
(14B,
images acquired
19
18A
18B
a 28-year-old
female
Findingspost-partum
were suggestive
ofwith
restrictive cardiomyopathy.
mild dyspnoea on exertion.
Figure 19A: Shows right
(16A, B) SSFP 4-chamber view and short
sided aortic arch (asterisk).
axis images reveal moderate cardio(19B) Shows that the aorta
megaly with non-compaction seen along
arises from the morphothe lateral, inferior and posterior walls
logical right ventricle
and the apex (white solid arrows).
(curved arrow).

Congenital heart diseases

13

different therapeutic approaches.
Although reduced ventricular filling
and diastolic volumes may be a feature of both, pericardial thickening
> 4 mm is typical of pericarditis [12]
(Fig. 5).

MAGNETOM Flash | 1/2014 | www.siemens.com/magnetom-world

The CMR study demonstrated the
following cardiac anomalies:

Reprinted from MAGNETOM Flash 5/2013

Cine SSFP
(2CV,4CV,SA)

8B

Contact
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HASTE 2D

Function

Abbreviations: 2D, 2 dimensional ; CV,
chamber view; IR, inversion recovery; SA,
short axis; TI, inversion time; STIR, Short TI
Inversion Recovery; TSE, turbo spin echo

Inversion recovery prepared turbo
sequences (FLASH and TrueFISP) were
performed to visualise the myocardial
and blood pool gadolinium kinetics,
and to adjust inversion time. An
inversion time (TI) scout was acquired
and the optimal TI value was found.
Endocardial counters of the left ventricle were manually drawn using
dedicated software (Argus, Siemens
Healthcare, Erlangen, Germany) to
calculate end-diastolic volume, endsystolic volume, stroke volume and
ejection fraction of the left ventricle
[8]. In the case of evaluation of congenital heart diseases, scans were
obtained till below the diaphragm
including IVC and the hepatic veins
[23].

Cardiology Clinical

(7C, D) PSIR images acquired
15 minutes post Gd administration

entities. Mass-like
HCM
more
pre- LGE inbecause first-degree relatives of
reveal
patchy
transmural
the thickened
IV septum and RVsuch patients have a 50% chance
cisely parallels the
homogenous
sites, suggestive
of of being a gene carrier.
signal intensity insertion
characteristics
and
scarred normal
tissue (solid
white arrows).
perfusion of adjacent
myoCardiac MRI is a useful screening
cardium, while tumors show heterotool in patients with a normal
geneous signal intensity, enhanceLV thickness who have symptoms
ment, and perfusion characteristics
of HCM or in asymptomatic HCM
that differ from those of remainder
mutation carriers. However, disof the left ventricle [20].
ease expression can be heteroge6) Pre-clinical HCM
nous and varied, even with the
Screening of family members of
same mutation; hence follow-up
patients with HCM is important
screening needs to be considered

15C

34

Anatomy

docardial 1st pass defect

13A

Ihn-ho Cho, M.D.
Department of Nuclear Medicine
Yeungnam University
College of Medicine
Daegu Hyunchungro 170
South Korea
nuclear126@ynu.ac.kr

68-year-old male patient
imaged for evaluation of
myocardial viability. PSIR
sequence taken 15 minutes
post Gd administration
reveals transmural LGE in
the inferior wall conforming
to RCA
and the LCX territory
Cardiology
Clinical
(solid white arrows)
suggestive of non-viable
myocardium.
1B
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B) Patient preparation
A detailed history was elicited from
each patient including principal
symptoms and signs, echocardiographic and cardiac catheterisation
data. For all patients in this study,
MR compatible electrocardiographic
leads were placed in the anterior
chest wall before imaging and
attached to the MR imaging unit
for electrocardiographic gating. For
most sequences, electrocardiographic triggering was used to synchronise imaging with the onset
of systole and offset cardiac motion
and match each image to the
desired cardiac phase.

Horizontal long axis view
of the same patient
showing the extent of
transmural LGE.

heart
is highly
suggestive
of
2A
Thefailure
LV apex
may not
be assessed
constrictive
[10].
Periwell with pericarditis
echocardiography
leading
PSIR
short
axis image
cardial
thickening
be
limited
to
acquired
immediately
to false
negativemay
interpretations.
administration
theHence
right side
of the
orGdeven
cardiac
MRIheart
ispost
strongly
recin aright
60-year-old female
a smaller
area such
as the
ommended
as optimal
imaging
reveals subenatrio-ventricular
groove.patient
modality for evaluation
of apical

cardial LGE with trans-

The left ventricle shows a characteristic ‘spade-like’ configuration
on vertical long axis views.10C

A) Patient population
Eighty patients with an age range
of 5 to 70 years with a suspected
cardiac pathology were evaluated
by cardiac MRI (CMR) at our institute
from January 2012 to August 2013.
All patients had undergone a prior
echocardiography.

Concentric HCM in a symptomatic
35-year-old male patient.
(7A, B) Short axis and vertical
long axis SSFP images show
symmetrically thickened LV walls
(arrows) with atrial dilatation.

abnormal thickening, and when
described inbyfigure
8. signs of
accompanied
clinical

and
obstruction.
Thisto
condition
may
mitral valve distal to the coaptation Cine
mural
extent suggestive
images
are useful
judge
6A
6B
associated with consequence
formation
of an
gets displaced / pulled in to the
of non-viable
thebe
pathophysiologic
myocardium
apical aneurysm
which
is thought
LVOT by venture or drag forces,
of pericardial
thickening
and
the in the LCX
territory
(solid white
to result
frombounce’
increased
generation
leading to transient LVOT obstruc‘Diastolic
Septal
[7].
of systolic pressures arrow).
within the apex
tion [7] (Fig. 9). Over time, the
Diastolic
septal
bounce is a obstruction
hemofrom the
mid-ventricular
systolic anterior motion of the
dynamic
hallmark
of ventricular
[18] (Fig.
8).
mitral valve leads to sub-aortic
constriction
seen
due
to
increased
mitral impact lesion on theMAGNETOM
sepFlash
| 1/2014 | www.siemens.com/magnetom-world
4
4) Symmetric
HCM
interventricular
dependence and
tum which undergoes fibrosis;
This variant as
is encountered
in about
demonstrated
abnormal ventricthickening of mitral leaflet and
of HCM cases and is characterular42%
septal
male patient with a history of sudden atrial fibrillation was evaluated by CMR.
chordae from the resultant trauma;
9 32-year-old
Cardiology
izedsequential
by a concentric
LVSSFP
hypertrophy
SSFP
3-chamber
cine MR images in the diastolic and Clinical
mid-systolic
phases respectively reveal LV hypera posteriorly directed mitral regur-(9A, B)
motion
the left
ventricle and
with towards
aheaded
small arrow
cavity
trophy (double
indimension
9B) and LA dilatation
(thin yellow arrow).
gitant jet in to the left atrium
8A at the LVOT (solid yellow arrow)
in early
diastole
during
onset
ofcause.
no evidence
of
a secondary
(9C) Systolic
phase
demonstrates
anterior
motion of the mitral leaflet causing obstruction
and a systolic gradient along the with resultant
inspiration
[9].has
This
is helpturbulent
jets
thedifferentiated
LA and
at the LVOT – systolic anterior motion
This entity
toinfinding
be
12A (SAM).
12B
LVOT [18].
ful from
in distinguishing
conother causesbetween
of diffuse
LV wall
strictive
pericarditis
andathlete’s
restrictive
thickening
including
heart,
Patients with LVOT obstruction
10A
cardiomyopathy
[9] (Fig. 6).Fabry’s dis-10B
amyloidosis, sarcoidosis,
unresponsive to medical therapy
(5%) are candidates for surgical
myectomy or septal alcohol ablation [20]. Our patient, however,
was put on medical therapy.

Methods and Materials

The adoption of 3T for body applications, especially cardiac applications,
has been somewhat slower. The
slower acceptance of 3T for cardiac
applications is due to the unique challenges posed by cardiac imaging:
Requirement of a large field-of-view,
the motion of the heart, position of
the heart within the body, proximity of
heart to the lungs, and high RF power
deposition required in many fast cardiac imaging sequences [1]. Cardiac
MRI has largely been done on a 1.5T in

1B

HCM [20].
in the lateral wall (solid5 35-year-old male patient on treatment for pulmonary Koch’s disease, presented
In chronic
constrictive pericarditis
Abnormalities of the mitral valve
with dyspnoea.
white
arrow).
Clinical Cardiology
there
is typically
bi-atrial
enlarge3) HCM
with mid-ventricular
may occur due to primary abnor(5A, B) Horizontal long axis black and white blood images reveal thickened
1 cardiovascuMAGNETOM Flash
| 1/2014
ment.
Also, the central
obstruction
mality of the valve itself or due to
pericardium
(6 mm).| www.siemens.com/magnetom-world
7C
7D
2B
a characteristic
(5C, D) Post-contrast images acquired 15 minutes post Gd administration reveal
variant ofshow
asymmetric
HCM preLVOT obstruction. Systolic anterior lar Astructures
PSIR
images
taken 15
morphology
with
the right
ventricle
diffuse pericardial enhancement
consistent with the diagnosis of constrictive
9B
9C
dominantly
involving
the
middle
motion of the mitral valve 9A
(SAM)
minutes after Gd admin- pericarditis.
showing
a the
narrow
third of
left tubular
ventricleconfigumay result
is a phenomenon in which a poristration reveal subendoration
[10]. mid-ventricular
in severe
narrowing
tion of the anterior leaflet of the

2) Apical HCM
The apical variant of HCM shows
an absolute apical thickness of
> 15 mm or a ratio 1.3 to 1.5. More
subjective criteria are the obliteration of LV apical cavity in systole
and failure to identify a normal progressive reduction in LV wall thickness towards the apex.

spin polarisation. Furthermore, imaging at higher field strengths with gadolinium-based agents can produce further improvements in image contrast.
Cardiac imaging at 3T is, however,
noticeably different from imaging at
1.5T because of a variety of artifacts
that result from susceptibility effects
and augmentation of radiofrequency
(RF) inhomogeneity [3].

1A

B) Pericardium
MRI is particularly suitable for evaluation of pericardial inflammation,
evaluation of small or loculated
pericardial effusions,
functional
acute and chronic
MI.
abnormalities caused by pericardial
constriction, and for characterizaChronic MI
tion of pericardial masses [19].

Asymmetric / septal HCM may be
2Bseptal thickness
diagnosed when
is greater than or equal to 15 mm
or when the ratio of septal thickness to the thickness of inferior
wall of the left ventricle is greater
than 1.5 at the midventricular
level [20].

(MAGNETOM Verio, 32-channel system) at our institution done between
January 2012 and August 2013. This
is probably the largest study of cardiac MRI done on a 3T in India.

Cardiology Clinical

1A findings
Figure 4 demonstrates CMR
in
microvascular 5A
acute myocardial infarction, seen
as
obstruction
edema on T2-weighted images and
perfusion defect (microvascular
obstruction) on the post-contrast PSIR
images.

Acute MI
Clinical Cardiology
5C
(3B, C)
PSIR on
images
taken STIR (or T2w) imaging
Bright
pre-contrast
Not bright on pre-contrast STIR(or T2w) imaging
The diagnosis of constrictive peri15 minutes post Gd
carditis is greatly aided by excellent
administration
Walls mayreveal
be thicker than usual
Walls may be thinned
densityof
resulting
in ischemic
C) Cardiomyopathies
(CMPs)
hypertrophied segment. Asymmet- depiction
transmural LGE in these
pericardium
at MR fibrosis. Similar
appearance
of ‘burnt-out
Cardiomyopathies
are
chronic
ric septal wall hypertrophy
causes
(solid May
white
arrows)
areas
imaging.
Normal
pericardium
is less
have
a ‘no-reflow
zone’
Does not have a ‘no-reflow
zone’
suggestive of
non-viable
apex’
is also
seen
in HCM causing
progressive
diseases
of the myoLVOT obstruction in 20–30% of
than
3 mm
thick.
Pericardial
thickmyocardium
the LAD
midobstruction
cardium
with in
often
genetic /
cases.
ness
of 4ventricular
mm or more
indicateswith
territory.
apical aneurysm formation, as
inflammation
/ injury as factors
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4C

collateralisation

This article illustrates 80 cases of cardiacMyocardium
MRI imaged on a 3T MRI system

Moving from a 1.5T to a 3T system
involves doubling of SNR which can be
used to increase either spatial or temporal resolution. This translates into
potentially increased contrast between
perfused and non-perfused images
leading to increased contrast-to-noise
ratio (CNR) with better LGE in setting

3A, of
B, 4C,
2C views
reveal [1].
chronic
ischemia
moderate dilated LA and LV with
Figures
demonstrate
LGE in the
thinning
of LV1–3
anterior
wall,
RCA & LCX,regions
LCX and
interventricular
and LAD
the territories,
apex.
Aneurysmal dilatation
of other non-viarespectively,
significant
the thinned
apex is seenin(thin
ble myocardium
these regions.
yellow arrows).

Cine imaging in combination with
delayed enhancement MRI allows
identification of:
1) Myocardial stunning: Stunning is
defined as post-ischemic myocardial
dysfunction (seen in the setting of
acute myocardial ischemia) which
persists despite restoration of normal
blood flow. Over time there can be
a gradual return of contractile function depending on transmurality of
the ischemia. If the 3D
degree of transmurality as seen on delayed
enhancement images is < 50%, the
myocardial function is likely to
recover.

Diagnostic clinical cardiac magnetic
resonance imaging (MRI) requires an
appropriate combination of temporal
and spatial resolution. Cardiovascular
imaging is making considerable
advances toward the fulﬁllment of
these requirements, largely because
of continued improvements in MRI
hardware and software. Optimal diagnostic-quality MRI implies a balance
among signal-to-noise ratio (SNR),
tissue contrast, acquisition time, and
spatial and temporal resolution. Magnetic ﬁeld strength is one of the major
Cardiology Clinical
factors affecting image SNR [3]. The
transition from 1.5T to 3T has resulted
Diagram 1 [7]: A schematic representation
of three zones of affection in casein
offaster
an MI:imaging and better SNR.
However, cardiac MRI protocols on 3T
have not yet been optimized in the
way that they have been optimized
for Myocardium
1.5T over the last decade.
protected by

Table 1:
MR sequencing

with a localiser using TrueFISP
(steady-state free precision)
sequence. A list of protocols is
given in table 2. Axial and coronal
scans of 5 mm slice thickness were
obtained from the aortic arch to
diaphragm. All diagnostic
sequences were acquired in standard angulations (4-, 2-chamber
view and short axis) using a matrix
of at least 256 × 256. Myocardial
function was evaluated by cine
TrueFISP sequences; T2-weighted
dark blood turbo spin echo
sequences were acquired 5 and
15 minutes after injection of
0.15 mmol gadolinium diethylene
triamine penta-acetic acid (DTPA)
(Magnevist, Schering, Berlin,
Germany) per kilogram of body
weight.

18
22A
55-year-old male patient with a history
of recurrent TIAs for CMR evaluation.
(18A, B) SSFP 4-chamber and short axis
views reveal a nodular soft tissue mass
adherent to the IV septum (solid white
arrows).

22B
22
(22A, B) Demonstrate
persistent ductus arteriosus
(PDA) connecting aorta to
pulmonary artery.

12

(18C, D) T1-weighted short axis and STIR
4-chamber views respectively demonstrate
the mass which appears isointense to the
myocardium on T1w and hyperintense on
STIR images (myxoid content) suggestive
of LV myxoma (solid red arrows).

22C

(22C) Demonstrates multiple
aortopulmonary collaterals
(MAPCAs) (red arrows).
(22D) Shows the atretic
pulmonary trunks and main
branch pulmonary arteries
measuring 4 mm in diameter
(yellow asterisk).

22D

Also observed in the same patient was
situs inversus as shown in figure 20.

Limitations
A few technical limitations we encountered during our study on a 3T MRI were:
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• Inability to achieve optimal myocardial nulling: Optimal TI scout was not
obtained in three of our patients
despite repeated attempts
• Exaggerated flow artifacts: Flow artifacts seemed to be more pronounced
in areas of turbulent blood flow.
These technical issues have been forwarded to the Siemens application
team and are currently under review.
The team has in the past overcome
many technical challenges of cardiac

MRI on 3T due to high gradient factors
in comparison with 1.5T, and optimized the protocol of cardiac MRI on
3T. With this experience, the team
appears confident of being able to provide a solution to these limitations in
the near future.

Conclusion
Cardiac MRI forms a mainstay investigation modality for a wide range of
clinical applications and has emerged
as a virtual ‘one-stop’ for imaging
conditions like Cardiomyopathies [11].

CMR has added uniquely to the methods for non-invasive assessment of
myocardial viability by a combination
of cine imaging and delayed hyperenhancement (LGE).
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Myocardial Tissue Imaging Using
Simultaneous Cardiac Molecular MRI

LGE
2A

T1-map (raw)
2B

T1-map (color)
2C

James A. White, M.D., FRCPC
The Lawson Health Research Institute, London, Ontario, Canada

Molecular MRI in London
Ontario
The Lawson Health Research Institute
(the “Lawson”) is located within
St. Joseph’s Healthcare in London
Ontario, and is affiliated with Western University. This group received
the first Biograph mMR in Canada
in March 2012. With strong existing
research groups in MRI and nuclear
medicine this group is ideally positioned to drive research and innovation using this platform. In advance
of the installation of the hybrid
molecular MR, researchers at the
Lawson had been developing novel
MR-based attenuation correction
methods, and novel tracer developments. In addition to the molecular
MR this site has a PET-CT, a SPECT-CT,
and an Inveon small animal PET as
well as two 1.5T MAGNETOM Aera

systems, a 16.5MeV medical cyclotron and radiochemistry facilities.

Myocardial tissue imaging
Hybrid imaging platforms incorporating PET have become available for
cardiovascular imaging applications
over the past decade. These platforms
have been primarily aimed at providing superior tissue attenuation correction of the emitted photon signal and
to provide spatial anatomic registration for the localization of abnormal
tracer signal. While this has resulted in
substantial improvements in the clinical performance of cardiac PET, the
exploitation of complementary imaging data has yet to be fully realized.
The recent availability of hybrid platforms allows for an expansive range
of PET applications to be explored.

1

For example the capacity of cardiovascular MRI to provide complementary
2D and 3D morphological data with
excellent soft tissue contrast and high
temporal resolution is of benefit for
anatomic registration and novel motion
correction algorithms. However, its
incremental capacity to provide exquisite tissue characterization through
intrinsic tissue contrast and altered
kinetics of exogenous paramagnetic
contrast is of particular interest in the
context of the PET imaging
environment.
Clinical adoption of myocardial tissue
imaging is expanding in response to
mounting evidence that the ‘health’ of
myocardium strongly modulates benefit from heart failure therapies (pharmacologic, surgical and device-based)
and is predictive of future arrhythmic
events among patients with ischemic
and non-ischemic cardiomyopathy
[1-5]. To date, this literature has
focused on isolated and d
 isparate
markers of tissue health using both PET
and MRI. However, within this brief
report we discuss several synergies of
these platforms that hold promise
towards a new era of hybrid imaging
for the optimal performance of
myocardial tissue imaging.

Molecular MRI in the setting
of acute ischemic injury

1

36

The Lawson Health Research Institute.
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Among those surviving acute myocardial infarction (AMI), appropriate myocardial healing is believed to be reliant
upon a highly choreographed process
of early inflammatory cell invasion,
collagen degredation, debris removal
by activated macrophages, and myo
fibroblast proliferation with reconstitution of a new collagen matrix. While

LGE / FDG
2D

FDG (raw)
2E

2

T1-map/FDG
2F

Example of a non-reperfused myocardial infarction from LAD ligation in a canine model, imaged one week post ligation. A large
area of microvascular obstruction (MO) is seen by LGE imaging with a corresponding marked prolongation of T1 shown using
MOLLI-based T1 mapping. Simultaneously acquired FDG imaging (binned to cardiac phase) has been fused to both LGE imaging
and raw T1 map and illustrates a marked reduction in inflammation within the region of MO. There is intense inflammatory
activity evident within the perfused infarct rim.

such findings can be characterized
histologically, our capacity to quantify
markers of the inflammatory process
in vivo, and evaluate influences of its
modulation on the remodeling process
has been limited.
We have started examining this process in a canine infarct model using
the Biograph mMR 3T-PET platform
using simultaneous 3D LGE / 18F-FDG
imaging, the latter imaged following
normal myocardial glucose metabolism
using intravenous heparin and lipid
infusion. In these experiments we have
focused on evaluating the influence
of microvascular obstruction (MO) on
mitigating appropriate inflammatory
cell recruitment to the infarct core –
a postulated mechanism of how MO
may adversely impact on left ventricular remodeling post infarct. F
 igure 2
illustrates how the region of MO can

be elegantly visualized using both
LGE imaging and T1 mapping CMR
techniques. 18F-FDG imaging shows
intense inflammatory activity within
the perfused infarct rim, however a
marked reduction in activity is seen
in regions of MO. This imaging may
therefore provide novel insights
towards mechanisms by which MO
contributes to adverse outcomes following AMI, and offers a new tool
to evaluate therapies aimed at modulation of this pathway.

Molecular MRI in the setting
of acute non-ischemic
(inflammatory) injury
Both PET and CMR have been investigated for their diagnostic accuracy
in the setting of suspected inflammatory cardiomyopathy – particularly
among patients with known pulmo-

nary Sarcoid. While their respective
diagnostic performance has been
compared in the past, this remains
inappropriate, as the information
gathered and interpreted from each
technique could not be more unique.
PET imaging (typically performed
using 18F-FDG following prolonged
fasting, fatty meal consumption and
intravenous heparin to suppress normal myocardial glucose utilization)
exploits the hypermetabolic signal
of activated inflammatory cells (i.e.
macrophages) and therefore indicates disease ‘activity’ among patients
with active cardiac Sarcoid. In contrast, LGE imaging indicates regions
of mature granulomatous fibrosis
among patients with prior or current
cardiac Sarcoid. Therefore, these two
commonly employed diagnostic techniques provide complementary but
unique information.
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72-year-old female with suspected new-onset heart failure and non-sustained ventricular tachycardia and prior history of
biopsy-proven systemic Sarcoid. Top rows show late gadolinium enhancement (LGE) imaging with characteristic sub-epicaridal
based scar (arrows), consistent with prior inflammatory injury. Lower row shows fused FDG-PET images with evidence
of focal signal enhancement, consistent with active inflammation surrounding regions of established scar.

Figure 3 illustrates the capacity of
hybrid MR and PET to spatially register
these techniques using simultaneously acquired data, and potentially
improve diagnostic accuracy while
expanding our understanding of disease pathophysiology. In this case
of a 72-year-old female presenting
with heart failure and non-sustained
ventricular tachycardia we can identify a leading edge of inflammation
(intense FDG uptake) with a trailing
edge of irreversible injury or ‘scar’
(indicated by hyperenhancement
on LGE imaging) at the sub-epicardial
zone. This approach ushers in a new
era of imaging for inflammatorymediated disease where a more complete spectrum of disease activity
can be visualized in a single, spatially
registered examination.

Molecular MRI in the setting
of non-acute myocardial
disease
Another clinical setting where MR
and PET have established their respective roles for therapeutic decision38

42-year-old male
with large anterior
wall myocardial
infarction being
considered for
surgical revascularization in the
setting of triple
vessel disease. Cine
MRI shows akinesia
of the septum and
apex with a
reduced ejection
fraction of 32%.
Late gadolinium
enhancement (LGE)
imaging shows a
large infarct of the
LAD territory with
variable scar transmurality ranging
from 25% to 100%
throughout the
infarct region.
FDG-PET imaging,
shown fused with
LGE imaging, shows
matched reductions
in metabolic tracer
uptake.

making is for the assessment of
tissue viability in chronic ischemic
cardiomyopathy. Evidence supports
that both the regional reduction of
FDG signal [6, 7] and regional scar
transmurality by LGE are strongly
predictive of absence of functional
recovery following coronary revascularization. The performance
of these studies are therefore
commonly considered to be mutually
exclusive, with absence of FDG signal
being the sine qua non of myocardial
scar, and the lack of scar by LGE
imaging being equivalent to tissue
health. However, it is recognized that
the spatial resolution and signal-tonoise of LGE imaging is superior to
FDG for the detection of subendocardial scar, and also for the characterization of tissue viability among
those with marked thinning of the
ventricular wall [8]. Conversely, FDGPET based metabolic abnormalities
can be documented within tissue
that fails to demonstrate myocardial
scar on LGE MRI, lack of FDG uptake
being predictive of absence of func-
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tional recovery. Accordingly, the
marriage of PET-based metabolic imaging and LGE-based scar imaging may
provide a more robust platform for the
prediction of improved outcomes
following coronary revascularization.
In figure 4 we see a 42-year-old male
referred for viability imaging prior to
coronary artery bypass surgery late
following myocardial infarction. Cine
imaging shows a large region of
thinned and akinetic myocardium in
the distribution of the left anterior
descending artery, this territory demonstrating varying degrees of transmural scar following gadolinium
administration. Simultaneous MR and
PET with 18F FDG imaging shows metabolic activity within non-scarred
regions surrounding the infarct zone
and normal metabolic tracer activity
within remote myocardium.
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