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for Cardiac Dot Engine
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To aid standardization of CMR, the Society
for Cardiovascular Magnetic Resonance (SCMR) Localizer Pseudo SAX
released CMR exam protocol recommendations *

for the most frequent CMR procedures.

In a collaborational effort Siemens Healthcare
and the SCMR prepared clinically optimized
exam protocols in accordance to the SCMR
recommendations for 3T MAGNETOM Skyra and
1.5T MAGNETOM Aera, since software version
syngo MR D11.
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Editorial

Dr. Chiara Bucciarelli-Ducci, MD, PhD, FESC, FRCP is Consultant Senior
Lecturer in Cardiology /Non-Invasive Imaging at the Bristol Heart Institute,
University of Bristol, UK. Since 2010, she is the imaging lead of the

Bristol National Institute of Health Research (NIHR) Biomedical Research
Unit (BRU) and the co-Director of the Clinical Research and Imaging Centre

(CRIC Bristol).

Her previous CMR experience includes a research fellowship at the Feinberg
Cardiovascular Research Institute, Northwestern University, Chicago, USA
(2004-2005), and a PhD degree on CMR from Imperial College London/Royal
Brompton Hospital (2006-2010), London, UK, as well as having provided
senior clinical supervision to the weekend CMR service of the Heart Hospital,

UCL (2008-2010).

She has been recently elected the vice-chair of the CMR section of
the European Association of Cardiovascular Imaging (EACVI) within the
European Society of Cardiology (ESC).

Dear MAGNETOM Flash reader,

It is a real honor for me to introduce
the first 2015 edition of MAGNETOM
Flash published in conjunction with the
joint SCMR/EuroCMR 2015 meeting.

Imaging is increasingly at the core of
personalized cardiovascular medicine
and over the last few years we have all
witnessed tremendous improvements
in CMR technology and in its clinical
applications. CMR is becoming an
integral part of the international
guidelines for managing patients with
cardiovascular disease. For example, in
the recent 2014 ESC/EACTS guidelines
on myocardial revascularization, CMR
stress perfusion received a class |
indication as a diagnostic test for
patients with intermediate risk of CAD.
The cardiology community is therefore
embracing CMR as a test to offer

to their patients in various clinical
settings, reflecting modern cardiology
practice.

The centrality of imaging, particularly
CMR, in the day-to-day delivery of
cardiac care is well demonstrated by
the new advanced imaging department
at Barts Heart Centre, London, UK.
Strategically located between inpatient
and outpatient cardiology services,

the unit is equipped with three CMR
dedicated scanners and networked to

five other scanners located in allied
hospitals. Its anticipated volume of
9,000 CMR scans per year shows

the extent to which CMR is used in
clinical practice, but also provides an
excellent platform for research and
educational opportunities.

Myocardial parameter
mapping

A significant part of this issue is
dedicated to myocardial parameter
mapping, namely native T1 and
extracellular volume fraction (ECV),
new methods that have brought

a new dimension to non-invasive
myocardial tissue characterization.

Both native T1 and ECV now offer

the unprecedented opportunity to
non-invasively quantify changes in
the myocardial structure and interstial
compartment facilitating diagnosis
and prognosis in a variety of cardio-
vascular disease. Schelbert et al.
illustrate how native T1 is generally
increased in a range of acute and
chronic conditions such as myocardial
infarction, myocarditis or stress car-
diomyopathy, and amyloidosis or
other cardiomyopathic processes,
respectively. Conversely, native T1

is reduced in conditions such as iron

overload and Anderson-Fabry’s dis-
ease. However, it is important to note
that myocardial edema, fibrosis and
amyloidosis can all increase native T1
values suggesting an overlap across
disease categories, and the need to
interpret abnormal values within the
clinical context.

Whilst alteration in native T1 may
result from processes affecting the
myocardium, the interstitium, or both,
ECV mapping specifically quantifies
expansion of the interstitial space.
Whilst both can represent early
markers of disease, recent evidence
suggests that ECV may improve

risk stratification, representing a
therapeutic target for therapy and
predicting outcome better than
traditional markers.

Lundin and Ugander from Sweden
complement these concepts by
presenting a series of clinical cases
demonstrating the clinical utility of
myocardial parameter mapping in

a variety of clinical conditions. This
is a great example of how this latest
technology is being successfully
translated into clinical practice.

However, the ability to quickly and
reliably detect diffuse myocardial
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Editorial

“This issue addresses a variety of clinical topics
that demonstrate the successful translation of
technological developments into clinical practice
aimed at improving patients’ management but

also increase work efficiency.”

Dr. Chiara Bucciarelli-Ducci

fibrosis continues to be the drive

for further technical developments.
Currently there are various techniques
available to quantify T1 and ECV,

each with advantages and limitations.
After reviewing some of the most
commonly used methods, Chow and
Thompson from Canada illustrate the
rationale and promising performance
of a new sequence called SASHA!
(SAturation-recovery single SHot
Acquisition). The robustness of the
SASHA sequence appears to signifi-
cantly reduce systematic confounders
that affect other sequences increasing
their variability.

Colleagues from Brazil take us
through the journey of parametric
mapping applied to the spectrum of
iron overload disease. Lara Fernandes
et al. then present the interesting
results of the All Iron Detected (AID)
Project that saw the implementation
of a prototype MyoMaps package’
to increase productivity, decrease
training needs and increase clinical
throughput in patients with iron
overload. The results of their study
show the feasibility of the protocol,

TWIP, the product is currently under
development and is not for sale in the
US and in other countries. Its future
availability cannot be ensured.

with a median scan time of 5.2 min-
utes (IQR 4 to 7 minutes) in patients
with a wide age range (2 to 91 years
of age). This has the potential to allow
the evaluation of 70 patientsin a
12-hour shift, boosting productivity
to 200%. Most importantly, this does
not come at the expense of compro-
mising image quality or robust T2*
quantification.

How-I-do-it

This issue has a strong focus on
How-I-do-it with colleagues around
the world sharing their vast practical
experience on various different CMR
applications that have improved their
clinical practice.

CMR is not immune from the pres-
sures of cost-reduction and cost-
effectiveness dictated by the current
financial climate. But challenges also
represent opportunities and Pleyo

et al. from Spain describe how the
Cardiac Dot Engine has improved CMR
efficiency with the introduction of
shorter MR sequences and automated
scanning techniques, which translate
into reproducible and efficient stud-
ies, reduced scan time, ultimately
improving patients’ experience, with-
out compromising image quality.

Similarly, Avery et al. show how the
syngo.via MR Cardiac Analysis pro-
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vides a solution to the time-consuming
CMR image post-processing offering a
semi-automated workflow. This system
is based on a computer-aided ventricle
contour detection and valve planes
delineation, recognition of defined
anatomical references such as the apex,
anterior RV insertion point, and others,
and depiction of the designated end-
diastolic and end-systolic frame. This
method aims at improving significantly
the post-processing time, therefore
reducing costs without compromising
the accuracy of the analysis. This article
presents a rich iconography that easily
guides the readership though the use
of the software with useful tips and
tricks.

The article by Gottlieb and Camargo
describes how CMR can be performed
reliably with a standard 1.5T magnet
such as the MAGNETOM ESSENZA.
Whilst the system presents some limita-
tions for cardiac imaging, these can be
overcome by some adjustments and
good routine cardiac image quality can
be obtained. This is quite an important
concept because it emphasizes that in
contexts where the access to a more
sophisticated CMR scanners might be
limited or perhaps even prohibitive,
the delivery of a CMR service is not
compromised. This article is indeed

an encouragement that CMR has
increasingly less barriers with ease of



cardiac potential even in less sophisti-
cated systems, which represents in fact
an invite to perform it more globally.

Non-contrast MR angiography

The article by Edelman et al. describes
a new non-contrast MR angiography
called QISS (Quiescent Interval Single
Shot), a very promising alternative to
standard contrast-enhanced MR angio-
graphy or CTA, particularly in those
patients with renal dysfunction and
contraindication to contrast media.
The sequence, unique to Siemens, has
been recently launched in the market.

A series of clinical cases is then pre-
sented by Carr et al. where the image
quality obtained with QISS speaks for
itself, particularly in comparison with
a standard contrast-enhanced MRA
and CTA.

QISS helps improving patients’ safety
and compliance with higher accuracy
and better disease management, while

maintaining the diagnostic certainty
you need in peripheral MRA exams.

Finally, Viallon et al. illustrate the
interesting MUST project that involved
CMR technology in detecting struc-
tural and functional changes in both
myocardial and skeletal muscles
induced by ultra-endurance running.
This study contributes to the under-
standing of adaptive response to
extreme physical exercise both during
exercise and in the recovery phase.
The CMR protocol used for this study
spanned from the standard cine and
LGE technique to myocardial tagging,
T1 and T2 mapping and feature
tracking analysis, and the preliminary
data is described in the article.

In conclusion, this issue addresses a
variety of clinical topics that demon-
strate the successful translation of
technological developments into
clinical practice aimed at improving
patients’ management but also

Editorial

increase work efficiency. The
outstanding contributions from
colleagues throughout the world
is evidence of CMR becoming

an increasingly mature technique
used worldwide.

This wouldn’t have been possible
without the passion of the researchers
around the world and certainly not
without the joint dedication of the
industry, like Siemens, in continuing
to invest in innovation and the
development of new products to
address clinical needs.

Happy reading, and see you at the
joint SCMR/EuroCMR 2015 meeting

(Lol 4

Chiara Bucciarelli-Ducci

Editorial Board
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CMR at the Center of Cardiac Care:
Case Example Service Delivery at Barts Heart
Centre — Advanced Imaging Department

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

Cardiac services for a catchment area
approaching 1/3 of greater London,
specifically, North Central London,
North East London and West Essex,
are being reconfigured with a new
state-of-the-art cardiovascular
hospital — the Barts Heart Centre
(BHC). Work will begin with the
merger of cardiac services from St
Bartholomew’s Hospital, The London
Chest Hospital and The Heart Hospi-
tal to be centralised at Barts site from
Spring 2015, whilst construction
work to complete BHC is carried out.

The Barts Heart Centre will be fully
open from Autumn 2016 with a large
scale operation — 232 cardiac inpa-
tient beds, 10 catheter labs (incl.

1x hybrid), 8 cardiac theatres, 40
outpatient rooms with three addi-
tional hospitals within Barts Health
NHS Trust and other secondary care
hospitals outside the Trust all feeding
into BHC, serving a catchment area
of around 5 million. In addition the
service will provide supraregional
services including congenital heart
disease and national services for
cardiomyopathy.

We believe that imaging has an
important role to play in the cardiac
pathways putting imaging at the
heart of this exciting initiative. Here
we describe the UK position of CMR,
the proposed structure and format
of the new imaging department and
the role of cardiovascular magnetic
resonance (CMR) within it.

CMR in the UK is growing fast. There
are more than 60 centres performing
CMR. Growth has over the last

5-10 years been consistent at 10-15%
a year. Some of this has been new
imaging, but much has been disin-
vestment in other modalities (e.qg.
nuclear imaging for ischemia). CMR
is seen as essential for many well
known areas — congenital heart dis-
ease, cardiomyopathies, many sys-
temic rarer disease, and acute situa-
tions (e.g. troponin elevation with
non-obstructive coronary arteries or
post cardiac arrest); butitis also a
preferred field for many practitioners.
In the UK National Health Service
CMR is not reimbursed according to a
‘fee per procedure’ structure, which
enables national services to be man-
aged and coordinated to maximize
care quality. This means that the tra-

ditional ‘turf war’ between radiology
and cardiology is generally more
benign than in other environments.
There are some training issues how-
ever — too many cardiology trainees
want to learn CMR, whereas too few
radiologists do.

The scale of the new unit is large.
Anticipated activity per annum on site
is 20,000 echocardiograms (plus 8,000
in satellite hospitals), 9,000 CMR scans,
3,500 cardiac CT scans and 500 nuclear
scans (plus 500 in satellite hospitals).
Advanced cardiac imaging will operate
a network of 8 dedicated cardiac MRI
scanners with 3 dedicated cardiac MR
scanners on site, and a further 5 oper-
ational in allied hospitals/services
within a year (one additional research/
private scanner planned, 2 dedicated
cardiac scanners at Great Ormond
Street, one new cardiac scanner at
Royal Free Hospital and the existing
scanner at The Heart Hospital continu-
ing until 2018. Strategically the aim is
that cardiac MRI functions within a
multi-modality framework where the
individual modalities work hand in
hand — not just to share the clinical
burden, but to ensure that patients are



investigated using the optimal tech-
nique to answer the clinical question
cost-effectively, and to facilitate train-
ing and research opportunities. There
will be a coherent operational model
where the governance system is com-
mon across imaging, there will be
common reporting rooms (echo, MRI
and CT) — with distinctions being
made between ‘quiet’ and ‘teaching’
reporting areas rather than modalities.

CMR subspecialisation:
New workflows

The main CMR department will have
two 1.5T MAGNETOM Aera scanners
and a 3T MAGNETOM Prisma. We
chose Siemens because of the proven
technical quality of their equipment,
strong existing research relationships
and their trajectory of investment and
innovation in CMR. The first Aera and
Prisma are currently operational. With
9,000 patients a year anticipated, we
are aiming for CMR subspecialization:
The 3T Prisma is anticipated to become
almost exclusively a dedicated adenos-
ine perfusion CMR platform, capitalizing
on the high homogeneity and very
high performance gradients. We aspire
that perfusion scanning will be suffi-
ciently robust on this magnet that the
rest scan can be dropped, improving
patient tolerability and workflow (we
aim for two patients an hour instead
of the standard 45 minute slots).

However, the narrow bore is not for all -
the two MAGNETOM Aera scanners
with 70 cm bores will take the larger
or claustrophobic patients. Here there
will also be further specialization —
one of these magnets is going to be
technician led as is standard, but the
other will be mainly doctor run — our
research fellows (currently >10) are
all trained to run the CMR scanners
and, at the Heart Hospital pass through
4 grades (observer, junior fellow,
senior fellow, and level 3 supervisor —
who are capable of running clinical
lists at weekends without on-site
consultant cover). This training is
invaluable and generates a cohort of
medics with PhDs capable of really
leading and innovating in CMR — even
if they never press the buttons them-
selves again. For reporting we have
switched to a 3" party server based
viewing and reporting solution with

Business

n The new hospital sits behind the existing facade of the Barts square top
(this is computer generated imagery from the architects) — a blend of the
old and new.

E The first 2 magnets — a Siemens 1.5T MAGNETOM Aera (2A - after a hard
days work) and 3T MAGNETOM Prisma (2B) are up and running with the third
arriving in around 6 months.
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B The atrium — which is hard to capture on just one view — serves as a focal point
for the hospital.

25 floating licences. We will also be
increasing the number of patients
with implantable cardiac devices in
situ that we scan — many local hospi-
tals are unwilling to scan patients
with even MR conditional devices and
we have therefore found ourselves
providing a regional service for this
area.

CMR research

Although there is a major service
provision aspect, the BHC will have
CMR clinical and research activity
integrated. To this end, the Barts
Cardiovascular Registry was set up to
approach all our patients to consent

for clinical and image data use and
sharing for research, audit and ser-
vice improvement purposes with
consent for the acquisition of addi-
tional sequences that may not yet be
part of clinical service provision.
Major research interests span the
entire translational pathway: From
rapid imaging and new sequence
design to establish new imaging
biomarkers to using imaging surro-
gate endpoints in clinical trials to
better diagnosing, prognosticating
and monitoring treatment in cardio-
myopathy, heart failure and coronary
artery disease to cost-effectiveness
analyses of imaging strategies.

10 MAGNETOM Flash | 172015 | www.siemens.com/magnetom-world

One particular focus is in the use of T1
mapping to identify abnormal myocar-
dium. Major new insights have been
gained in rare diseases — amyloid,
Fabrys and myocardial iron overload,
and rapid progress is being made in
diffuse fibrosis in the more common
diseases such as aortic stenosis and
hypertrophic cardiomyopathy. These
developments and a community
approach (in part coordinated by the
‘T1 mapping development group’ led
to an international consensus state-
ment on T1 mapping and very rapid
technical improvements leading to a
commercial sequence ‘MyoMaps' con-
taining a suite of mapping sequences.

The magnets are available for use

for researchers out of hours at cost —
to maximize flexibility and value-for-
money from precious research funds.
We also work closely with academic
physics and engineering groups to
maximize the potential of the scan-
ners, and are acting as a Corelab facil-
ity for multicenter trials. Our research
has been successful over the last few
years — more than 15 young investiga-
tor awards or shortlists at international
meetings have been achieved by the
fellows over the last five years in the
now merging units. The 2015 SCMR
meeting in Nice emphasises this
synergy — three fellows are shortlisted
for investigator awards, each with a
different supervisor, all now coming
together under one roof in one institu-
tion — a great platform to grow from.

CMR teaching

Course fellows are an integral part of
the unit. We limit the numbers to ~two
per MR scanner and typically for three
months so there is involvement — help-
ing with ‘first reads’ and providing a
fresh perspective. Any fees paid are
cycled into the research program —
particularly for funding fellow travel,
education, small equipment items and
bridging costs. Several more didactic
courses exist e.g. a biannual stress
perfusion course, and the course port-
folio is expected to expand to multi-
modality. We also host the London
CMR meeting, a quarterly meeting of
approximately 80 CMR specialists who
meet to share clinical and research
ideas and information. We have been



leading the European CMR certifica-
tion and exam boards for the last few
years.

First impressions

The Cardiac Imaging unit has been
open since 15 September 2014 with
the other units due to decrease activity
in Spring 2015, which means the
service is currently working across
multiple sites, increasing the capacity
to remove waiting lists. Weekly staff-
ing meetings are helping to define the
culture and operating procedures, a
process approached with the good will
that is needed when the methods and
cultures of three sites have to merge.
We have not even started to touch the
potential of the scanners — certainly
much of our basics are being rewritten
with new standards e.g. two cine
slices per breath-hold typical, motion
correction (MOCO) for perfusion
always, PSIR for LGE always with T1
mapping on the majority and a future
of new approaches such as potentially
ceasing to breath-hold for the major-
ity, dropping rest perfusion.

A visitor to the unit, Peter Kellman, MR
physicist from NIH sums it up: “To see
a new facility, a brand new hospital
with CMR at the centre of cardiac care
is very exciting. There is nothing niche
about this high throughput environ-
ment. As a researcher in CMR, | feel
proud of the efforts of the CMR com-
munity — their commitment, talent
and resources is putting CMR to the
forefront for decision making.”

We endorse Peter’s views. The future
potential of the unit is hard to scope in
detail — we look forward to delivering
excellent care and the research aspects
that go hand-in-hand — exploiting the
gradient performance of the Prisma,

a closer relationship with Industry to
transition academic ideas and innova-
tions into clinical practice and com-
mercial products; and the use of new
CMR endpoints for drug development
and the at-scale use of CMR in bio-
banking studies, such as UK Biobank.
Certainly, the future potential of the
unit as a trail-blazing unit is massive.

Business
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n The reception of the unit will benefit from a new stained glass window being
created and gifted by the artist Erica Rollings and her husband Robert Rollings,
a CMR practionner from Savannah, GA, USA. This is a coronal view example of
her work.

Contact

James C. Moon

Institute of Cardiovascular Science
University College London

The Barts Heart Centre

16-18 Westmoreland Street
London W1G 8PH
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Clinical Benefits of T1 and ECV Mapping

UPMC CMR Center, University of Pittsburgh Department of Medicine, Division of Cardiology, Pittsburgh, PA, USA

Clinicians and researchers can now
quantify important changes in
human myocardium using native T1
and extracellular volume fraction
(ECV) measures. These novel para-
meters can facilitate diagnosis and
prognosis and may enable the clini-
cian to identify vulnerable patients
and individualize therapy. These
advances introduce new tools to
detect focal and diffuse derange-
ments in myocardial structure
occurring in cardiac disease that

can be otherwise difficult to detect.
Increased ECV generally reflects
expansion of the interstitial compart-
ment (which includes the myocardial
vasculature) whereas native T1 alter-
ations may occur with processes
affecting the myocyte or interstitium
or both. These advances complement
the traditional functional and geo-
metric surrogates of vulnerability
such as left ventricular ejection
fraction and volumes [1], and may
facilitate new paradigms of cardiac
vulnerability [2]. Various aspects

of T1 mapping and ECV have been
reviewed in several publications
[2-15].

Native T1 mapping images (without
the use of gadolinium (Gd) contrast)
are expressed in units of time,
typically milliseconds, whereby each
pixel encodes the non-contrast T1
value of the corresponding tissue
region. These values can be depicted
either with gray scale images or in
color images with a scale bar typi-
cally on the T1 map image (Fig. 1).
Clinical T1 mapping images are
usually derived from a pixelwise
parametric fit of a series of images
acquired after one or more radio-
frequency pulses. Image quality
depends on image co-registration
and many other factors that have

12

been reviewed previously [5]. If refer-
ence values are carefully established
for the particular protocol by which
T1 is measured, the ‘parametric’
nature of T1 mapping then allows
one to detect focal and diffuse dis-
ease processes, whether intracellular
or interstitial, acute or chronic. The
ability to detect diffuse disease is an
important advantage of T1 mapping,
because T1 weighted or T2 weighted
images depend on focality (i.e., spa-
tial heterogeneity) to detect changes,
and they are inherently insensitive
for the detection of diffuse disease
processes [16].

If the clinical context is known,
native T1 mapping can provide useful
information. Native T1 generally
increases in conditions that increase
total myocardial water. These may
include focal myocardial insults such
as acute myocardial infarction [17,
18], myocarditis [16, 19], or stress
cardiomyopathy [20]. Diffuse and
acute myocardial insults also can
increase native T1 including global
myocarditis [16] and even hyperemia
associated with vasodilator stress
[21]. Chronic diffuse disease also

Myocardium with

iron overload

Native T1 = 719 msec

increases native T1 including diffuse
fibrosis [22] in cardiomyopathy [23,
24], amyloidosis [25, 27], and even
systemic capillary leak syndrome [3].
In systemic light-chain amyloidosis,
the extent of myocardial native T1
elevations relate to prognosis [27].

Similar to a multitude of other cardiac
parameters, abnormalities in native
T1 need to be interpreted within the
clinical context. Edema, fibrosis, and
amyloidosis can all increase native

T1 values. Because the clinical context
is usually known, (e.g., a chest pain
syndrome or a new cardiomyopathy),
T1 mapping remains promising. Inves-
tigations into the diagnostic and
prognostic performance of native T1
remain an active area of research.

Recent work suggests that low T1
appears sensitive and specific for
detecting: a) iron overload [28] in
hemochromatosis (Fig. 1), thalas-
semia, or other disease associated
with excess iron, or b) myocardial
glycosphyngolipid accumulation in
Anderson-Fabry disease [29-30].

Normal myocardium

Native T1 = 1042 msec

Native T1 in myocardium decreases with iron overload [28]. Native T1 maps are
shown from a patient with hemochromatosis and iron overload (1A) and a remarkably
low myocardial T1. The native T1 maps contrast with those from a patient with normal
myocardial T1 who also happened to have a small pericardial effusion (1B).



T1 mapping therefore introduces an
important CMR tool to detect these
important but uncommon conditions
that may have immediate diagnostic
implications. Native T1 mapping may
also allow one to track response to
therapy in these conditions given their
ability to quantify disease burden,

but such data have not yet been pub-
lished. Still, T1 mapping could follow
the precedent set by T2* (star) myo-
cardial iron quantification measures.
Myocardial T2* guided therapy appear
to have culminated in lower cardiac
mortality for thalassemia patients.

T2* CMR measures can allow one to
adjust iron chelation treatment based
on myocardial siderosis quantification,
and match intensity of therapy with
disease severity. Mortality rates from
cardiac iron overload appear to have
improved coincident with the introduc-
tion of this capability to clinicians [31].
This scenario of measuring important
myocardial tissue changes with CMR
parameters vividly illustrates a case
where the fundamental promise of
CMR, i.e., to match the right treatment
to the right patient, appears to have
been realized. T1 mapping might have
the potential to deliver similar results
in the future.

Extracellular volume fraction (ECV)
measures quantify expansion of the
interstitial space (including the
myocardial vasculature estimated to

ECV = 38%

be ~4.5% [32]) by using Gd contrast
as an extracellular space marker [33-
35]. ECV maps [3, 36, 37] are typi-
cally expressed as a percentage or a
decimal that is encoded in the signal
intensity of each pixel (Fig. 2). Clini-
cal ECV mapping images are usually
derived from a pixelwise parametric
fit of a series of images acquired
after one or more radiofrequency
pulses for T1 mapping pre and post
contrast. Coregistration is an impor-
tant requirement for image quality.

The technique measures the myocar-
dial uptake of Gd relative to plasma,
assuming equilibration of Gd contrast
between extracellular extravascular
and intravascular compartments
without any intravascular protein
binding that would prevent free dis-
persion of contrast. The ratio of the
relative concentrations in myocar-
dium and whole blood are measured
by their changes in relaxivity (i.e.,
AR1 = 1 /T1 postcontrast — 1 IT1 preconnast)

to yield the partition coefficient,

A =AR1 myocardium/ ARTbiood. Since the

Gd concentration in myocardial inter-
stitial fluid is in equilibrium with
plasma (not whole blood), one must
correct for the displacement of Gd
contrast by erythrocytes and multiply
A by (1-hematocrit) to yield ECV,
which is expressed as a volume per-
cent: ECV = A (1-hematocrit). Water
exchange effects may introduce
some time or concentration depen-
dence especially at high Gd concen-
trations or early after contrast admin-

Normal myocardium

ECV =22%

Examples of ECV maps quantifying diffuse fibrosis in a patient with nonischemic
cardiomyopathy (2A), which contrasts significantly with a patient without
fibrosis who demonstrates normal ECV measures (2B).

istration [38-42], but these effects
do not appear to represent major
barriers to its clinical utility as an
important imaging biomarker with
significant prognostic potential
[27, 43-46].

ECV is a robust measure of myocardial
fibrosis assuming that myocardial
edema or amyloidosis are absent.
Despite the alterations in myocardial
tissue that occur with tissue process-
ing, multiple studies have shown high
agreement between ECV and histo-
logic measures of myocardial collagen
content [39, 47-50]. ECV is also repro-
ducible [38, 51-53] although varying
degrees of Gd dose dependence have
been observed as well as cross vendor
issues [38-40, 42]. Nonetheless,

R? values for correlation of myocardial
fibrosis between ECV and histologic
collagen volume fraction measures
[39, 47, 49, 50, 54] range between
0.69-0.90 [36, 40, 42, 43, 47]. The

R? values for ECV compare favorably
to lower R? ranges of 0.32-0.61
between isolated post contrast T1
measures and collagen volume frac-
tion measures, where isolated post
contrast T1 measures are a surrogate
for ECV [55, 57]. Isolated post con-
trast T1 values may be confounded by
variations related weight-based gado-
linium contrast dosing, renal clear-
ance, time elapsed between contrast
bolus and T1 measurement, and dis-
placement of contrast by the hemato-
crit. Thus, gender, obesity, renal
disease, technologist practice, and
anemia would be expected to exert
greater influence on isolated post
contrast T1 measures than ECV.

ECV introduces a new concept in
cardiology practice and permits one
to dichotomize the myocardium into
its cellular compartment (mostly myo-
cytes) and interstitial compartment
(mostly collagen, but also amyloid
protein or edema depending on the
clinical setting). The heart may be like
other organs (lung-pulmonary fibro-
sis, liver-cirrhosis, kidney-glomerular
fibrosis) where disruption of its archi-
tecture through interstitial expansion
leads to organ dysfunction and vul-
nerability [2, 58]. Importantly, myo-
cardial fibrosis appears to represent a
modifiable ‘intermediate phenotype’
of pathologic remodeling [58-62] and
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interstitial heart disease that is poten-
tially treatable [63-66]. Myocardial
fibrosis also indicates vulnerability to
adverse outcomes [43-46, 67, 68].
Indeed, myocardial fibrosis can be a
common disease pathway from a vari-
ety of potential insults [2]. Notably,
‘antifibrotic’ treatment with conven-
tional medications that have been
shown to reverse fibrosis [63-66]
appears to improve patient outcomes
in several large scale trials in select
populations [68-74].

Preliminary outcomes data using ECV
measures of myocardial fibrosis [43,
44] or amyloidosis [27], suggest that
ECV may improve risk stratification
[46] and identify therapeutic targets
for therapy [2]. Single-center data are
encouraging and show that increased
ECV is associated with mortality or
hospitalization for heart failure. lllus-
trating the importance of quantifying
structural disease in the myocardium,
these associations between ECV and
outcomes appear stronger than more
traditional risk stratifiers such as ejec-
tion fraction or disease exposure cate-
gory (e.g., diabetes) [43, 44, 46].
Furthermore, myocardial ECV appears
to predict outcomes better than left
ventricular mass [75] suggesting that
left ventricular myocardial ‘quality’
may be more important than its
‘quantity’. ECV also appears to be
more strongly associated with out-
comes than more familiar LGE mea-
sures of nonischemic myocardial scar
[43]. With risk adjustment for com-
mon clinical conditions that relate to
outcomes in multivariable Cox regres-
sion models, ECV may improve the
classification of individual patients at
risk and provide added prognostic
value beyond age, gender, renal func-
tion, myocardial infarction size, ejec-
tion fraction, and heart failure stage
[46]. Interestingly, cardiac amyloidosis
yields typically higher values of ECV
than myocardial fibrosis which ren-
ders it a promising diagnostic tool and
prognostic tool for cardiac amyloidosis
[27,49, 76-79].

While initial results of T1 and ECV
data appear encouraging, concern
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may arise when the distributions of
ECV or other T1 data overlap accord-
ing to a disease classification scheme
(e.g., dilated cardiomyopathy [23,
50]) or a disease ‘exposure variable’
such as aortic stenosis [53, 80],
diabetes [43], heart failure with or
without preserved ejection fraction
[81, 82], etc. When native T1 or
ECV are used as a diagnostic tool

to detect that condition or disease
classification scheme, this concern
is valid. Overlapping distributions
of T1 and ECV may pose limitations
for their use as a diagnostic tool
specifically for that the classification
scheme or disease ‘exposure vari-
able’. Yet, it is important to put this
concern into context. It is expected
that the myocardial ‘response’ to a
given stimulus or disease state mea-
sured by T1 mapping may overlap
across disease categories. For exam-
ple, the spectrum of myocardial
fibrosis measured by histology, is
known to vary across individuals
[39, 50, 80, 83], reflected in the
robust histologic validation data for
ECV where one encounters a spec-
trum of disease [39, 47-50]. Determi-
nants of myocardial fibrosis [2] and
amyloidosis accumulation remain
incompletely understood.

For prognostic purposes, however,
the goal of native T1 or ECV is to
measure the myocardial ‘response’
to a given stimulus from a disease
state or classification scheme. This
‘response’ — or lack thereof — may be
more prognostically relevant than
the disease state or classification
scheme. It is essential to recognize
that outcomes data are the final
arbiter of what constitutes eventual
vulnerability to the patient among
the various parameters that can be
measured in the genesis of various
disease states. Ascertainment of
subsequent event rates thus repre-
sents the gold standard for vulnera-
bility. Therefore, any overlap of ECV
data (or other T1 data) between
disease categories do not necessarily
limit their clinical assessment of
vulnerability. Nor does overlap of
any myocardial fibrosis across disease
categories relegate its status as a
biologically and prognostically mean-
ingful biomarker. Indeed, ECV has
robust histological validation data

[39, 47-50] and has been shown to
have high reproducibility [38, 51, 52].
On the contrary, ECV measures of
myocardial fibrosis might be the criti-
cal determinant of vulnerability rather
than a patient’s disease category or
classification (e.g., diabetes [43]).

Outcomes data are necessary to com-
pare T1 or ECV measures with more
traditional disease states of classifica-
tion schemes for prognostic purposes.
Such data are important because they
inform paradigms of disease. In gen-
eral, the stronger the association with
outcomes, the more likely the specific
measurement is biologically impor-
tant. Trials that modify the measure-
ment under investigation can then
distinguish whether the measurement
is a risk marker or a risk factor. Nota-
bly, despite any overlap in disease
category or classification scheme,
preliminary data demonstrate that
ECV may improve the classification of
individual patients at risk and provide
added prognostic value beyond age,
gender, renal function, myocardial
infarction size, ejection fraction, and
heart failure stage [46]. Additional
outcomes data regarding T1 mapping
and ECV mapping are undoubtedly
forthcoming in work already
underway.

T1 and ECV mapping provide new
opportunities to understand myocar-
dial disease. T1 is sensitive to myocar-
dial processes that affect the myocar-
dium globally, i.e., disease specific
to the myocyte, the interstitial com-
partment, or both. Conversely, ECV
detects abnormalities limited to
expansion of the extracellular com-
partment, typically fibrosis but also
amyloidosis and edema (depending
on the clinical context). Emerging
work suggests that T1 mapping

and ECV mapping have the potential
to improve the diagnosis of disease
including the burden of disease.
Recent work also suggests that T1
mapping and ECV mapping might
refine risk stratification. Ultimately,
T1 mapping and ECV mapping prom-
ise to improve care by matching the
right therapy to each patient, but
further work is needed to realize
this promise.
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Clinical Utility of Cardiac T1- and
Extracellular Volume (ECV) Mapping.

A Brief Review

Department of Clinical Physiology, Karolinska Institutet and Karolinska University Hospital, Stockholm, Sweden

The clinical utility of cardiovascular
magnetic resonance (CMR) is rooted
in the ability to provide important
clinical information on myocardial
tissue characterization. Late gadolin-
ium enhancement (LGE) sequences
are established routine for detecting
myocardial infarction and focal
myocardial scarring of non-ischemic
origin [1]. However, LGE is based

on T1-weighted inversion recovery
imaging and entails visual interpreta-
tion of relative signal intensities in
relation to healthy myocardium.

CMR has been experimentally shown
to be able to quantify the distribution

Increased

| Diffuse Fibrosis

of gadolinium-based extracellular
contrast agents [2], also known as
the extracellular volume fraction
(ECV). The basis for measuring ECV
is the measurement of T1 before and
after the administration of a clinical
gadolinium-based extracellular con-
trast agent at a clinical dose. The
inverse of T1 (1/T1) is referred to as
R1, and the change in R1 that occurs
following contrast administration is
proportional to contrast agent con-
centration. Importantly, blood has a
known extracellular space which can
be measured by venous blood sam-
pling as 1-hematocrit. Consequently,

[elllo=1} Focal

Edema / Inflam Amyloidosis

Edema/nflam  Acute Infarction / Necrosis

.. Chronic Infarction / Scar

Low Normal

Normal

Increased High 3

ECV [%]

Schematic diagram for focal and global myocardial tissue characterization using
native T1 measured in milliseconds, and the extracellular volume fraction (ECV)
measured in percent. Absolute cutoff values defining normality for native T1 may
vary depending on the exact sequence used for T1-mapping.
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since extracellular contrast agents
distribute into the extracellular space,
T1-mapping can be used to quantify
relative contrast agents concentrations
calibrated to the blood, thus yielding
ECV.

ECV is a physiologically intuitive mea-
sure insofar as it measures the propor-
tion of tissue comprised of the space
between cells. It has recently become
possible to generate ECV-maps in
clinical routine through automated
processing [3]. Myocardial ECV has

a normal range of 20-30% [4], but is
altered in various myocardial patholo-
gies. These conditions include diffuse
fibrosis, acute and chronic myocardial
infarction, myocarditis, hypertrophic
cardiomyopathy, dilated cardiomyopa-
thy, and amyloidosis [4-6]. A benefit
of ECV mapping is that it is measured
in absolute units, which allows for a
more accurate diagnosis in disease
that homogeneously affect the myo-
cardium. Furthermore, this allows

for quantitative comparisons both
over time in the same patient as well
as comparisons between different
patients. Importantly, use of mapping
allows for visualization of the extent
of changes in myocardial ECV.

Native T1-maps alone provide impor-
tant clinical information, since native
T1 is increased in conditions including
inflammation [7] and edema in
myocardial infarction [8]. T1 is also
measured in absolute units as opposed
to other sequences that can detect
edema, including T2-weighted imag-
ing. Furthermore, T1 is decreased in
myocardial iron overload [9] as well as
in myocardial glycolipid overload, as
seen in Anderson-Fabry disease [10].



The combination of ECV-mapping and
T1-mapping can provide quantitative
characterization of a number of
myocardial pathologies. Figure 1 is

a schematic illustration that can be
used to interpret the clinical results
of T1 and ECV. Figures 2-5 show four
clinical cases showing: T1-map (left),
LGE (middle) and ECV-map (right).
T1 is shown using a color scale from
black (0 ms) to white (2000 ms),
normal range is purple. LGE shows
focal lesions as white and remote
myocardium as black. ECV is shown

using a color scale where blue is nor-
mal range (20-30%); turquoise and
light green, indicates increased ECV;
and red and white is very high ECV.

LGE: Late gadolinium enhancement
ECV: extracellular volume

Notably, ECV imaging has been proven
to provide important prognostic infor-
mation [11], and a first consensus
statement on the use of T1 and ECV
in CMR has been published [12].
Continued work is underway to enable
implementation for optimized clinical

workflow, and there is an expanding
number of publications in the field.

Taken together, the combination

of ECV-mapping and T1-mapping
represent a powerful diagnostic
tool in CMR. Not only can otherwise
undetectable abnormalities be
visualized, but findings can also be
characterized in absolute units. This
feature both improves the diagnostic
accuracy and makes it possible to
objectively determine the severity
of disease.

A 40-year-old woman presenting with
chest pain and ST-elevation, but a
normal invasive coronary angiogram.
CMR shows segmental edema (E)
based on increased T1 (1300 ms) and
ECV (40%) compared to normal (N)
myocardium (T1 1040 ms, ECV 29%).
Note that the edematous segment
appears normal on LGE. The case was
interpreted as likely segmental stress
cardiomyopathy or coronary spasm,
and no infarction.

A 70-year-old woman with a chronic
infarction (Cl) that is shown clearly on
both LGE and ECV (70%) and less clear
on T1-maps (1140 ms). This patient also
had diffuse fibrosis (DF) in the septum
(T1 1075 ms, ECV 34%).

A 21-year-old man with acute presen-
tation of myocarditis (M) midmurally in
all segments except the inferolateral
segment where the myocardium appears
normal (N). The affected regions are
shown clearly on both ECV (80%), LGE
and T1 (1500 ms), in stark contrast to
the normal segment (T1 1000 ms and
ECV 27%).

A 47-year-old woman with amyloidosis
(A) with increased ECV (42%) and slightly
increased T1 (1100 ms) but normal
appearing LGE.
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Introduction

Diffuse myocardial fibrosis and other
remodeling of the myocardial extracel-
lular space are common pathological
features of many cardiac diseases [1].
These changes can be measured non-
invasively using magnetic resonance
imaging (MRI) through changes in
native (non-contrast) myocardial T1
relaxation times, post-contrast T1
times, and derived estimates of extra-
cellular volume (ECV) using both
native and post-contrast T1 values.
Numerous clinical studies have found
correlations between both myocardial
T1 and ECV measurements and various
metrics of disease severity in patient
populations including heart failure [2],
dilated cardiomyopathy [3], and amy-
loidosis [4]. These findings have also
been further validated by histological
correlations to MRI fibrosis measure-
ments in human studies of aortic
stenosis and hypertrophic cardiomyop-
athy, as well as infiltrative diseases
such as amyloidosis [5-8]. A large sin-
gle-centre study of myocardial ECV in
consecutive patients showed increased
ECV to be an independent predictor of

Continuous Look-Locker

Table 1
[3, 50]
Readout GRE
k-space acquisition segmented
Preparation pulse inversion
Number of images 15-30

Duration 1 breath-hold
Base matrix size 176-192
Flip angle 10-12°

Myocardial T1 (1.5T) Not reported

Normal ECV (1.5T) 25%

short-term mortality [9], demonstrat-
ing its prognostic importance.

The ability to quickly and reliably
assess diffuse myocardial fibrosis
using MRl makes T1 and ECV promis-
ing surrogate biomarkers with the
potential for widespread clinical util-
ity [10-12]. This optimism has led to
the development of a multitude of
techniques for their measurement,
each with unique properties, advan-
tages, and disadvantages. Three
major classes of T1 measurement
techniques are reviewed here in
order to provide insight into differ-
ences in reported T1 and ECV values
and determine the most appropriate
technique for potential new studies.

T1 mapping techniques

Continuous Look-Locker techniques
The classic Look-Locker experiment
consists of a series of measurements
using a train of radiofrequency (RF)
pulses with a short repetition time
(TR) to more efficiently sample the
T1 recovery curve [13]. This is com-
monly implemented using an inver-

MOLLI (Intermittent
Look-Locker)
[6, 18, 23, 29, 30, 49]

bSSFP
single-shot
inversion

7-11

9-18 heartbeats
192-256

35°

939-1011 ms
25-27%

sion pulse followed by a continuous
spoiled gradient recalled echo (GRE)
readout [14] (Fig. TA). Magnetization
perturbation caused by the repeated
RF excitations causes a shortening

of the apparent relaxation time (T1*)
and a reduction in the equilibrium
magnetization. However, assuming
that the TR << T1 and a flip angle
<10°is used, the true T1 value can
be calculated when using a standard
3-parameter exponential recovery
model by applying the commonly
termed “Look-Locker correction fac-
tor” [15] (Fig. 2A):

Signal = A — B*exp(-TI/T1*)
T1=(BA-1)T1*

[Eq. 1]
[Eq. 2]

Cardiac Look-Locker implementations
typically use gated-segmented imag-
ing readouts, with between 15-30
images acquired at different effective
inversion recovery (TI) times and car-
diac phases in a single breath-hold
(Table 1). This k-space segmentation
results in images with less temporal
blurring compared to single-shot
images, but with increased sensitivity
to artifacts from poor breath-holding.

SASHA (Independently
magnetization-preparation)
[37, 44, 45]

bSSFP

single-shot

saturation

11 (variable)

11 heartbeats typical (variable)
192-256

70°

1174 ms

18-22%

Comparison of typical pulse sequence parameters between three major classes of myocardial T1 mapping sequences.
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Continuous Look-Locker

Segment 1 Segment 2 Segment 3 Segment 4
Inv Inv Inv Inv
) ;4 I o | | | |
T
IMAGING IMaGING IMaGING . IMAGING
MOLLI (Intermittent Look-Locker)
Look-Locker Set 1 Recovery Look-Locker Set 2
Inv Inv
(B 1 A - L
IMc IMG Ima ImG MG IMa IMG InG
SASHA (Independent Magnetization Preparation)
No Sar Sar Sat SaT SaT Sar SaT SAT Sat SaT Sat
i f f | [ i ] i f |
= = = = = ] [ ] = [ ]
ImMc IMG ImG IMG IMs IMG Ima (2] IMG InG

Pulse sequence diagram of three major classes of myocardial T1 mapping sequences. (1A) A continuous Look-Locker sequence
acquires many segmented images following an inversion pulse. (1B) The MOLLI sequence consists of Look-Locker sets, each containing
multiple single shot images following a single inversion, with recovery periods between sets. (1C) The SASHA sequence is composed
of a non-saturated single-shot image followed by a series of images at variable saturation recovery times, with only a single image

following each saturation pulse.
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Sampling of the T1 recovery curve for three major classes of myocardial T1 mapping sequences. (2A) Continuous Look-Locker
sequences have many data points along the recovery curve, but have lower SNR due to the low flip angle GRE readout. (2B) Samples
of the recovery curve in MOLLI are clustered, with the spacing between clusters approximately equal to the R-R interval. The spacing
within the clusters is determined by the “Tl increment” between Look-Locker sets. Data is shown for a 5(3)3 scheme with an 80 ms

Tl increment. Both continuous and intermittent Look-Locker techniques generally use the “Look-Locker correction factor” to estimate
true T1 values. (2C) The SASHA sequence samples a saturation recovery curve instead of an inversion recovery curve, with many
data points at comparatively short TS times. A non-saturated image is assigned an infinitely long TS time and acts as an anchor point.

Look-Locker sequences with a contin-
uous balanced steady-state free pre-
cession (bSSFP) imaging readout
such as the Small Animal Look-Locker
Inversion recovery (SALLI) [16] and
Multi-Contrast Late Enhancement
(MCLE") sequences [17] have been
used to improve blood-tissue contrast
and overall signal yield compared to
GRE. These sequences also utilize the
cardiac phase information to gener-
ate a cine-like time series for analysis
of cardiac function.

Continuous Look-Locker sequences
provide excellent sampling of the
inversion recovery curve, but the car-
diac motion between images that is
intrinsic to the sequence design can
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be problematic for T1 quantification.
Continuous through-plane cardiac
motion in a typical short-axis slice
results in signal enhancement as
unexcited spins move into the imag-
ing plane, modulating the shape

of the recovery curve and potentially
confounding calculated T1 values.
Additionally, data analysis is time
consuming because the myocardium
must be manually contoured for
each image separately and paramet-
ric T1 pixel maps cannot be readily
generated.

Intermittent Look-Locker
techniques

The MOdified Look-Locker Inversion
recovery (MOLLI") technique over-

comes many of the challenges associ-
ated with cardiac and respiratory
motion by using ‘intermittent’ cardiac-
gated single-shot readouts instead

of continuous readouts [18]. The
sequence consists of multiple ‘Look-
Locker sets’, each of which contains

an inversion pulse followed by gated
single-shot images at a consistent car-
diac phase in several sequential heart-
beats (Fig. 1B). As sampling of the
recovery curve in each set is limited
and also determined by the heart rate,
Look-Locker sets are repeated with
slightly incremented Tl values and sep-
arated by several heartbeats to allow
magnetization recovery. MOLLI images
also generally use bSSFP readouts to
improve blood-tissue contrast as well



as overall signal yield, although a GRE
variant has been used at 7T2 [19].

Implementations vary in the number
of Look-Locker sets and the number of
images in each set, which are com-
monly indicated with a series of num-
bers such as 3(3)3(3)5. In this naming
convention [20], the parentheses indi-
cate the number of recovery heart-
beats between sets and all other num-
bers indicate the number of images

in each set. In this example, 3(3)3(3)5
describes the original MOLLI imple-
mentation with three Look-Locker sets
containing 3, 3, and 5 images and
each set separated by 3 heartbeats for
recovery. The choice of sampling pat-
tern affects not only the total breath-
hold duration, but also the variability
of calculated T1 values and potential
heart rate dependent T1 errors.

With good breath-holding, the consis-
tent cardiac phase between MOLLI
images simplifies data analysis by
allowing regions of interest (ROIs) to
be drawn for all images simultane-
ously. Consistent spatial positions
between images allows parametric T1
maps to be generated, which provide
an invaluable visual tool for identifying
spatial patterns of T1 abnormalities.
While myocardial T1 mapping was
feasible with other techniques prior

to MOLLI, the simplicity of a single
breath-hold acquisition and straight-
forward analysis contributed to its
success and helped to spur the growth
of the T1 mapping field as a whole.

Similar to the continuous Look-Locker
techniques, the measured apparent T1
time, termed T1%*, from MOLLI data is
generally shorter than the true T1 time
due to magnetization perturbation by
the image readouts. Conventional
MOLLI analysis uses the standard Look-
Locker correction factor (Eq. 2) to
estimate the true T1 value. However,
MOLLI's intermittent bSSFP readouts
result in notable differences in the
magnetization time-course compared
to the continuous GRE readouts for
which the correction factor was
derived. This difference in magnetiza-
tion progression gives rise to errors

in MOLLI T1 values that are systemati-
cally dependent on multiple factors
and well characterized [20]. Briefly,
MOLLI T1 values are generally system-

atically underestimated with reduced
T2 values [21, 22], increased T1
values [18, 23, 24], high heart rates
[18, 23], increased off-resonance
[25], poor inversion efficiency [26,
27], and magnetization transfer (MT)
effects [28]. The magnitude of T1
errors from these factors is depen-
dent on various aspects on the
sequence implementation, resulting
in a wide range of calculated MOLLI
T1 values. For example, various
studies of healthy subjects using
3(3)3(3)5 MOLLI at 1.5T have
reported average myocardial T1
values of 939+24 ms (n=20) [29],
1011+41 ms (n=10) [30], and
950+21 ms (n=102) [31]. Despite
moderate differences in mean T1
values between studies, the coeffi-
cient of variation within a given
study is 2.2-4.0%, suggesting that
healthy myocardial MOLLI T1 values
are stable and consistent within a
specific sequence implementation.

While a number of MOLLI's system-
atic dependencies are deeply rooted
in the use of the Look-Locker correc-
tion factor for an intermittent bSSFP
Look-Locker readout, other depen-
dencies have been mitigated through
a combination of sequence modifica-
tions and alternative image recon-
struction algorithms. For example,
heart rate dependence in certain
MOLLI implementations is largely
due to incomplete magnetization
recovery between Look-Locker sets.
By ordering the Look-Locker sets
from longest to shortest, such as
the 5(3)3, 4(1)3(1)2, and 5(1)1(1)1
patterns, and defining the recovery
durations in seconds instead of
heartbeats [32], heart rate depen-
dence is significantly reduced. A
conditional fitting algorithm used in
the shortened MOLLI (ShMOLLI?)
sequence, where images from later
Look-Locker sets are discarded when
fitting long T1 values or if the resid-
ual fit error is too great, further

improves heart rate insensitivity [23].

An optimized adiabatic inversion
pulse was also found to increase the
accuracy of the MOLLI sequence
[27], and more complex MOLLI T1
calculation techniques utilizing Bloch
equation simulations [33] have also
been developed to account for other

dependencies. However, as these
improvements bring MOLLI T1 values
closer to the true T1 value, it is
important to be mindful that newer
implementations are no longer
directly comparable to reported
literature values from previous, less
accurate implementations.

Although systematic errors in MOLLI
T1 values are conceptually undesir-
able when trying to accurately quan-
tify true T1 values, the primary goal
of most T1 mapping is to reliably
quantify myocardial fibrosis. This
more pragmatic view asserts that
well characterized systematic errors
are tolerable, provided that MOLLI T1
values are a reproducible biomarker
that is sensitive to fibrosis. This per-
spective is supported by extensive
published literature using the MOLLI
techniques in a wide variety of car-
diomyopathies. Furthermore, the
influence of T2 values and MT on
native MOLLI T1 values may actually
increase its sensitivity to overall car-
diac disease, as common pathologic
changes in T2 and MT also increase
native MOLLI T1 values. However,
variability in factors such as flip angle
and off-resonance is dependent on
MRI system design and shimming,
but still cause artifactual changes

in MOLLI T1 values. Thus MOLLI’s
systematic dependencies are simulta-
neously an advantage and a disad-
vantage. While they may increase
sensitivity of MOLLI T1 values as a
biomarker for overall cardiac disease,
there is the potential for misinterpre-
tation because it may be difficult to
rule out non-pathological confound-
ers as the underlying cause of MOLLI
T1 derived ECV abnormalities.

Intermittent Look-Locker can also

be performed using a saturation
recovery preparation, such as in the
MLLSR sequence [34]. As an ideal
saturation pulse nullifies longitudinal
magnetization regardless of the mag-
netization before it, recovery periods
between Look-Locker sets are no
longer required and thus more
images can be acquired in the same
total duration. However, as MLLSR
still fundamentally uses an intermit-
tent Look-Locker acquisition, it has
similar characteristics to the MOLLI
sequences, with underestimated
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T1 and ECV mapping in a subject with myocarditis. (3A) Sample raw images from
native (top) and post-contrast (bottom) SASHA-VFA T1 mapping and resulting T1
maps (right). Non-saturated images are window-leveled independently to allow
better visualization. Images were motion corrected using Siemens HeartFreeze and
T1 maps were generated on the scanner. ROls drawn in the affected myocardium
(green), remote myocardium (blue) and blood pool (red) are shown in the shortest
TS image only. (3B) Signal intensities and 2-parameter best-fit curves are shown
for each ROl in native (top) and post-contrast (bottom) data. (3C) ECV map was
calculated by co-registering native and post-contrast T1 maps. Data courtesy

Drs. Peter Kellman and Andrew Arai at the National Institutes of Health.

apparent T1* values that cannot
be accurately corrected with direct
application of the Look-Locker
correction factor in Eq. 2.

Independently magnetization-
preparation techniques

Both continuous and intermittent
Look-Locker sequences acquire
multiple images after a single mag-
netization preparation (inversion

or saturation) pulse as a means of
reducing the total scan time and
providing a wide range of sampled
recovery times. In comparison, the
SR-TFL [35], SAP-T1 [36], and SAtura-
tion-recovery single-SHot Acquisition
(SASHA") sequences [37] acquire
only a single image after each satura-
tion pulse. As ideal saturation pulses
reset the longitudinal magnetization
regardless of the initial state, each
image is independently magnetiza-
tion prepared, and thus the magneti-
zation time-course in each image
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readout is independent of other
image readouts. The SASHA
sequence consists of a non-prepared
‘anchor’ image, followed by a series
of saturation recovery images in
sequential heartbeats (Fig. 1C).
Images are gated single-shot bSSFP
readouts, similar to the MOLLI
sequence (Table 1), but have signifi-
cantly poorer blood-tissue contrast.
SASHA images and analysis from a
subject with myocarditis are shown
in Fig. 3.

T1 values calculated from SASHA
data using a 3-parameter model

(Eg. 1) have been shown to be highly
accurate and robust over a wide
range of T1, T2, flip angles, heart
rates, off-resonance values, and
magnetization transfer effects [20,
28, 37]. However, the dynamic range
of signal intensities in SASHA is
nearly half that of MOLLI due to its
saturation recovery preparation,

resulting in significantly higher

SASHA T1 variability [20]. SASHA data
acquired using a variable flip angle
(VFA) readout and using a 2-parameter
model for T1 calculation has been
recently shown to have coefficients of
variation similar to MOLLI measure-
ments while maintaining SASHA's
accuracy [38]. VFA images were also
shown to consistently reduce image
artifacts associated with off-resonance
effects. However, VFA readouts further
reduce blood tissue-contrast in the
anchor image, potentially reducing
the effectiveness of motion correction
algorithms and impairing visual identi-
fication of the myocardial boundaries
when contouring on raw images.

The number of acquired SASHA images
is flexible and can be reduced in sub-
jects with diminished breath-hold
capabilities at the expense of
increased variability. The original
SASHA sequence used saturation
recovery times (TS) linearly spanning
the range of values possible while
keeping the saturation and imaging in
the same heartbeat to maximize the
number of acquired images in a fixed
duration. Longer TS times may better
sample the recovery curve for long

T1 values and can be achieved by
imaging in a separate heartbeat from
the saturation pulse, such as in the
SR-TFL sequence [35] and the recent
SMART:Map sequence [39]. Recent
work numerically optimizing satura-
tion recovery times for 3-parameter
[40] and 2-parameter [41] models
found clustered sampling patterns
with repeated TS times result in mod-
erate reductions in T1 variability.

The robustness of the SASHA sequence
to systematic confounders makes it

an attractive candidate for T1 mapping
in new study protocols. While SASHA

is a relatively new sequence with less
clinical and histological validation com-
pared to more established techniques,
studies with SASHA in patients with
heart failure [37], anthracycline cardio-
toxicity remodelling [42], and Fabry
disease [43] have findings consistent
with established literature. Neverthe-
less, the lack of established values and
difficulty comparing values between
techniques make SASHA a difficult
choice for sites where data has already
been acquired with another technique.



Absolute native myocardial T1 values
vary significantly between imaging
sequences, with 15-20% lower values
with MOLLI compared to SASHA [44,
45] due to MOLLI's systematic under-
estimation [20]. ECV values are
derived using both native and post-
contrast T1 measurements in the
blood and myocardium and thus sys-
tematic T1 errors, which may be differ-
ent between each of these measure-
ments, result in even larger differences
between sequences (Table 1). There-
fore, caution must be exercised when
comparing literature values, and a
recent consensus statement on T1
mapping recommends that site-spe-
cific normative values be established
for any given T1 mapping sequence
implementation [46].

In clinical practice, breath-hold motion
commonly causes errors in T1 maps

as signal intensity changes between
images are caused by spatial misalign-
ment instead of magnetization recov-
ery. Although manually adjusting ROIs
between images can overcome some
motion effects, this process increases
analysis time and effort. A robust
non-rigid image registration algorithm
designed for the large changes in
image contrast in MOLLI data was
found to significantly reduce apparent
motion between images and improve
T1 map quality [47]. In the Siemens
implementation found in the MyoMaps
package, T1 maps are generated from
motion corrected images on the scan-
ner console directly. This immediate
feedback allows the operator to easily
detect poor quality data sets and
repeat the acquisition and enables
focused investigations within the same
study, as T1 abnormalities can be
detected in real-time.

By extending the image registration
algorithm to co-register native (non-
contrast) and post-contrast T1 maps
and using hematocrit values with
automated blood pool segmentation,
parametric ECV maps can also be
generated [48, 49]. ECV image maps
are more easily interpretable than T1
maps because they represent a physio-
logically relevant parameter and the
ability to generate these in a semi-
automated manner greatly improves

analysis workflow. The uncertainty in
T1 values from fitting measured data
to the exponential recovery model
can be quantified by converting fit
residuals into a standard deviation
with the same units as T1 values
[32]. This approach can be further
extended to calculating uncertainties
in derived ECV values. These uncer-
tainty maps provide valuable context
in interpreting the likelihood of
whether T1 and ECV abnormalities
are simply due to measurement
noise.

Myocardial T1 mapping is an active
and exciting field of research, driven
by a strong clinical motivation to
detect diffuse myocardial fibrosis
that is so ubiquitous in cardiac dis-
ease. A number of techniques are
commonly used for T1 mapping,
each with unique advantages and
disadvantages. While direct compari-
son of values between these tech-
niques is complicated by different
systematic dependencies between
sequences, the ability of each
technique described here to detect
fibrosis is supported by clinical
evidence and literature. The most
appropriate technique for any given
study depends on considerations
such as the image quality of single-
shot images in subjects with smaller
or thinner hearts and fast heart rates,
the likelihood of variations in known
confounders, and the need to
compare values to existing literature.
Commercial availability of a T1 map-
ping sequence in MyoMaps provides
broad clinical access to this technol-
ogy, and is a significant step towards
the adoption of T1 mapping as a clin-
ical standard for quantifying myocar-
dial fibrosis.
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Increasing Productivity in Myocardial and
Liver T2* Acquisition and Analysis

Juliano Lara Fernandes, M.D., Ph.D., MBA; José Michel Kalaf, M.D.

Jose Michel Kalaf Research Institute, Radiologia Clinica de Campinas, Campinas, Brazil

Parametric mapping has become one
of the key developments in cardio-
vascular magnetic resonance (CMR)
over the last years [1]. Despite more
recent applications using T1 and T2
maps, T2* mapping was the first
clinical driver of this growth and a
landmark for the success of CMR on
the assessment of iron overload in
different diseases.

The clinical importance of CMR for
this purpose was first pointed out

in 2001 by Anderson et al. [2].

In this seminal paper, the authors
demonstrated a clear association
between values of myocardial T2*
and left ventricular ejection fraction,
identifying the cut-off of 20 ms as

a marker of myocardial iron over-
load with a significant increase in
risk of ventricular dysfunction below
the 10 ms limit. At this time, they
also correlated the values of liver
T2* with direct liver iron concentra-
tion (LIC) as measured by invasive
biopsy.

Since that initial paper, advances in
T2* sequences and analysis gained
rapid speed with important clinical

Table 1

information following through. In
technical aspects, the first T2*
sequences for both liver and heart
used single echo and multiple
breath-holds for the generation of
images with different echo times.
While providing acceptable interscan-
ner and intercenter reproducibility,
breath-hold times were up to 20 sec-
onds and the total exam time was
also very long due to the need for
multiple respiratory pauses [3]. The
first evolution of the method resulted
in sequences that provided multiple
echoes using a single respiratory
pause and significantly shortened
total exam time while keeping very
good overall interscanner, interpa-
tient and intercenter reproducibility
[4]. Myocardial T2* was then further
advanced by the use of black blood
techniques that maintained the previ-
ous advantages of fast acquisition
but reduced the coefficient of varia-
tion of the exam to 4.1% using dia-
stolic acquisitions and removal of
flow compensation allowing for
lower initial TEs [5]. Finally, other
organs started to be assessed

along with the heart and the liver,

Classification T2* (ms) R2* (Hz) Iron Concentration
(mglg dw)

Myocardial Normal >20
Mild/Moderate 10 to 20
Severe <10

Liver Normal =11.4
Mild 3.8-11.4
Moderate 1.8-3.8
Severe <1.8

<50 <1.16

>50 - 100 >1.16t02.71
> 100 >2.71

<88 <2.0

88 — 263 2.0-7.0
263 - 555 7.0-15.0

> 555 >15.0

Reference values and stratification of liver iron concentration and myocardial

iron concentration by T2* at 1.5T.
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with special focus on the pancreas and
pituitary gland [6, 7].

In terms of clinical applications, more
accurate calibration curves of liver
T2* and liver iron content became
available, allowing for precise determi-
nation of LIC [8, 9], comparable to
previously validated T2 techniques [9].
Prognostic data started to identify
cohorts of patients at high risk for
development of heart failure showing
that 47% of patients with a cardiac
T2* below 6 ms developed heart fail-
ure at one year follow-up [10]. The
calibration of cardiac T2* and true
myocardial iron concentration (MIC)
was made possible after the work of
Carpenter et al. with twelve human
hearts donated after patient’s death or
transplantation comparing CMR values
to plasma atomic emission spectros-
copy [11]. This work along with previ-
ous validation studies for the liver now
permits the classification of severity in
both organs using T2*, R2* and final
LIC and MIC levels (Table 1).

The impact of T2* mapping along

with the development of new iron
chelators over the last decade has
resulted in a major change in the natu-
ral history of thalassemia major and
other transfusion-dependent anemias.
In countries that applied CMR routinely
for these patients along with regular
access to chelation, early diagnosis of
high MIC allowed for significant
changes in management strategies.
Reductions in overall mortality of up to
62% and iron overload related deaths
of 71% were observed [12] with a shift
of the major cause of death in these
patients from heart to chronic liver
disease and infections [13]. Currently,
all major guidelines for the manage-
ment of iron chelation recommend

the use of both liver and myocardial
T2* assessment on a yearly basis and



as the key diagnostic test for therapeu-
tical strategies [14-16].

Despite the very successful use of T2*
mapping for the assessment of iron
overload, recent surveys indicate that
the adoptance of the technique has
been very heterogeneous and that
cases of high LIC and/or high MIC are
still abundant, especially in developing
parts of the world where most of the
patients are located [17]. Understand-
ing the limitations that do not allow
widespread use of the technique is
important in order to move the field
further in the right direction.

The first limitation refers to the num-
ber of patients in need of the exam.
While T2* mapping was initially devel-
oped for the study of patients with
thalassemia major, it is now recog-
nized that it also plays a significant
role in the management of other
diseases including myelodisplastic
syndromes, sickle cell disease, hemo-
chromatosis, thalassemia intermedia
and other rare anemias with regular
blood transfusions [18]. While the
number of known patients with thalas-
semia major in the world is only just
above 100,000 [19], the total number
of patients counting all the other indi-
cations for iron overload assessment
with MRI is estimated to be at least
five times higher, especially with the
increase in life span in most of these
diseases. This puts significant pressure
onto the healthcare system if one con-
siders not only the costs but also the
availability of slots in the current MRI
installed base. For example, assuming
that a standard scanner performs
around 500 exams a month, it would
require approximately 80 exclusively
dedicated centers just to account for
all the yearly scans needed to fulfill
this unmet need of iron overload
evaluation. Since scanners are not
available exclusively for this purpose,
these patients have to compete with
demands from all other MRI indica-
tions, significantly limiting actual
availability.

The second significant limitation to

access is the need for dedicated train-
ing for the acquisition and assessment

of T2* images of the liver and heart.
While the pulse sequences used to
generate the images are based on
well-known gradient echo tech-
niques, only recently have dedicated
protocols been delivered as standard
packages on most systems. Not only
that, the post-processing step of
quantitative analysis of the acquired
images and T2* calculations is not
automatic and frequently requires
the use of a third party commercial
software or spreadsheet [20]. Train-
ing is also necessary in the correction
for some of the intrinsic limitations
of the sequence, especially in situa-
tions of high LIC where truncation
or use of an additional constant on
the decay equation is needed [21,
22]. This additional toll results in
many centers supposedly capable of
performing the exam being unable
to offer it on a routine basis, further
reducing availability.

Considering the central role that
CMR has taken in the assessment

of iron overload together with the
limitations discussed above, a new
approach to improved productivity
while maintaining the high quality of
the exams was designed using recent
product developments provided by
Siemens Healthcare with the Myo-
Maps package.

The AID project was developed in
order to offer high quality iron over-
load assessment to the maximum
number of patients with a clinical
indication for the exam in a multi-
center design. The idea was to over-
come limitations of (1) cost, (2)
availability, (3) need for extensive
training and (4) low productivity.

To reach these goals, the aim was to

develop a CMR protocol where the
patient would stay inside the magnet
for not more than five minutes, with
a total exam time of under ten min-
utes. This would allow for the evalua-
tion of approximately 70 patients in
a 12-hour shift, boosting productivity
by 200% with an increase from two
to six patients per hour. The protocol
was applied in seven different cen-
ters in six cities in Brazil (Radiologia
Clinica de Campinas, Mater Dei Hos-
pital (Belo Horizonte), Santa Joana
Diagnostico (Recife), Sirio Libanes
Hospital (Sdo Paulo), CDPI (Rio de
Janeiro), DASA (Sao Paulo) and Ana
Nery Hospital (Santa Cruz do Sul)).
Three of these centers had very little
experience with either T1 or T2*
imaging and no specific training was
provided except for a one-hour meet-
ing for overall discussion of the proj-
ect with the principal investigators
four months prior to the implementa-
tion of the exams. The protocol was
transferred to each center’s scanner
(two 1.5T MAGNETOM Aera scanners
with software version syngo MR D13
and five 1.5T MAGNETOM Avanto
scanners with software version
syngo MR B17, Siemens Healthcare,
Erlangen, Germany) using a proto-
type version of MyoMaps.

Figure 1 shows the protocol used in
the study. While our focus was on
T2* we added the assessment of
native T1 of the heart and liver
using MyoMaps as well for research
purposes, actually prolonging the
exam time for another one to two
minutes but still keeping within the
five-minute exam target. For the
localizers we chose to use a tradi-
tional orthogonal setup followed
by a simple 2-chamber prescription
used for the positioning of the heart
short axis slices.

Ortogonal 2Ch Heart Heart Liver Liver

Localizers Localizers Multiecho T2* Native T1 Native T1 Multiecho T2*
A
7

Overview of the protocol used in the AID project with

the MyoMaps prototype’ product.
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Next, a multi-echo black-blood
gradient echo sequence in the mid
portion of the left ventricle acquired
12 short-axis images with different
TEs (2.3 to 18.9 ms, with 1.5 ms
intervals). The same short-axis slice
position was copied in order to
obtain eight images using a Modified
Look-Locker Inversion Recovery
(MOLLI") sequence with 5 (3's) 3
design as previously published for
native T1 of the heart [23]. The same
sequence was used for the axial sin-
gle slice acquisition of the liver and
also for T1 mapping. The position of
the liver was copied for the final
multi-echo gradient echo sequence
consisting of twelve images with TEs
from 1.1 to 11.0 ms with 0.9 ms
intervals. As an optional acquisition,
a complete set of ten short-axis slices
covering the entire left ventricle was
obtained in two centers that also per-
formed a free breathing prototype
cine sequence with sparsely sampled
iterative reconstruction for rapid
evaluation of left ventricular function
in less than one minute.

While special care was taken to
acquire images in reduced time, we
were also careful to guarantee that
the results would be accurate and
consistent among all centers, espe-
cially the ones with least experience.
This was planned in the MyoMaps
product by automatic application of
Inline Motion Correction and pixel-
based quantification of both T1 and
T2* based on the raw images gener-
ated. Inline processing removed

the need for further analysis of the
images with additional post-process-
ing reducing also the overall time for
reporting the final values for both
organs in addition to the shortened
acquisition intervals. Furthermore,

it also allowed us to avoid the need
for training the different sites in
manual analysis: This was skipped
altogether, since previous results
with inline processing showed good
correlation between the automatic
measures and manual analysis [24].

The preliminary results of the project
allowed us to scan 179 patients with

T WIP, the product is currently under
development and is not for sale in the
US and in other countries. Its future
availability cannot be ensured.
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Inline pixel fit images automatically generated for T2* and T1 of the liver
(2A, B respectively) as well as the heart (2C, D). Both organs had normal T1
and T2* values in this 41-year-old female patient with sickle cell disease.

A 35-year-old female patient with severe iron overload in the liver and heart with a
T2* of 1.7 ms and 9.8 ms (3A, C respectively). T1 values for both organs were also
low calculated at 320 ms and 751 ms (3B, D respectively). The window and level
used are the same as in figure 2 and demonstrate the differences in the color maps
for both variables when assessing normal and pathological organs.



a median scan time of 5.2 minutes
(IQR 4 to 7 minutes) in patients with a
wide age range (2 to 91 years old,
44% children?/adolescents) and varying
myocardial T2* values (4.2 to 61 ms)
and liver T2* values (0.7 to 32.4 ms).
An example of a patient with normal
T1 and T2* values of the heart and
liver is shown in figure 2. These
images are automatically generated
by the scanner as DICOM images and
each pixel represents the calculated
T1/T2* values without any need for
further post-processing. Figure 3
shows severe iron deposition in the
liver and heart. In figure 4 the first
eight original raw images used for the
offline calculation of the T2* of the
liver are shown along a manual fitting
curve that was used for the compari-
son with the inline generated T2*
map. In this case, truncation had to
be used to account for the plateau
observed in the images with longest
TEs after the fifth echo.

While T2* mapping of the heart and
liver might apparently be limited only
to assessment of iron overload, the
technique has much broader potential
clinical applications in which MyoMaps
may provide significant insights. Blood
oxygen level-dependent (BOLD) CMR

has been proposed for almost twenty
years as an accurate technique to
assess myocardial perfusion [25].

In particular T2* imaging has been
considered one of the most sensitive
methods for this assessment as it is
dependent on the paramagnetic
properties of deoxygenated hemo-
globin [26, 27]. However, previous
studies used relatively simple
imaging techniques and did not
assess the myocardium with more
current tools using parametric T2*
mapping with higher resolution
imaging and possible improvement
in accuracy. The use of MyoMaps

for stress-induced changes in BOLD
CMR might be therefore helpful in
this area [28].

Another potential use of T2* map-
ping also derives from previous
observations of myocardial edema
and hemorrhage characterized dur-
ing the acute phase of myocardial
infarction [29]. This also opens the
possibility of using pixel-fit automati-
cally generated images maps for
identifying and monitoring tissue
changes along different phases of
the disease providing a roadmap for
understanding physiological and
pathological changes, which might
influence treatment strategies.

Original gradient
echo raw images
used for the inline
calculation of the
liver T2* map in
figure 3 with the
first eight images
with different
echoes repre-
sented. The manual
post-processing
fitting of the T2*
decay curve with
the truncation of
the last points after
the fourth dataset
is also shown.

In summary, T2* imaging with

CMR has experienced significant
technical advances over recent years
and has been proven to positively
affect the management of iron
overload diseases. The use of the
prototype MyoMaps package' with
automatic motion correction and
inline quantification of T2* as well
as T1 and T2 allowed us to further
increase productivity, decrease train-
ing needs and offer more exams to
patients with high demand for these
scans with total imaging time around
five minutes. The application of T2*
mapping with MyoMaps might allow
us to investigate other aspects of
cardiovascular disease using BOLD
imaging and edema and hemorrhage
characterization.

TWIP, the product is currently under
development and is not for sale in the
US and in other countries. Its future
availability cannot be ensured.

2 Siemens disclaimer: MR scanning has
not been established as safe for imaging
fetuses and infants less than two years
of age. The responsible physician
must evaluate the benefits of the
MR examination compared to those
of other imaging procedures.
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Cardiac Dot Engine:
Significant Time Reduction at
Cardiac Magnetic Resonance Imaging

"Department of Radiology, Clinica Universidad de Navarra, Pamplona, Spain

2Siemens Healthcare, Erlangen, Germany
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Cardiac Magnetic Resonance (CMR)
has rapidly developed and is now

the technique of choice in the study of
multiple heart diseases and an impor-
tant tool for planning revascularization
strategies in patients with coronary
artery disease [1]. It allows the assess-
ment of cardiac morphology and func-
tion. Therefore, it provides important
information about tissue characteriza-
tion by detecting the first steps of the
ischemic cascade through perfusion
sequences. An appropriate assessment
of myocardial viability can be per-
formed with delayed enhancement
sequences [2].

However, CMR is not without certain
limitations. Firstly, it requires skilled

personnel with a good knowledge of
cardiac anatomy and cardiac planes.
Secondly, the scan times for CMR
studies are substantially longer than
for other types of study (with up to
more than an hour on stress heart
exams) and remain a limiting factor
in the recruitment of patients suffer-
ing from claustrophobia.

In order to reduce CMR scan times,
the Cardiac Dot Engine has been
developed. It is a new software
technology from Siemens Healthcare,
which offers a review of CMR fully
guided and suited to the needs of
the patient.

The system guides you through
a series of graphical illustrations
selecting some anatomical reference

Check calubsied s
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Automatic planning of the different cardiac axis with Cardiac Dot Engine.

points on the heart. The software
then performs an automatic planning
of the different cardiac planes with-
out the need for user intervention.

It also allows you to obtain super-
imposable slices in all sequences of
the study, increasing confidence in
our diagnoses [3].

Our experience with the Dot software
began in June 2013. To date, we
have performed in our center over
272 CMR studies of which 60% are
stress studies after administration

of adenosine. All studies have been
performed under medical supervision
and have been reproducible and
high-quality diagnostic scans.
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During this time, we have observed
a significant reduction of the average
scan time.

We therefore proposed the following
study to assess the time saved by
using the Cardiac Dot Engine in

both conventional and stress studies,
compared to standard cardiac scans.

Study design and patients

We have retrospectively reviewed

a total of 194 patients consecutively
between October 2012 and March
2014 with CMR studies performed
at our Siemens 1.5T system
(MAGNETOM Aera XQ) with an
18-channel body matrix coil.

For the correct categorization
of the study we took into account
some variables:

First, the type of study of stress or
conventional CMR. The technical
specifications of both protocol
studies are summarized in Table 1.

Second, the use of Short Tau
Inversion Recovery (STIR)
sequences. We usually use this
sequence for patients with sus-
pected acute disease or suspicion
of infiltrative heart disease.

Third, the use of the Cardiac Dot
Engine or conventional software.

Depending on the different variables,
we obtained eight groups comparing
the average scan time with the
Cardiac Dot Engine and without it
(conventional software).

The total examination time comprises
the time from the beginning until the
end of each scan.

The image quality of the studies
has been assessed by a radiologist
with over 20 years of experience
on a 10-point scale (1 = poor to
10 = excellent).

The statistical analysis has been
performed using a Student’s T-test
for independent samples to compare
means. SPSS Statistics software 20.0
(IBM corporation, Armonk, NY, USA)
has been used.

34

Localizer

HASTE
AAHeart-Scout
Function 4-chamber

Dynamic rest
(Gadovist® 0.1 mmol/kg, 4 ml/s)

Function 2 + 3-chamber
Function short-axis

Delayed enhancement

Localizer

HASTE
AAHeart-Scout
Function 4-chamber

Dynamic stress adenosine
(Gadovist® 0.1 mmol/kg, 4 ml/s)

Function 2 + 3-chamber
Function short-axis
Delayed enhancement

Dynamic rest
(Gadovist® 0.1 mmol/kg, 4 ml/s)

Specifications of both study protocols (stress and conventional CMR) performed at our
Siemens 1.5T MAGNETOM Aera XQ.

MR images show positive findings on stress study in a 53-year-old man with
chest pain. The inferolateral wall stress-induced perfusion shows a defect (2A)
that corresponds with a stenosis involving the left circumflex artery (LCX),
disappearing in the dynamic perfusion study (2B).These findings were
confirmed on subsequent invasive angiography with successful coronary

stenting of the stenosis.

The image quality of all studies
obtained a result between 9 and 10.

For conventional CMR studies
with STIR sequences (58 patients)
statistically significant differences
in the average examination time
using the Cardiac Dot Engine
(t=39.1 min +/- 12.1) have been
observed, reducing the average
examination time by 26.5 minutes
compared to examination times
using conventional software
(t=65.6 min +/- 14.1) (P = .003).

For stress CMR studies with STIR
sequences (27 patients) a statistically

significant decrease of the examina-
tion time has been observed with

a reduction of 19.7 minutes
(t=45.11 min +/- 14.7) using the
Cardiac Dot Engine compared to

(t = 64.9 min +/- 7.8) examination
times using conventional software
(P=.001).

Furthermore, for CMR studies
without STIR sequences (31 patients)
a significant mean reduction of the
examination time of 15.5 minutes
has been found, which has been

also statistically significant

(t=57.7 min +/- 14.7) compared to
(t=42.2 min +/- 16.1) (P=.001).



Stress CMR studies without STIR
sequences (78 patients) have also
shown mean examination times of
(t=44.6 min +/- 16.8) using the
Cardiac Dot Engine compared to
(t=65.1 min +/- 22.3) using the con- W Dot
ventional software, which means a Non-Dot
time reduction of 20.4 min (P = .002) 70
(Table 2).

Time reduction in cardiac magnetic resonance

60

Our study is not without limitations. 50

First of all, it is a retrospective study,
which has inherent disadvantages. 40

There are also independent variables

that may alter the average examina- 30
tion time. For example, at the time

of infusion of adenosine, as a rule,

there is a cardiologist present. The Y
mean arrival time of the cardiologist i

is (t=4.8 min +/- 7.1), which intro- 10
duces a considerable delay. ¢

There may also be glitches that force 0

the study to be repeated, although CMR STIR CMR-S STIR CMR non-STIR ~ CMR-S non-STIR
this is very rare. This process, however,
rarely extends beyond 5 minutes. CMR

Exam time (minutes)

Another factor that may have
extended the examination times at
the beginning of this study is the
universal training of all MRI personnel.
It has been observed that during

the initial learning phase, after the
introduction of the Cardiac Dot Engine,
the average examination times have
been longer than afterwards. How-
ever, once the basic handling of the
Dot Engine has been learned, the
Cardiac Dot Engine has a fast learning
curve without requirement of highly
specialized technologists.

The Cardiac Dot Engine introduces
patient benefit by providing
systematically reproducible and
efficient studies that consistently
reduce examination time, resulting
in increased efficiency, reduced costs
and improved patient satisfaction
without ever sacrificing high-quality
diagnostic images.

Short axis (3A, B) and four-chamber-view (3C, D) demonstrates hypertrophic
changes as well as delayed contrast enhancement in the apex in a 43-year-old
man with hypertrophic cardiomyopathy.
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Delayed enhancement in the short axis (4A, B) and four-chamber-view (4C, D)
reveals the presence of a diffuse patchy enhancement pattern, very suggestive
of cardiac amyloidosis in a patient with congestive heart failure. A cardiac
biopsy confirmed the diagnosis.

(5A, B) Short axis and (5C, D) two-chamber-view of delayed enhancement
sequences. Arrows point to the septal wall of this patient, showing a severe
subendocardial hyperenhancement that represents the region of myocardial
infarction in the territory of left anterior descending (LAD) and the left
circumflex artery (LCX).
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Cardiac MRI on MAGNETOM ESSENZA

Radiology Department, Casa de Saude Sao José, Rio de Janeiro, Brazil

Of course you would prefer to drive to
work every day in a state-of-the-art
convertible sports car, with the top
down, feeling the autumn breeze on
your face. But for most people, reality
dictates otherwise, and you must set-
tle for something less grand. However,
even at a lower budget, you can still
have what matters most on your daily
commute: Comfort and reliability. This
is the fairest picture we could draw
from working with a MAGNETOM
ESSENZA. It's definitely not a top-of-
the-range sports car, but it will get you
almost anywhere. Due to its hardware
configuration, the ESSENZA has some
limitations for cardiac imaging, but
after some adjustments, it can absorb
most of the routine cardiac workload.
We will try to delineate some adjust-
ments in sequence design and exam
strategy, which may enhance image
quality and overcome some pitfalls.

The MAGNETOM ESSENZA isa 1.5T
system that comes with built-in
cardiac capability in all system config-
urations. This includes cine functional
imaging, perfusion sequences,
inversion-recovery late gadolinium
enhancement with PSIR (phase sensi-
tive inversion recovery), TSE-based
morphologic sequences, and phase
contrast for flow measurement. There
is no 3D gated (to account for cardiac

Matrix 224
Phase resolution 80%
Readout SSFP
iPAT No
Slice thickness 8 mm

motion) and navigated (to account
for respiratory motion) acquisition in
any configuration. It has a bore size
of 60 cm and gradient strength of

30 mT/m @ 100 T/m/s. Although the
magnetic field homogeneity is some-
what limited on the z-axis, cardiac
imaging needs small fields-of-view,
making this a non-issue for this appli-
cation. Interestingly, perhaps due to
the low gradients and smaller bore
size, field homogeneity confined to
the heart is rather good, compared to
other systems. The system allows up
to 16 independent analog RF chan-
nels, although we feel 8 channels are
enough, given that the small FOV
doesn’t usually allow for large body
areas to be covered at once.

Parallel acquisition acceleration
(iPAT) is available (GRAPPA) but
should be limited to a minimum, as
signal-to-noise ratio is pulled back by
the low gradients, limited number of
channels and analog coil acquisition.
We routinely turn iPAT off for cine
imaging, morphologic TSE sequences
and segmented late gadolinium
enhancement, but we use it for sin-
gle shot sequences due to temporal
resolution constraints. One option
would be to increase the number of
reference lines (for example to 48),
as a middle ground in SNR and acqui-
sition time, but we find that in prac-

160 224
60% 80%
SSFP SSFP
Yes No
10 mm 8 mm

tice this is somewhat cumbersome
and doesn’t help much.

We usually work with slice thickness
of 8 mm, which can go up to 10 mm
in perfusion sequences. Additionally,
matrix size for segmented cine and
late gadolinium enhancement are
224 to 240, as opposed to 256 com-
monly used in other systems. We also
usually work with FOV of 34 cm or
higher, even in smaller patients.
These measures are done as a way

to improve SNR, but will lower the
spatial resolution, which we find

can be safely done resulting in good
diagnostic images, but can be a
problem in infants*, whom we prefer
not to image in this system.

Using SSFP" instead of s-GRE readout
for late gadolinium enhancement
also enhances SNR. SSFP has inher-
ent T2/T1-weighting, so theoretically
it's not as good for LGE as s-GRE
(pure T1-weighting), but in practice
the inversion pre-pulse adequately
weighs for T1, and enhancement can
be depicted as consistently in SSFP as
in s-GRE [1].

*Siemens disclaimer: MR scanning has
not been established as safe for imaging
fetuses and infants less than two years
of age. The responsible physician
must evaluate the benefits of the
MR examination compared to those
of other imaging procedures.

"The product is still under development and
not commercially available yet. Its future
availability cannot be ensured.

204 224
90% 90%
GRE TSE
Yes No

8 mm 8 mm
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Perfusion sequences are perhaps the
most hardware demanding. They can
have spoiled gradient echo, steady
state free precession or echoplanar
readouts. There is the need for a
saturation pre-pulse for T1-weighting
and entire k-space filling in a contin-
uously cartesian manner in every RR
interval. Ideally, one should be able
to acquire at least three short-axis
images of the heart in one heartbeat,
at the base, mid and apical levels.
Unless matrix size is very small and
heart rate is very slow, iPAT needs to
be turned on. SSFP readout allows for
better SNR and slightly faster acquisi-
tion than s-GRE [2]. Individualized
pre-pulses before every slice gener-
ate homogenous contrast among all
slices. Echoplanar readout is faster
but renders too noisy images in all
systems, especially in the ESSENZA.
In order to increase SNR further,

10 mm slice thickness should be

considered (8 mm minimum), and
matrix size should vary from 160 to
192 mm according to acquisition
heart rate. Increasing the receiver
bandwidth will decrease minimum
TR and speed up the acquisition [3],
but should be done cautiously (it is
set to high levels already), testing
each increase until you feel comfort-
able with the images. Inversion time
(T1) is usually set to the minimum
value allowed, around 100 ms.

Since breath-hold times are usually
long due to iPAT off and low segmen-
tation, a frequent mistake is to
demand too much of the patient
before contrast injection, and then
acquire late gadolinium enhance-
ment images blurred by respiratory
motion artifacts. We set up the
scanning protocol to have the lowest
number of apneas possible. Our

SSFP cine images of a patient with hypertrophic obstructive cardiomyopathy
(HOCM), on four-chamber-view (1A), longitudinal long-axis-view (1B) and
short-axis-view in diastole (1C) and systole (1D).
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scouts are free-breathing, only the
short-axis scout is breath-held. We use
HASTE and SSFP single shots for over-
all anatomic evaluation of the aorta,
pulmonary artery and heart, asking
the patient to take slow and shallow
breaths, but not holding. Additionally,
we mind segmentation when the
heart rate is too slow (or obviously
too fast) — as a rule of thumb, one
cine slice in the ESSENZA should last
7-8 seconds.

While we usually avoid working with a
FOV below 34 cm regardless of patient
size due to SNR concerns, on first-pass
perfusion sequences where matrix size
is considerably reduced, we believe

all efforts should focus on keeping

the FOV as small as possible. Since

the left arm is frequently aligned with
the short-axis planes, this upper limb
or both should be placed above the
patient’s head if he/she can tolerate
this position. Also, wrapping artifacts
should be tolerated as long as they

Inversion-recovery segmented
late gadolinium enhancement
images from the patient

in figure 1, exhibiting
non-ischemic septal fibrosis on
magnitude (2A) and phase-
sensitive (2B) reconstructions.



occur distant from the heart, which
can be checked on pre-contrast scouts.

For a normal patient with stable sinus
rhythm who can hold his/her breath
for 10 seconds, MAGNETOM ESSENZA
performs quite nicely. But it does not
come with arrhythmia detection, and
the cine realtime used for patients
incompatible with prospective gating
is poor, as temporal and spatial resolu-
tions are too low. For the same reason,
late gadolinium enhancement single
shot images are sub-optimal. We
choose not to image small infants*,
due to the combination of low SNR in
small FOVs and unavailability of gated
3D images for anatomic delineation of
congenital abnormalities.

*Siemens disclaimer: MR scanning has
not been established as safe for imaging
fetuses and infants less than two years
of age. The responsible physician
must evaluate the benefits of the
MR examination compared to those
of other imaging procedures.

Single-shot (3A)
and segmented
(3B) inversion-
recovery late
gadolinium
enhancement
images from a
patient with
previous
myocardial
infarction with
subendocardial
lateral fibrosis.

In-plane phase
contrast image
from the HOCM
patient in figure
1 exhibiting
increased veloc-
ities in the
ascending aorta
with aliasing at
1.5 mls venc
(5A), and corre-
sponding GRE
image recon-
struction (5B).

MAGNETOM ESSENZA delivers good
diagnostic cardiac imaging and
seems to have good cost/benefit
ratio for a general radiology clinic
with some volume of cardiac studies.
It is able to handle most of the
routine work, is easy to operate and,
with some adjustments, delivers
excellent image quality.
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An Approach to Semi-Automated
Cardiac MR Post-Processing
Using syngo.via MR Cardiac Analysis

University of Arizona Health Network, Department of Medical Imaging, Tucson, AZ, USA

Cardiac MRI (CMR) has become the
definitive examination for numerous
pathologies due to unique pulse
sequences that MRI provides to
evaluate both cardiac function and
tissue. In order to optimize CMR
scanning, the introduction of
standardized protocols provide an
optimal balance between essential
pulse sequences and scan time effi-
ciency [1]. CMRI efficiency has been
further advanced with the introduc-
tion of shorter MR sequences and
automated scanning techniques,
such as the Cardiac Dot Engine.

Despite these advances, CMR is still
encumbered with time-intensive
post-processing of these sequences.
Manual techniques, such as Argus
workflow (Siemens Multi-Modality
WorkPlace) and other commercial
post-processing software, perform
quantitative analysis by user identifi-
cation and contouring of anatomic
structures; i.e., contouring the ven-
tricular myocardium in short axis

cine-gated sequences and evaluating
vascular flow with phase contrast
sequences, which continue to be a
tedious component of CMR
interpretation.

Siemens’ syngo.MR Cardio Engine

in syngo.via offers a semi-automatic
workflow that provides an alternative
to manual post-processing by utiliz-
ing computer-aided detection of the
left ventricle and mitral valve posi-
tion to provide automatic contouring
of the left ventricular throughout the
cardiac cycle.

The transition from manual cardiac
post-processing to a semi-automatic
format requires an adaption of the
user’s previous manual skill-set to the
new semi-automatic workflow. In my
clinical experience, most user diffi-
culty relates to the adjustment to the
more ‘hands-off” workflow of auto-
mated post-processing. But with
direction, users begin to adapt to the
new workflow and are able to fully
utilize syngo.via's semi-automated
processing to acquire maximum
efficiency.

In order to further propagate this
instruction, | will outline a basic
CMR post-processing session using
syngo.via MR Cardiac Analysis
with a notable emphasis regarding
changes from traditional manual
post-processing, and furthermore,
how to maneuver out of potential
pitfalls.

CMR scanning requires attention to
proper image acquisition in relation
to long-axis (LAX) and short-axis
(SAX) views and central positioning
of the heart within the image (Fig. 1).
At our institution, the Cardiac Dot
Engine ability to efficiently reproduce
long- and shot-axis views of the heart
is utilized in conjunction with SCMR
protocols [1].

Within syngo.via, the MR Cardiac
Analysis workflow steps are displayed
as rectangular tiles (Fig. 2) notifying
the performance of multiple steps of
processing, which is a departure from

Representative SAX and LAX TrueFISP ECG-gated sequences demonstrating proper image orientation and
central positioning of the heart.
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MR Cardiac Analysis

Overview

960

MR Cardiac workflow tiles
demonstrate progress bars
indicating automated processing.

manual techniques because syngo.via
identifies and sorts the sequences
necessary for each workflow step and
begins post-processing by automatic
production of left ventricular base
plane and myocardial contouring.

The Overview tile displays all
sequences in the order acquired,
allowing access to any desired

p Finding Details

Within the Functional step’s
Finding Details, a color-coded
segmental map of wall motion
abnormalities can be produced.

Functional
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Wall segment motion is labeled
by clicking on the segment, and
then on the color box demar-
cating the wall motion visualized.

Functional workflow displays the SAX and LAX gated sequences in a cine loop.

A representative set of SAX is displayed.

sequence. Progressing to the second

Each segmental wall motion abnormal-
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motion abnormalities (Fig. 3).
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diagram (Fig. 4), which can be archived
upon post-processing completion.
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The Dynamic, Tissue Characteriza-
tion, and Flow tiles allow directed
analysis of perfusion, late gadolinium
enhancement, and phase contrast,
respectively. Additionally, the Find-
ings section of both Dynamic and

Tissue Characterization allow for
color-coded diagram production.

(It is felt that these steps are similar
enough to Functional that a step-by-
step discussion is beyond the scope
of this article.)

First monitor of MR Cardiac Function. The top row is dedicated to SAX views,
and the bottom is dedicated to available LAX views. Automated myocardial
contours are produced for the SAX (top row), and the designated position of
the mitral valve base plane is displayed in the LAX views (bottom row).

Second monitor of MR Cardiac Function. SAX and LAX views can be selected for
further processing on monitor 1. A dashed yellow outline designates the image
being processed, and any view displayed on monitor 1 has a light blue outline.
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The discussion of MR Cardiac Function
will assume a 2-monitor display. Moni-
tor 1 is used for active post-processing
and displays a 2 x 2 layout with SAX
and LAX slices displayed in end-dias-
tole (ED) and end-systole (ES) (Fig. 5).

Monitor 2 displays a row of all SAX
views, and a separate row of addi-
tional gated-images, which contains
the LAX views. Further evaluation of
these views on monitor 1 can be per-
formed with left and right arrow keys
or mouse-clicking on the preferred
slice (Fig. 6).

syngo.via's processing is performed by
anatomic localization of key structures
including the LV apex, the anterior

RV insertion point, and LV blood pool,
which are demonstrated by a series of
automatically positioned color-coded
dots (Fig. 7). If necessary, these local-
ization dots may be modified within
their respective tile.

The gated-image chosen to denote
ED and ES appear on the image.

To modify the image designated as
ED or ES, the user can drag ED or
ES pin on the volume curve (Fig. 8).

The user can quickly evaluate if the
processed SAX contours and anatomic
locations are correct, and if so, the
apical localization, blood pool, and
RV insertion steps can be considered
accurate, and the user can proceed
directly to the Refine Segmentation
step (Fig. 9).

During SAX review, it is recommended
that the left column of the first moni-
tor be kept in ED, and the second
column in ES (Fig. 10). Since the calcu-
lated changes between ED and ES are
utilized for quantitative analysis, it is
recommended that modification be
kept to the ED and ES positions to min-
imize the amount of manual segmen-
tation and processing data points.

The automated position of the mitral
valve base plane uses the LAX views to
localize the base of the left ventricle in
both ED and ES (Fig. 11). Modification
of the base plane can be performed

in any LAX view by moving the local-
ization dots.



MR Cardiac Function =

A volume curve displays the calculated ventricular

MR Cardiac Function interface starts with defining the apical extent, blood pool, and, RV
insertions. A single blue dot denotes the position detected as the LV apex. A pink dot
placed at the basal LV localizes the central LV blood pool. A red dot outside of the basal
LV indicates the location of the RV insertion.

volumes throughout the cardiac cycle. Pins designating ED
and ES are automatically chosen by syngo.via. The image
designated as ED or ES can by modified by dragging the

pin left or right to the desired curve position.

The SAX contours can be assessed by right-clicking
through the SAX display row. If an image is degraded
or unnecessary it may be excluded by clicking the E,
which will turn the image red denoting that it's data
will not be used in quantitative analysis.

A myocardial contour used for processing of all images
in series will be shown as a thick line. Initial processing
is done in ED, but if the user modifies a contour it will
change the line from thin to thick and will be used for
contour processing.

Automatic positioning of the mitral valve base plane
uses pink localization dots depicting the septal and
lateral position of the base plane. Big pink dots are
displayed near ED and ES denoting that the image was
used for automated processing of the entire cardiac
cycle. The user is recommended to only modify the
large dots thus decreasing manual post-processing.
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Base plane position can be visualized
in SAX views as a yellow line with an
arrow at the superior and inferior
aspects (Fig. 12).

For most CMRs performed, post-pro-
cessing is complete at this point.
Optimally, syngo.via should reduce
post-processing to a series of visual
quality checks confirming proper left
ventricle localization and contouring,
and mitral valve base plane place-
ment. Manual post-processing, if
necessary, should be reduced to
simple nudging of portions of the
contours and optimization of base
plane position.

Some CMRs will require an advanced
level of post-processing including

RV evaluation and vascular flow
quantification, which can also be
performed with syngo.via using addi-
tional steps included in MR Cardiac
Analysis.

The first step of RV Analysis requires
manual contouring of each SAX
position in ED. With the manual pro-
duction of a single contour in ED,
syngo.via will automatically generate
contours for the remainder of the
cardiac cycle.

Drawing a contour in a single motion
using the free-hand tool is recom-
mended because the processing time
required for multiple steps may
become tedious. After each contour
generation, evaluation of the pro-
cessed ES contour is recommended
to assess accuracy and the possible
need for editing (Fig. 13).

To produce the tricuspid valve base
plane, the 4-chamber view is used to
manually identify the RV base plane
margins in ED. After the RV base
plane is produced in ED, the RV basal
margins must again be localized in

the ES view to complete RV base plane
processing (Fig. 14).

To complete ventricular processing,
using the Join Function tool within
Refine Segmentation will smoothly
join the contours of both ventricles
throughout the cardiac cycle (Fig. 15)
producing a more accurate anatomic
assessment.

The MR Flow Quantification tile is used
for phase contrast post-processing.
This workflow step can perform vessel
contouring with one step with the

use of the auto-contour tool (Fig. 16).

If multiple phase contrast views are
performed, the additional sequences
dragged into the MR Flow Quantifica-
tion layout from the sequence browser
by clicking on the arrow on the right
side of the display on the first monitor.

Base plane in SAX. The arrows
arising from the LV base plane
line denote the contour
volumes included in the
ventricular volume and mass.

The RV contour is drawn for each slice of the SAX in ED. The processed ES
contour should be visually assessed after ED contouring. Any refinement of
the ES should be performed before moving to the next SAX position.

Sequential demonstration of Semi-Automated production of the RV base plane. Starting in the ED 4-chamber view, the user will
click on the lateral and septal margins of the RV base producing 2 large dots, and the RV base plane line will then form between
the dots. Next, in ES the dots are dragged to the proper position of the RV base allowing syngo.via to complete processing for

the RV base plane throughout the cardiac cycle.
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» Join Operation

Clicking the Join Function tool

will combine the septal portion
of the RV contours with the LV

contours.

MR Flow Quantification +

o
A4 d»

*.
I

The One-Click Vessel Segmentation tool allows MR Flow Quantification to be
performed in a single step by a clicking once in the vessel center of an in-plane
phase contrast view, which produces an accurate contour of the vessel
throughout all images in the sequence.

At this stage, post-processing for even
more advanced CMRs is completed,
and the Finding Details icon can be
clicked so ventricular and vessel quan-
titative data can be saved by clicking
on the Create Findings button, which
will allow the results to be archived
upon completion of the study.

Given the variability of cardiac anat-
omy and image acquisition, syngo.via
post-processing can falter. Solving
these miscalculations can be quite
tedious if the user applies manual
troubleshooting techniques. However,
if approached with an appreciation of
semi-automated processing, syngo.via
can be leveraged to correctly redraw
the LV in a short series of steps.

Since most miscalculations result from
automated contouring of the wrong

anatomic structure or the entire heart
(Fig. 17), most cases can be solved by
insuring that the SAX stack images are

well centered within an appropriate
sized acquisition window.

Within syngo.via, the first step to
correct an LV miscalculation is to
reposition the apical dot while in the
Apical Localization step. Reposition-
ing the blue dot will result in repeat
auto-segmentation producing a new
set of myocardial contours and repo-
sitioning the LV base plane.

If repositioning of the apical dot does

not succeed, | recommend deleting
all LV contours with the Delete Con-
tours tool (Fig. 18A), and redrawing
in ED the contours for a single SAX
slice in the middle of the LV, which
automatically produces contours
throughout the cardiac cycle for the
single SAX image (Fig. 18B). Next,
clicking the Spatial Propagation tool
will produce automated contours for
the remaining SAX stack images
(Fig. 180C).

After redrawing the LV contours,
the LV base plane position should

Miscalculation of the LV
contours is often related to
the entire heart being seen

as the LV due to an excessively
large image acquisition
window during MR scanning.

T
dry

Q, Qe

o
_NX[)p Delete All Contour |

Delete Contours in both
endocardial (red contour)
and epicardial mode (green
contour) to remove all LV
contours.
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The endo- and epicardial
borders should be redrawn
in a representative
mid-ventricle slice in ED,
which produces automated
Uyl ) contours throughout the
SP L75.2 .
cardiac cycle.

TT 000
SPL7EZ

TT 000
SPLA0.0 &

Spatial Propagation
tool will produce
automated contours
for each slice of the
SAX stack for both
the endocardial and
epicardial contours.

SPLIS2

Exclusion of extra-
neous LAX images,
and retention of the
2-, 3-, and 4-chamber
LAX views will
optimize automated
LV base plane
localization.




be checked in the LAX views and
modified, if necessary, by optimal
placement of the large dots.

respect to “higher interobserver
and intraobserver reliability as well
as a better time efficiency” [2],

How-I-do-it

which overall facilitates the
movement of CMR into wider
clinical application.

the complete semi-automated post-
processed reading workflow offered
by syngo.via provides an essential

step forward in CMR efficiency. 1

Some CMR protocols require multiple
LAX gated-cine images. If these
sequences become accidentally inte-
grated into MR Cardiac Function, the
unnecessary LAX views should be
excluded with the E button (Fig. 19).
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To optimize semi-automatic post-
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If the LV base plane continues to be
incorrect, use the ED/ES tool to restrict
contouring to ED and ES thus requiring
manual contouring to account for the
mitral valve in SAX views. The ED/ES
tool will convert syngo.via's processing
software to a more manual workflow
using only ED and ES contouring for
quantitative analysis.
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The semi-automatic post-processing
offered by syngo.via provides an
essential step forward in CMR effi-
ciency. Complete post-processing
automation is desirable for efficient
clinical workflows. However, although
single fully automated inline post-
processing applications already
demonstrated clinical value with

“One of the
most impressive features of the
Cardiac Dot Engine is the fully automated
user-independent Inline left ventricular analysis.
The software instantaneously delivers all functional
parameters without a single mouse click directly after the
last acquisition of the cine sequences. This technology enables
a complete functional assessment of the heart with all quali-

tative and quantitative parameters within just 14 minutes!”

You can
download SCMR recommended
protocols with the Cardiac Dot Engine at

www.siemens.com/SCMR-
recommendEd'prOtOCOIS Axel McKenna-Kiittner, Radiology and Nuclear Medicine,
Sportklinik Bad Nauheim, Germany

“In cardiac
imaging a single mouse click
will change, for example, the cardiac
gating of all following sequences.”

“The main
benefit of the Dot engines is to decrease
the complexity of MR and to further standardize
MR-examinations. It allows follow-up examinations to be
conducted with the same parameter settings and hence with
constant image quality over time, which is particularly important
for quantitative evaluation of lesions in therapeutic clinical and
research studies.”

Stefan Schdonberg, Institute of Clinical Radiology
and Nuclear Medicine, University Medical
Center Mannheim, Germany

Stefan Schonberg, Institute of Clinical Radiology and
Nuclear Medicine, University Medical Center

More clinical articles, tips & tricks, talks
Mannheim, Germany
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More than 200 million people world-
wide are afflicted by peripheral
arterial disease (PAD) [1, 2]. Over the
last decade, the incidence of PAD
has risen by approximately 13% in
high-income countries and 29% in
low-income countries [3]. Patients
with PAD have a high 10-year risk of
death of 40%, 3-fold higher risk of all
cause death and 6-fold higher risk of
cardiovascular-related death than
patients without PAD [4]. Accurate
diagnosis is thus critical for disease

QISS* pulse sequence
diagram (1A, top) and
schematic of vasculature
(1B, bottom) showing the
effect of pulse-timings on
signal manipulation to
maximize arterial conspi-
cuity. In-plane saturation
and tracking venous
saturation RF pulses are
applied TD ~ 100 ms after
the R-wave; these pulses
suppress background and
venous signal. Following a
preset quiescent interval
(Ql) of 228 ms, during
which unsaturated arterial
blood flows into the
imaging slice, a fat
suppression RF pulse is
applied, followed by
single-shot TrueFISP
readout. This process is
repeated in subsequent
heart-beats to acquire
other slices, usually in
foot-to-head direction. In
the basic configuration
used for survey examina-
tions, one 3 mm-thick slice
is acquired per RR interval
with 1 x 1 mm in-plane
spatial resolution.
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management and for improving
patient outcomes.

The availability of accurate non-inva-
sive imaging tests has decreased

the need for preoperative digital
subtraction angiography (DSA) in

the evaluation of PAD. The ankle
brachial index (ABI) is an excellent
screening test for hemodynamically
significant PAD and can be performed
in conjunction with Doppler wave-
form analysis and segmental pressure
measurement in an effort to increase
accuracy [5]. However, its sensitivity

is low in elderly patients and those
with diabetes [6]. Moreover, additional
imaging is often needed to help plan
for interventional procedures. Com-
puted tomographic angiography (CTA)
offers high spatial resolution and short
scan times without the risks associated
with DSA [7]. For =50% stenosis, the
reported sensitivity of peripheral CTA
is on the order of 89%-100%, with
specificity reported at 92%-100% [8].
However, the clinical utility of periph-
eral CTA is diminished by the presence
of vessel wall calcifications, which are
associated with diabetes, heart dis-
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ease, and advanced age [9]. CT angi-
ography has the disadvantage of
exposing patients to ionizing radiation
and there is also the associated risk of
contrast-induced nephropathy (CIN),
which is of particular concern because
nearly 40% of patients with PAD have
significant renal dysfunction [10].
Contrast-enhanced magnetic reso-
nance angiography (CEMRA) has also
been shown to be highly accurate for
the detection of stenoses =50% within
the lower extremity arterial tree [11].
Unfortunately, the administration of
gadolinium-based contrast agents in
patients with severely impaired renal
function is contraindicated due to the
risk of nephrogenic systemic fibrosis
(NSF) [12].

Non-enhanced MRA (NEMRA, i.e. MRA
without contrast agents) avoids the
potential risks of NSF and CIN, as well
as ionizing radiation. Two-dimensional
time-of-flight NEMRA methods have
been available for decades [13, 14].

However, lengthy acquisition times
(typically approaching an hour or
more) and image artifacts have lim-
ited their routine use in favor of con-
trast-enhanced techniques. Newer
subtractive approaches for NEMRA of
the peripheral arteries have been
proposed which allow efficient depic-
tion of arteries over large fields-of-
view and suppress venous signal.
These include ECG-gated subtractive
3D turbo spin echo (TSE) imaging
such as fresh blood imaging (FBI)
[15] and NATIVE SPACE (NATIVE =
Non-contrast angiography of the
arteries and veins; SPACE = Sampling
perfection with application optimized
contrast by using different flip angle
evolution) [16], as well as variants
predicated on 3D balanced steady-
state free precession (bSSFP') imag-
ing such as flow-sensitive dephasing
[17]. Of these, subtractive TSE MRA
techniques have the most clinical val-
idation and are commercially avail-
able. However, subtractive TSE MRA
is not robust due to its sensitivity to
patient motion, pulse wave timing,
and abnormal flow patterns [16].

The Quiescent-Interval Single-Shot*
(QISS) NEMRA technique was devel-
oped as a safer, simple ‘push button’
non-enhanced alternative to CTA and
CEMRA (Fig. 1) [18]. Moreover, QISS
MRA eliminates the need for point-
of-service blood draws to determine
eGFR and yields significant cost
savings ($180 per study at our insti-
tution) compared with CEMRA by
eliminating the MR contrast agent
and injector kit. QISS offers several
advantages over previously described
NEMRA techniques (Fig. 2) [19]. It is
highly robust with minimal sensitivity
to patient motion and cardiac
arrhythmias. It has the particular
advantage of enabling a simple and
efficient workflow, thereby eliminat-
ing the need for special technologist
expertise.

*QISS is pending 510(k) clearance and is
not commercially available in the US.

"The product is still under development
and not commercially available yet. Its
future availability cannot be ensured.

(2A) 91-year-old smoker with bilaterally occluded superficial femoral arteries (SFA). QISS MRA (left) and CEMRA (right) appear
comparable. (2B) CEMRA, QISS, and subtractive TSE MRA (Native SPACE) in a patient with PAD. Multiple =50% stenoses in the
right anterior and posterior tibial arteries and occlusion of the left posterior tibial artery are identified on CEMRA and QISS MRA.
Subtractive TSE MRA shows extensive artifactual signal dropout in the abdomen, upper pelvis and right calf. (Signal dropout in
the mid-right SFA is due to a stent.) Adapted with permission from ref. 19
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QISS MRA has been evaluated at field
strengths ranging from 1.5 Tesla to

7 Tesla*, with the reported accuracy
at 1.5 Tesla and 3 Tesla generally
approaching or matching that of
CEMRA.[20-26] The technique has
also been specifically evaluated in a
diabetic patient population in whom
CTA may be problematic due to the
frequent presence of vascular calcifi-
cations and poor renal function.[27]
Using CEMRA as the reference stan-
dard, QISS showed excellent diagnos-
tic performance with sensitivity of
89.8%, specificity of 96.4%, positive
predictive value of 92.4%, and nega-
tive predictive value of 95.0%. An
example illustrating the advantage of
QISS MRA over CTA for the evaluation
of diabetic PAD patients is given in
Figure 3.

*MAGNETOM 7T is ongoing research. All
data shown are acquired using a
non-commercial system under institutional
review board permission. MAGNETOM 7T
is still under development and not
commercially available yet. Its future
availability cannot be ensured.
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Currently, many sites use a multi-sta-
tion, multi-planar scout acquisition to
plan the volume placements for step-
ping table CEMRA. This procedure
can be cumbersome since the full
extent of the arteries is not visible

on the scout images. For such situa-
tions, QISS acquisition can potentially
serve as a scout image for CEMRA;
although it will take longer than the
regular scout, it offers more com-
plete and detailed visualization of
arterial tree for CEMRA, providing
diagnostic information in case of a
technical failure with CEMRA. For
instance, the patient might move
between the time that the pre-con-
trast mask images and post-contrast
images are acquired, resulting in mis-
registration artifact on the subtracted
CEMRA images. Being a non-subtrac-
tive single shot technique with very
short scan time (<1/3 second per
slice), QISS is resistant to motion
artifacts. Moreover, the timing for
the CEMRA may be inaccurate, result-
ing in poor arterial opacification or

88-year-old male with
claudication and
type-2 diabetes. (3A)
CTA; (3B) QISS MRA.
The CTA was non-
diagnostic due to the
presence of extensive
vascular calcifications.
However, QISS MRA
was completely
unaffected by the
vascular calcifications
and demonstrated the
patency of proximal
vessels and occlusions
of calf vessels. In this
case, note that QISS
MRA image quality was
adequate despite the
fact that the patient
had atrial fibrillation.
Adapted with
permission from

ref. 20

venous overlap (e.g. due to asymmet-
ric atherosclerotic disease causing
slower flow on one side, or due to
human error). In all these situations,
QISS can be a fallback option to sal-
vage patient exam despite non-diag-
nostic CEMRA (Fig. 4).

Until QISS, no NEMRA technique had
proven effective at 3 Tesla, which is
widely considered the optimal field
strength for CEMRA. Imaging at 3 Tesla
will be necessary to unlock the full
clinical potential of NEMRA and to
compete with the excellent spatial
resolution provided by CTA. In order to
take advantage of the large signal-to-
noise ratio (SNR) boost at 3 Tesla, one
must overcome challenges relating

to high specific absorption rate (SAR)
and worsened B: field homogeneity
(Table 1).

Shortening the bSSFP shot length,
which proportionately reduces RF
power deposition, can ameliorate the
impact of increased SAR at 3 Tesla.

At 1.5 Tesla, we found that GRAPPA
acceleration factors in excess of two
degraded QISS image quality. Higher
GRAPPA acceleration factors (3 to 4)
can be used to reduce the shot length
at 3 Tesla. With the SNR boost from
the higher field strength, one can
further reduce the shot length by
increasing the sampling bandwidth
(~962 Hz/pixel at 3 Tesla vs. 658 Hz/
pixel at 1.5 Tesla). The higher sam-
pling bandwidth has the further
advantage of reducing bowel-related
magnetic susceptibility artifacts in the
pelvic region.

We have found that the combination
of a GRAPPA factor of 3 and sampling
bandwidth of 962 Hz/pixel are suffi-
cient to permit a 90° flip angle to be
maintained from the level of the feet
through the mid-thigh level. However,
this imaging strategy by itself is insuf-
ficient for the pelvic and abdominal
regions, where SAR limitations are
more pronounced due to larger body
dimensions. Degradation of image
quality from using a flip angle <90° is
maximal in the pelvic region because
of the additional impact of B field
inhomogeneity. Unfortunately, a flip
angle less than 90° in the pelvis often



results in unilateral loss of arterial
conspicuity with QISS MRA. One
straightforward solution is to trigger
to every other R-wave, which halves
the time-averaged power deposition at
the expense of doubling scan time.
Since SAR limitations only come into
play from the upper thigh region
through the abdomen, triggering to
every other R-wave is only used for the
top three stations. Total scan time for
a whole-leg study is increased by

~2-3 minutes (e.g. total scan time

~10 minutes**) which is still
reasonable.

A final B1 field-related issue is that the
pre-scan image filters typically used to
correct for RF coil-dependent signal
intensity variations do not adequately
normalize signal variations caused by
B: field inhomogeneity at 3 Tesla. This
signal variation will tend to obscure
the arterial signal on a full-thickness
MIP, even when the vessel is apparent
on a thin MIP. The effectiveness of the
pre-scan filter in the pelvis is impeded
by noise amplification in the central
portions of the body resulting from
the use of a high GRAPPA acceleration
factor. This limitation is largely
avoided by using the ‘broad’ pre-scan
filtering option. Figure 5 illustrates
the image quality improvements that
can be obtained when several pulse
sequence optimizations are combined
(e.g. high GRAPPA acceleration factor,
high sampling bandwidth, FOCI
venous suppression, triggering to
every other R-wave for upper stations,
and optimized image filtering).

Developing clinical applications
Although most clinical efforts using
QISS MRA have been directed towards
the lower-extremity peripheral arter-
ies, there are several other areas
where the technique appears promis-
ing. For instance, QISS MRA can be
used to evaluate the arteries of

the upper extremities and the veins
of the lower extremities (Fig. 6).

For imaging of the lower extremity
veins, we typically place the traveling
saturation pulse above the slice

** This number indicates the image acqui-
sition time, not including the time for
frequency and shimming adjustments.
These adjustments are performed once
per station for every patient.

and turn off the in-plane saturation
pulse (e.g. by setting the RF voltage
to zero). Other potential applications
include imaging of visceral arteries
and veins, pulmonary vessels, and

Increased SAR

the extracranial carotid arteries.
However, additional technical devel-
opment and clinical validation will be
needed for other vascular territories.

Shortened shot length using high GRAPPA acceleration

factor (3-4) and high sampling bandwidth

Triggering to every other R-wave

QISS with FLASH readout

Bo inhomogeneity

B inhomogeneity

Arterial spin labeled (ASL) QISS

Bi-robust saturation RF pulses

FOCI inversion RF pulses

Bi-dependent image filtering

High permittivity pad

Cases where QISS MRA helped to salvage a non-diagnostic CEMRA.

(4A) Patient with an abdominal aortic aneurysm. Slow flow in the aneurysm
delayed the contrast enhancement of the pelvic arteries, resulting in a
non-diagnostic CEMRA exam. However, the pelvic arteries are well shown on

the QISS scout study.

(4B) Patient with aorto-iliac and bilateral superficial femoral artery occlusive
disease. Left leg motion caused misregistration artifact in part of the CEMRA
(arrow), whereas the QISS scout images are diagnostic. Adapted with

permission from ref. 20
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Potential Pitfalls

Although QISS MRA has proven to be
a robust imaging technique, there
are potential limitations that should
be kept in mind in order to avoid
artifacts:

1. Cardiac rhythm: The default
acquisition window for QISS is
approximately 700 ms. In patients
with medium or slow heart rates,
one slice is acquired per RR inter-
val. With rapid heart rates where
the RR interval is less than 700 ms,
one slice will be acquired every
2 RRintervals. It is possible to trig-
ger to every RR interval, despite
the fast heart rate, by reducing the
acquisition window. This can be
accomplished by slightly decreas-
ing both the TD (in the special
card, default value of 100 ms) and
Tl (in the contrast card, default
value of 350 ms). However, if
these values are reduced exces-
sively then loss of flow signal may
occur from inadequate inflow or
data acquisition during the systolic
phase of the cardiac cycle.

In general, QISS is fairly insensitive
to arrhythmias. However, with
highly irregular heart rhythms (or
with poor triggering due to an
inadequate ECG signal), image
quality may suffer. Work is cur-
rently under way to develop ver-
sions of QISS that do not require
the use of ECG gating.

2. Fat suppression: QISS relies upon
uniform fat suppression for opti-
mal vessel depiction. In some areas
where fat suppression is imperfect
(e.g. groin area), a simple expedi-
ent is to edit out the affected
region in the maximum intensity
projection. However, in certain
regions (e.g. the feet) it can be
quite difficult to adequately shim
so that fat suppression and hence
QISS image quality may be subop-
timal. For the pedal vessels, we
have found that image quality is
further improved by placing a
small cushion between the top of
each foot and the Peripheral Angio
36 coil, since having the coil
touching the foot tends to impair
the quality of the shim.
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Healthy volunteer imaged at 3 Tesla. (5A) Bi-field
related loss of conspicuity in the left external iliac
artery (arrow), which is not adequately compensated
by the standard ‘medium’ setting for the pre-scan
filter. (5B) Arterial conspicuity is improved using a
‘broad’ setting for the pre-scan filter. (5C) QISS MRA
acquired using FOCI pulses for venous suppression,
GRAPPA factor = 3, sampling bandwidth 962 Hz/pixel,
triggering to every other R-wave for the pelvic and
abdominal stations, and optimal image filter. Image
quality is excellent with no obvious degradation from
SAR limitations, B field inhomogeneity or magnetic
susceptibility effects.

Developing potential future clinical applications for QISS MRA.

(6A) Healthy subject. QISS MRA (acquired with 1.2 mm thick slices) depicts the
forearm arteries comparably to TWIST CEMRA.

(6B) Comparison of QISS arteriography (inferior saturation) with QISS venography
(superior saturation).



3. Susceptibility artifact: The True-

FISP readout along with fat suppres-
sion makes QISS more sensitive to
magnetic susceptibility artifacts
(e.g. from joint prostheses or bowel
gas) than CEMRA (which uses a

3D acquisition with short TE).

Using a high readout bandwidth
without fat suppression minimizes
such artifacts.

. Flow direction: The use of venous
saturation impairs the ability of QISS
to depict reversed arterial flow, par-
ticularly when the flow reversal
extends over a long vessel segment.
In cases where flow reversal is sus-
pected, one may acquire an addi-
tional QISS data set using arterial
saturation instead of venous satura-
tion. These images will show
reversed arterial flow (but will also
show veins).

. Spatial resolution: For most periph-
eral arterial segments, the default
slice thickness of 3 mm with no slice
overlap is sufficient to show stenotic
disease. Thinner slices (e.g. 1.2 mm
with 20% slice overlap) are helpful
for avoiding partial volume averag-
ing in horizontally oriented vessel
segments (e.g. proximal anterior
tibial artery) and for imaging small
caliber vessels (e.g. in the foot).

Future Developments

1. Alternative k-Space Trajectories:
The current implementation of QISS
uses a Cartesian k-space trajectory.
However, it is also possible to
acquire QISS using a radial k-space
trajectory [30]. There are potential
advantages and disadvantages to a
radial trajectory. One advantage for
radial is that the number of views,
and hence scan duration within
each cardiac cycle, can be reduced
almost arbitrarily with minimal
impact on spatial resolution. This
approach may be beneficial for
imaging of patients with fast heart
rates. However, the signal-to-noise
ratio (SNR) is also reduced and
radial streak artifacts may become
objectionable if the number of
views is excessively decreased. By
using a golden view angle incre-
ment with a radial k-space trajec-
tory, it becomes feasible to sample
data throughout the cardiac cycle.

One can then generate a cine
series of time-resolved QISS
images showing the progression of
the arterial pulse wave within the
arterial tree [31].

2. Alternative Sampling Strategies:
Although the TrueFISP readout
maximizes acquisition speed and
SNR, using other pulse sequences
for the readout can prove benefi-
cial in certain circumstances. For
instances, the use of a fast low
angle shot (FLASH) readout in con-
junction with a reduced flip angle
excitation avoids SAR limitations at
3 Tesla. The use of an ultra-short
TE readout might prove beneficial
to reduce susceptibility artifacts
around joint prostheses.

3. Alternative Gating Strategies:
Currently, QISS images of the pel-
vis and abdomen are acquired
using breath holding. In order to
further enhance, patient comfort,
it should be feasible to implement
non-breathhold acquisitions by
respiratory gating with a belt
device, with a navigator technique
applied to the anterior abdominal
wall, or by self-gating [32].

4. 3D QISS: Very thin slices (e.g.
0.3 mm can be obtained by using
a thin-slab 3D implementation
of the QISS technique. Although
still early in development, the
technique has the potential to
exceed the spatial resolution
available with CEMRA and nearly
match that of CTA.

QISS MRA provides a robust, rapid,
and easy-to-use technique for imag-
ing of the peripheral arteries at both
1.5 and 3 Tesla. There is generally no
need to tailor any of the imaging
parameters for individual patients.
Additionally it can serve as a backup
for CEMRA, or function as a stand-
alone technique. Despite similarities
in the appearances of the projection
angiograms, QISS and CEMRA are
predicated on fundamentally differ-
ent principles and care must be taken
to avoid pitfalls specific to each tech-
nique. Future developments promise
shorter scan times, reduced artifacts,
and new clinical applications.
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Peripheral arterial disease (PAD) is

a common progressive vasculopathy
that causes disabling symptoms in
the lower extremities, such as dimin-
ished arterial pulses, intermittent
claudication, rest pain, and can

lead to tissue loss. PAD is a common
manifestation of the atherosclerotic
disease process, affecting from 12%
to 14% of the general population [1].
CT angiography (CTA) and contrast-
enhanced MR angiography (CEMRA)
are the imaging approaches com-
monly used to evaluate PAD. Many
of these patients suffer from renal
dysfunction, thus making both CTA
and CEMRA less useful due to con-
cerns about contrast-induced
nephropathy (CIN) with iodinated
contrast or nephrogenic systemic
fibrosis (NSF) with gadolinium-based
agents [2], respectively. Quiescent-
interval single-shot* (QISS) imaging
employs a stack of 2D TrueFISP
images to cover the entire lower
extremity and has recently been
described as a non-contrast MR angi-
ography technique for assessment
of the lower extremity vasculature
that demonstrated clinical utility

at 1.5T and 3T [3, 4]. In this article
we review three cases with QISS MRA
demonstrating the clinical utility

of this non-contrast technique for
lower extremity arterial evaluation.
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A 67-year-old male with a history

of diabetes mellitus, hypercholes-
terolemia, and hypertension presented
with worsening symptoms of periph-
eral arterial disease. Five years ago

he underwent arterial bypass surgery
from the left common femoral artery
to the posterior tibial artery with good
results. He developed progressively
worsening intermittent claudication

in the right leg over the last year.

His ankle brachial index was 0.62 in
the right leg and 1.15 in the left leg.
He initially underwent conservative
management in a supervised exercise
program with limited success. He was
then referred for non-invasive imaging
with contrast-enhanced MR angiogra-
phy (CEMRA). His glomerular filtration
rate at the time of the CEMRA was
greater than 60 cc/min. He underwent
a standard 2-injection hybrid CEMRA
protocol of the pelvis and lower
extremities, which consisted of time
resolved TWIST of the calves followed
by a timed stepping table, 4-station

acquisition of the pelvis and lower
extremities on a 3T MAGNETOM
Skyra scanner. 0.2 mmol/kg of
Gadopentetate dimeglumine was
injected intravenously using a
divided injection protocol. CEMRA
demonstrated a patent left femoral-
distal bypass graft and a focal
stenosis in the right superficial
femoral artery. There was significant
venous contamination of the calf
vessels bilaterally, more severe on
the right, which precluded accurate
assessment of the runoff vessels.

A QISS non-contrast MRA exam,
performed at the same imaging
session just before the contrast
injection, also showed a patent left
femoral-distal bypass graft and a
focal stenosis in the right superficial
femoral artery. The runoff vessels
were much better delineated by QISS
and performed as well as TWIST and
better than CEMRA in this region,
with three-vessel runoff on the right
and single-vessel runoff on the left
via the left posterior tibial artery.

* QISS is pending 510(k) clearance and
is not commercially available in the US.
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A 79-year-old male with hyperten-
sion, prostate cancer, and ischemic
cardiomyopathy status post coronary
artery bypass surgery, presented with
worsening bilateral intermittent calf
claudication. He was unable to walk
one block without pain. He initially
underwent non-invasive vascular
testing; however ankle brachial indi-
ces were found to be invalid due to
extensive calcification in the runoff
vessels. He then underwent CT
angiography, which showed exten-
sive calcification of his peripheral
vasculature, notably of the calves,
which limited assessment of stenosis
severity of the infrapopliteal vessels.
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The patient was referred for contrast-
enhanced MRA, which confirmed

CT findings with diffuse mild disease
in the inflow and outflow segments
and demonstrated bilateral moderate
to severe tibial artery disease. Assess-
ment of the left tibial vessels was
limited by venous contamination,
precluding evaluation of the distal
anterior tibial and posterior tibial
arteries. QISS MRA was performed
for further assessment of the tibial
vasculature, confirming patency of
the bilateral posterior tibial and pero-
neal arteries, with occlusion of the
anterior tibial arteries. There was
perfect agreement between QISS
MRA and CEMRA in the right calf, and
QISS MRA was diagnostic in the left

calf, demonstrating similar findings
compared to CT angiography without
the limitation of artifact from diffuse
vascular calcificaitons. In particular,
the left plantar arteries are patient

on QISS MRA while the dorsalis pedis
is seen to be occluded. Of note, the
symmetric loss of signal noted in the
pelvis and proximal thighs on QISS
MRA is typical for ‘striping” artifacts
from intermittent ectopy resulting in
misgating. The symmetry of this
appearance reassures the reader that
this represents artifact rather than real
disease. If poor gating limits evalua-
tion of a particular station, the station
can be reacquired in just 45 seconds
without the need to re-shim.




An 86-year-old male with a history of
cancer, hypertension and diabetes pre-
sented with left leg claudication. The
patient had a history of renal dysfunc-
tion with eGFR < 30 ml/min/1.73 m?,
so contrast-enhanced MRA was not an
option. The referring physician there-
fore ordered a non-contrast MRA. The
QISS images showed a long left-sided
superficial femoral artery occlusion

with single-vessel runoff to the

foot via the posterior tibial artery.
On-table angiography in the operat-
ing room, using minimal amounts of
contrast, confirmed the vascular find-
ings and a bypass graft was placed.
Therefore, this patient with severe
renal dysfunction was diagnosed
and treated without the need for

a gadolinium-based contrast agent
and minimal iodinated contrast.

In this report, we described three
cases that illustrate the potential
utility of non-contrast MR angiogra-
phy using QISS in the clinical setting.
QISS MRA is a simple to use tech-
nique that provides excellent image
quality with high diagnostic yield

in relatively short acquisition times.
Besides, QISS MRA can be an alterna-
tive to CEMRA, thereby resulting in
significant cost savings by avoiding
costs associated with gadolinium
contrast administration and point

of care eGFR testing. QISS protocol
can be run in about half the time

of a standard CEMRA runoff protocol
leading to improved patient through-
put. Since QISS is largely automated
and image processing occurs inline,
technologists can be attending

to other tasks while scanning is
taking place, leading to greater staff
efficiency.

Traditionally, non-contrast MR angi-
ography of the lower extremities
relied on an ECG-gated 2D time

of flight approach. However, this
approach has the disadvantage of
very long acquisition times and
variable image quality, particularly

in regions of disease and vessel tor-
tuosity [5]. Newer approaches have
focused on subtractive methods,
using either fast spin echo [6] or
balanced steady state free precession
readouts [7]. These techniques
depend on the variation in blood
signal between systole and diastole.
Both arteries and veins appear bright
in diastole, whereas only veins are
visible in systole. Therefore, a sub-
tracted dataset can produce a pure
arterial image. Unfortunately, this
imaging technique can be unreliable
and its complexity, e.g. the require-
ment to subtract two image sets

and necessary patient specific adjust-
ments reduces clinical utility and
makes it challenging to use for tech-
nologists who do not have extensive
experience with it.

The QISS technique acquires stacks
of axial slices to cover the region of
interest, which in the case of the
peripheral vasculature is from pelvis
to feet. Each image stack is acquired
near the magnet isocenter in order to
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avoid artifacts from off-resonance
effects. Each stack automatically
undergoes inline maximum intensity
projection (MIP) processing. Auto
compose assembles these together
at the end of the acquisition to pro-
duce a MIP of the entire peripheral
vasculature. A key advantage of QISS
is the simplicity of the acquisition
technique and protocol set up,
reducing dependence on experienced
MR technologists. ECG leads are
applied at the beginning of the test
and the patient is placed supine,
feet first with a peripheral vascular
coil as with the usual runoff protocol.
Since it is an axial acquisition, there
is no time spent with setting up slices
orientations and there is no risk to
excluding regions of the vascular
anatomy, as can occur with oblique
coronal acquisitions tailored to the
vascular anatomy to optimize the
imaging time. The acquisition time
is typically 8-10 minutes depending
on heart rate. The images are
acquired without operator interven-
tion enabling the technologist to
perform other tasks while scanning
is taking place, and improving work
efficiency. Moreover, since most of
the image processing occurs inline,
there is no need for advanced image
analysis using other software algo-
rithms or specialized post-processing
staff.

Initial experience at 3T revealed
two sporadic image quality issues

in pelvic and abdominal stations:
(1) Undesirable venous signal and
(2) insufficient arterial conspicuity.
These are possibly related to Bi-field
inhomogeneity issues typically seen
at higher field strengths. Subsequent
patients were scanned using a
modified version of QISS in which
the venous contamination problem
was addressed using an optimized
FOCI adiabatic RF pulse for the
Tracking Saturation pulse; arterial
conspicuity was improved by scan-
ning every other heartbeat for the
top 3 stations covering pelvic and
abdominal regions.

QISS MR angiography has been
extensively validated in the medical
literature, both at 1.5T and 3T. The
initial paper by Hodnett et al. [8],
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which evaluated 53 patients at

1.5T in a two-center trial using both
contrast-enhanced MRA and digital
subtraction angiography as reference
standards, found high sensitivities
and specificities for QISS when com-
pared to both CEMRA and DSA. In
fact, QISS performed slightly better
that CEMRA when compared to DSA
in a patient subgroup and, also in
this study, QISS performed well
irrespective of renal function. In a
second study of 25 patients with
diabetes mellitus, QISS compared
well to both CEMRA and DSA for
detection of significant disease [4].
In another study comparing QISS to
a non-contrast, ECG-gated 3D single
shot fast spin echo pulse sequence
in 20 patients, QISS demonstrated
superior specificity and image qual-
ity, and was more robust in the
abdominal and pelvic regions [9].
QISS MRA has also been extensively
studied at 3T and results are similar
to 1.5T showing high diagnostic
accuracy and excellent image quality
[10]. Recent technical advances
promise to overcome limitations of
B field inhomogeneity and high
power deposition, thereby further
improving the performance at 3T.

Each of our cases demonstrates some
of the advantages of QISS MRA.

Case 1 is of a diabetic patient who
had previously undergone a left

leg bypass graft. Stepping table
contrast-enhanced MR angiography
using a four-station approach on a 3T
MAGNETOM Skyra resulted in venous
contamination in the calf vessels due
to suboptimal timing of contrast
agent injection, precluding accurate
evaluation. Early venous enhance-
ment in this case was likely due to
fast transit down the left leg due

to the bypass graft and soft tissue
inflammation in the right leg. Venous
contamination is known to occur in
up to 20% of cases using a single
injection, stepping table CEMRA pro-
tocol. Several attempts to solve this
problem for CEMRA include using a
2-injection protocol, where the calves
are imaged first, or else attaching
blood pressure cuffs on the thighs to
slow venous return. Both approaches
lengthen and complicate the proto-

col. Another solution is to use QISS as
an alternative or adjunct to CEMRA. In
our case, the QISS images clearly show
the left sided bypass graft and the calf
vessels without any overlap of adja-
cent veins.

In case 2, non-invasive vascular testing
was non-diagnostic due to heavily
calcified vessels, which also impaired
diagnosis by CT angiography. Most

of the disease was confined to the
infra-popliteal segments. QISS was
comparable to CEMRA for depiction

of the runoff vessels and both were
superior to CTA.

In case 3, a patient with diabetes pre-
sented with left leg claudication but
had renal dysfunction with an eGFR
of 50 ml/min. The referring physician
did not want to use either a MR or CT
contrast agent, so that QISS MR angi-
ography provided a helpful diagnostic
solution. The QISS images showed

a long left-sided superficial femoral
artery occlusion with single vessel
runoff to the foot, which was suffi-
cient information for the vascular
surgeon to plan arterial bypass.

In conclusion, QISS MR angiography

is a robust, simple and reliable non-
contrast technique that can be used
at 1.5T and 3T. QISS MRA has been
extensively evaluated in several
studies, including diabetic patients in
whom renal dysfunction and vascular
calcifications are particularly common
and infra-popliteal disease is usually
more severe. QISS MRA should become
the non-contrast MRA technique of
choice in patients with renal dysfunc-
tion. It may be particularly suitable for
diabetic patients or those already on
dialysis where vascular calcification

is particularly prevalent. Although
QISS MRA is robust with an imaging
protocol that can be run without
patient-specific modifications, patients
with frequent ectopy or irregular
arrhythmias demonstrate symmetric
mis-gating artifacts (Fig. 2) which can
reduce image quality of QISS MRA.
QISS MRA can also be employed as

an alternative to CEMRA resulting in
potential cost savings by avoiding the
costs of the contrast agent and associ-
ated infusion paraphernalia, as well as
by improving patient throughput.
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Imaging Diabetics with MR

James Carr (Northwestern Memorial Hospital, Chicago, IL, USA)

One of the challenges when it comes
to imaging diabetics is the fact that
it’s a multi-system disorder.

(T Tube l

See what just has been introduced on
the software side to help physicians
diagnose complications associated
with diabetes, making contrast agent
unnecessary and benefitting diabetic
patients.

Check out the interview at:

https://[www.youtube.com/watch?v=LptMIhAsqu4

RENA 2014 - Imaging Diabetics with MR
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Ultra-endurance trail:

An outstanding model to
challenge qMRI in the study
of the adaptive responses
to extreme load and stress
conditions

A post-industrial, technology-based
society is leading, on the one hand,
to an increasingly sedentary lifestyle,
and on the other, to a growing inter-
est in endurance sports. An example
of this is participation in ever longer

trail or ultra-marathon running races.

However, whilst moderate exercise is

clearly an important therapy for car-
diovascular health [1], the effects of
more extreme physical exercise are
still unclear. An ultra-endurance trail
is any running/walking event longer
than the 42.195 km (26.2 miles)
marathon distance, on footpaths or
trails with various positive/negative
slopes, elevations and conditions
(mountain, desert, etc.). Some ultra-
marathons require several days for
completion, adding the stress of
sleep deprivation to the exercise-
induced physical difficulty. Ultra-trail-
ers participating in such an extreme

mountain ultra-marathon (MUM) can
reach significant levels of inflamma-
tion and fatigue [2] that raise a very
understandable interest within the
scientific community [3]. Indeed, an
ultra-marathon represents a unique
and outstanding reversible model to
study acute consequences of extreme
load and stress on human organs.
Moreover, with each subject being
his or her own control, this model
offers a window to screen the inter-
individual susceptibility to injuries
and limits of the adaptive responses.
Therefore, given the fascination

n (1A) Ultra-trailer (Antoine
Duillon 2e TDG 2014)
before the race and (1B)
after the race: Water
retention can be clearly
seen on the face that
looks swollen and much
bumpier with difficulties
for the subject to keep
his eyes wide open. (1C)
Swollen feet two days
after arrival. (1D) Map of

the ‘Tor des géants’ ultra-

trail (330 km, 24,000 m

positive elevation) http://

www.tordesgeants.it/fr.
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inspired by the athletes’ performance
and the fact that the ability to run long
distances has played an important role
in human evolution, there has been a
very strong motivation to explore the
underpinning physiological changes
induced by extreme MUM using
Magnetic Resonance Imaging (MRI)
especially at the skeletal and cardiac
muscles level.

MRI is renowned for its unique capac-
ity to examine soft tissues, to perform
longitudinal studies, and to show
inflammation. It recently reached new
maturity to quantify the tissues’ inju-
ries, offering new quantitative indices
(T1, T2 and diffusion mapping) that
allow the non-invasive determination
of the pathophysiological changes
within the tissue, and therefore the
following and characterization of
adaptations and alterations in the
muscle both immediately after exer-
cise and throughout the recovery pro-
cess. MUM-induced microstructural
and functional modifications in skele-
tal muscle and myocardium, as well

as inflammatory mechanisms in
these muscles, have indeed never
been explored using novel advanced
quantitative MRI (qMRI) techniques.
Such MRI findings will allow us to
better understand the time-course
of degeneration and regeneration
of myocardial and skeletal muscle
tissues caused by several days of
extreme physical load as well as the
differences between the two types
of muscles. Ultra-trail hence repre-
sents a 'real-life” and longitudinal
model for assessing quantitative non-
invasive and local (organ-specific)
imaging biomarkers on a wide range
of tissue changes — from acute
intense to subtle subclinical changes
— and for correlating them with
advanced blood biomarkers.

An on-site research lab
at the foot of Mont-Blanc
in Courmayeur, Italy

The whole project of performing an
international study on a cohort of

CMR Spotlight

ultra-trailers before, immediately
after, and three days after, the race,
required the logistical achievement
of installing a 30 m long, 45 tons
truck containing a whole-body

MRI scanner within the beautiful
city of Courmayeur, in Italy’s Aosta
Valley. A biochemistry laboratory
for on-site immediate conditioning
of all biomedical samples at all
time-points was also needed. Thanks
to the mutual interests of Siemens
Healthcare, Swiss engineers and
the medical team of the Aosta public
hospital, it was possible to have
our favorite 1.5T cardiac MR system
(MAGNETOM Avanto) within an
Alliance medical truck for 3 weeks
in the center of Courmayeur, less
than 100 m from the finishing

line of the world’'s most extreme
mountain ultra-marathon:

The Tor des Géants'.

Our team of scientists would also
like to pay tribute to the incredible
welcome given to our project by
the organizers and medical team in

n Ultra-trailer from “Tor des Géants’ 2014 edition and 1.5T MAGNETOM Avanto in Courmayeur.
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charge of the event's safety and
research management.

330 km, 24,000 m positive
elevation, ~100-150 hours
running, 4-10 hours
sleeping, 3 x 90 min MR
scans, 50 athletes

The "Tor des Géants' is an extreme
MUM, famous for being the longest
distance for such events (330 km),
and boasting the highest positive
elevation (24,000 m). All participat-
ing ultra-trailers also point to the
unmatched atmosphere of this event
within an extraordinary landscape

at the feet of the highest mountains
in the Alps.

Fifty ultra-trailers volunteered for a
non-invasive and longitudinal quanti-
tative MRI exploration performed

prior to, during, and after the
‘Tor des Géants'.

Cardiac and skeletal muscle, as well as
brain examinations, were conducted
in three 90-minute MR sessions and
three-step examinations. The study
protocol has been approved by the
Aosta Valley Ethics Committee. At the
cardiac level, the 30 min imaging pro-
tocol included standard Cine-bSSFP?
imaging,

but also MR-tagging to investigate
changes of both global and regional
function changes after the event

and after recovery. Magnitude

short- and long- axis CSPAMM

images [4, 5] were processed using
InTag post-processing toolbox
(Creatis, Lyon, France) implemented in
OsiriX software (Geneva, Switzerland)
to perform quantitative myocardial
strain analysis. Motion estimation is
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based on the Sine Wave Modeling
approach [6]. Cine bSSFP images will
also be processed by feature tracking
analysis and regional and global peak
circumferential (Ec«), longitudinal (En)
strains as well as peak rotation and
torsion will be derived using both
techniques. Quantitative T1 mapping
[7], T2 mapping [8, 9] and diffusion
(multiple b values and multiple
directions for both DTl and IVIM
modeling) MRI sequences were
furthermore acquired to evaluate the
sensitivity of these new quantitative
indexes in addition to potential bio-
markers to explore changes occurring
in myocardium.

' The product is still under development
and not commercially available yet. Its
future availability cannot be ensured.

B Myocardial mid short-axis
tagged image (CSPAMM) with
superimposed displacement
maps (left) and end-systolic
peak circumferential strain
(right) at basal (top) and apical
levels (bottom) illustrating the
basal clockwise rotation and
counter-clockwise rotation
of the apex. At the bottom,
typical curves of the circum-
ferential strain over time in
AHA segments (inTag, OsiriX,
Creatis, Lyon: www.creatis.
insa-lyon.fr/InTag).



Pre-Race

Post-Race

The second step was a 30 min skeletal
muscle examination, including a full
quadriceps multi-echo isotropic 3D
Dixon sequence (two-point Dixon, in
and out of phase images, fat (F) and
water (W) calculated images), a 3D
multi-echoes (eight echoes), multi-
flip-angle Dixon sequence for T2%,

T1, fat fraction (FF), fat (F) and water
(W) image calculation [10]. A STEAM
diffusion sequence was also realized
to screen any mean diffusion (MD),
apparent diffusion coefficient (ADC),
fraction of anisotropy (FA) as well as
IVIM parameters (D, D* and f) exercise
induced physiological variations. A
multi-echoes T2 spin-echo sequence
was also acquired for advanced T2 com-
partimental analysis.

So map (ms)

Finally, a 15 min head examination
concluded the series of tests, includ-
ing a diffusion scan, and T2-weighted
imaging using a standard 3 mm T2
TSE as well as a T2 multi-echo
sequence.

The redistribution of water into the
muscle, in particular, has never been
scrutinized using advanced quantita-
tive MRI techniques such as T1, T2
and diffusion mapping, but also fat
(F) and water (W) fraction mapping,
immediately following extreme MUM
and a few days of recovery. Our goal
was to investigate the sensitivity and

T1 and T2 maps as well as
corresponding histograms before
and after the race (intensities
above the fixed threshold of

55 ms are displayed in pink) using
CMRSegtools (CREATIS, Lyon,
France, www.creatis.insa-lyon.fr/
CMRSegTools). Mean T1 values
in left and right myocardium

are displayed in OsiriX
(http://www.osirix-viewer.com).

Diffusion-weighted images
(b=200, upper row) and corre-
sponding ADC maps (lower row)
obtained using a monopolar
prepared ECG gated SE-EPI
sequence.

High resolution T2 maps and
corresponding So map obtained
in athletes prior to the race using
a three-echoes T2-prepared radial
bSSFP sequence.

Reprinted with permission from
R.B. Van Heesjwick, JACC cardio-
vascular Imaging 2015 [9].

specificity of these quantitative MR
derived parameters to follow-up the
kinetics of the potential inflamma-
tory phenomena caused by the
ultra-trail and their links to the physi-
ological processes involved in this
controlled and reversible model of
myocardial tissue stress. This study
should provide new insights into the
physiological mechanisms involved
during ultra-endurance, and also
during the recovery, at the cardiac
and peripheral muscle level.

Leg muscle damage is frequently
reported by the trailers after eccen-
tric loading conditions such as in
extreme MUM. Under these circum-
stances, muscles that provide most
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of the control and regulation of
limbs’ movement during downbhill
running (e.g. vastus medialis),
appear strongly hyperintense on
T2-weighted images after exercise,
while others, such as semitendinosus
muscles appear to be preserved.
Patterns of inflammatory damages
were identified as hyperintense hazy
lesions in the thigh muscles as shown
in figure 7. In our data, such patterns
were mainly observed in vastii (inter-
medius, lateralis, and/or medialis)
muscles but were not associated with
any identified symptoms when pres-
ent, without noticeable bruising at
the time of imaging. Post-processing
and segmentation of all individual
muscle groups will allow precise eval-
uation of specific swelling. Our data
showed more frequent inflammation
patterns at the level of the vastus
intermedius, a priori regardless of
the effects of fatigue, performance
or pain.

Several MRI and ultrasound studies
have shown the existence of func-
tional and biochemical alterations

in the myocardium after prolonged
intense exercise. Published echocar-
diography studies demonstrated sys-
tolic and diastolic transient left ven-
tricle (LV) dysfunction with abnormal
strains, and changes in LV torsion
kinetics with decreased and delayed
peak torsion as well as depressed
peak untwisting [11]. Le Gerche et al.
described cardiac remodeling of the
right ventricle (RV) that could be
associated with long-standing endur-
ance training, with cumulative expo-
sure to endurance competition fur-
ther enhancing cardiac remodeling
[12]. Late gadolinium enhanced
techniques have also highlighted
small areas of myocardial fibrosis
[12]. Structural, functional and elec-
trical changes of the athlete’s heart,
probably linked to the disproportion-
ate hemodynamic stress on the RV
during endurance activity, appears
to lead to exercise-induced heart
phenotype, which in turn requires
specific reading during diagnosis in
order not to dramatize findings that
would be the evident sign of abnor-
malities in ‘normal’ subjects. More-
over, some arrhythmias appeared to
be more prevalent amongst our
endurance athletes.
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T2 STIR HASTE

T2* GRE

T2-weighted coronal images of the upper leg obtained prior the race,
immediately after and 3 days after arrival. High-resolution STIR and axial images
displayed hazy hyperintense lesions within the thigh muscles.

Series of 13 axial T2-weighted images obtained in the thigh muscles
using a multi-echo spin-echo sequence and its corresponding calculated T2
and Somaps.



Additional knowledge will be acquired
from the extensive collection of blood
biomarkers that have been obtained
before, half-way, at the end of the
race, and after three days of recovery.
Indeed, while it has been shown that
muscular and myocardial biomarkers
are increased in MUM [2], little is
known about their kinetics related

to the distance, even if over 200 km
the biomarkers increased more in the
second half than in the first one [13].
Together with biomarkers of the
inflammation and oxidative stress,
the response of emerging biomarkers
of cardiac stress and remodeling
(Galectin-3, ST2, GDF15) will help to
better understand myocardial damage
that is likely to occur with such major
stress for the body.

This study aimed to characterize a new
model of human tissue stress with
clinical and biological inflam-matory

responses close to severe

conditions such as those met in
intensive care units. From an imaging
perspective, it is a unique opportu-
nity for MRI researchers to validate
MR-derived organ specific quantita-
tive biomarkers with an accelerated
kinetics where each subject is its
own control. It will also provide new
insights into the physiological mech-
anisms involved during ultra-endur-
ance exercise, and its impact on the
human body.

The preliminary results confirm previ-
ous work conducted in flat ultra-
marathons, underlying potential risks
from intense endurance activities
that can lead to sports injuries.
Peripheral muscles and articulations
are probably on the frontline of dam-
age, with noble organs such as the
brain and myocardium which appear
to suffer in a minor extend from

the intense and/or extreme activities.
There is definitely a social cache to

b-SSFP morphologic
image pre- and
post-race immediately
showing clearly a
pericardial effusion
and exercise-induced
athletes’ heart
phenotype with LV
cardiac remodeling.

Exercise-induced ARVC.

Adapted with
permission from the
doctoral thesis of

A. La Gerche. Herzschr
Elektrophys 2012.

excess performance in trail. More-
over, the world of sport places an
ever-increasing demand on the ath-
letic community without addressing
the appropriateness of such burdens
on either professional athletes or
recreational athletes who run longer
and harder races than ever before.

This article does not aim at negating
the obvious fact that physical activity
can reduce cardiovascular risk and
mortality, and that it is essential for
well-being in our sedentary and
permanently connected cybernetic
society. The optimal dose of physical
activity and its benefits in terms of
cardiovascular or all-cause mortality
is still an open debate, and a recent
study has shown in a cohort of
55,137 adults followed over 15 years,
that running 5-10 min/day and at
slow speed <6 miles/h is associated
with marked reduced mortality,
without any further benefit from
increased distance, frequency,
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amount or speed [14]. The upper
limit of the dose-response of vigor-
ous-intensity activities is unclear and
needs to be individually clarified.
Various studies have suggested that
excessive endurance sports may
induce adverse cardiovascular effects
such as arrhythmias and myocardial
damage [15, 16]. From a broader
perspective, MRI can definitely help
in the early recognition of exercise-
induced tissue damage, and this
study, testing innovating quantitative
imaging methods in conditions close
of those met with fragile patients —
hence difficult to include in clinical
trials — will accelerate the transfer
and the validation of the newly devel-
oped organ-protection therapies.

We therefore also hope that it will
provide our athletes with the benefits
of the organ-protection therapies
that are at the development or evalu-
ation stages, so that they can pursue
athletic glory in greater safety.
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