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Abstract

Objective This study aimed to investigate the advantages
of recently developed cardiac imaging techniques of fat—
water separation and feature tracking to characterize better
individuals with chronic myocardial infarction (MI).
Materials and methods Twenty patients who had a pre-
vious MI underwent CMR imaging. The study protocol
included routine cine and late gadolinium enhancement
(LGE) technique. In addition, mDixon LGE imaging was
performed in every patient. Left ventricular (LV) circum-
ferential (Eccyy) and radial (Erry) strain were calculated
using dedicated software (CMR™*, Circle, Calgary, Can-
ada). The extent of global scar was measured in LGE and
fat—water separated images to compare conventional and
recent CMR imaging techniques.

Results The infarct size derived from conventional LGE
and fat-water separated images was similar. However,

P4 Tomas Lapinskas
tomas.lapinskas @lsmuni.lt

Bernhard Schnackenburg
bernhard.schnackenburg @philips.com

Marc Kouwenhoven
marc.kouwenhoven @philips.com

Rolf Gebker
gebker@dhzb.de

Alexander Berger
aberger@dhzb.de

Remigijus Zaliunas
remigijus.zaliunas @kaunoklinikos.1t

Burkert Pieske
pieske @dhzb.de

Sebastian Kelle
kelle@dhzb.de

detection of lipomatous metaplasia was only possible with
mDixon imaging. Subjects with fat deposition demon-
strated a significantly smaller percentage of fibrosis than
those without fat (10.68 £ 5.07% vs. 13.83 £ 6.30%;
p = 0.005). There was no significant difference in Ecc,y
or Erryy between myocardial segments containing fibrosis
only and fibrosis with fat. However, Ecc,y and Err;y, values
were significantly higher in myocardial segments adjacent
to fibrosis with fat deposition than in those adjacent to LGE
only.

Conclusions Advanced CMR imaging ensures more
detailed tissue characterization in patients with chronic MI
without a relevant increase in imaging and post-processing
time. Fatty metaplasia may influence regional myocardial
deformation especially in the myocardial segments adja-
cent to scar tissue. A simplified and shortened myocardial
viability CMR protocol might be useful to better character-
ize and stratify patients with chronic ML
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Abbreviations

MI Myocardial infarction

CMR Cardiac magnetic resonance
FT Feature tracking

LGE Late gadolinium enhancement

ECV Extracellular volume fraction
LV Left ventricle/ventricular

LV EDV Left ventricular end-diastolic volume
LV ESV  Left ventricular end-systolic volume
LV EF Left ventricular ejection fraction
Ecc;y Left ventricular circumferential strain
Errpy Left ventricular radial strain
Introduction

The prognosis of subjects who survived acute myocar-
dial infarction (MI) has substantially improved in recent
decades [1]. Myocardial healing after acute damage is an
active process and changes in myocardial tissue composi-
tion may influence cardiac function as well as future events
and mortality [2].

A recent observational cardiac magnetic resonance
(CMR) study reported that fat deposition can be detected
in up to 78% of individuals who experienced MI [3]. Lipo-
matous metaplasia, also termed fat infiltration, is associated
with more adverse cardiac remodeling and larger infarct
size [4]. Moreover, it has been noted recently that these
structural changes in the extracellular matrix of the myo-
cardium increase the risk of ventricular arrhythmias and
sudden cardiac death. Therefore, noninvasive detection of
this myocardial remodeling could have great prognostic
value [5].

Validated CMR technique using a three-dimensional
(3D) single breath-hold ECG-gated magnetization prepared
multiecho Dixon (mDixon) sequence has gained increased
interest over recent years. Fat-only images derived using
this technique can be used to detect and quantify cardiac
adipose tissue [6]. The proposed fat—water separation
(mDixon) method has a number of benefits, such as excel-
lent discrimination between fat and water, improved diag-
nostic confidence and better signal-to-noise ratio (SNR).
It, therefore, shows the potential to replace conventional
fat imaging techniques, while the simultaneously acquired
water-only images may be a replacement for conventional
imaging, including late gadolinium enhancement (LGE)
[7-9].

The CMR feature tracking (CMR-FT) technique pro-
vides information about myocardial mechanics. Myocardial
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strain and strain rate can be derived from conventional bal-
anced steady state free precession (bSSFP) cine images
and can be used to assess myocardial function [10]. Recent
studies report excellent inter-observer and intra-observer
agreement and high inter-study reproducibility of the tech-
nique to quantify myocardial deformation [11-13].

We conducted this study to determine the advantages
of recent CMR imaging techniques. We assessed changes
in myocardial tissue after MI using mDixon technique. In
addition, we investigated changes in global and regional
myocardial deformation in patients with lipomatous meta-
plasia using CMR-FT.

Materials and methods
Study population

We retrospectively enrolled 20 subjects with chronic MI
(infarct age median 60.0 months; range 13.0-90.0 months)
to assess global and regional cardiac function, myocardial
tissue composition, viability, and new myocardial ischemia.
The medical history of the participants was obtained from
medical records. The study complies with the Declaration
of Helsinki and was performed in accordance with local
law. Informed consent was obtained from all patients.

Cardiac magnetic resonance

All CMR images were acquired using 1.5 (Achieva) or 3 T
(Ingenia, Philips Healthcare, Best, the Netherlands) MRI
scanners with a 32-channel cardiac surface coil in supine
position. All study participants were scanned using an iden-
tical comprehensive imaging protocol.

The study protocol included initial scouts to determine
cardiac imaging planes. Cine images were acquired using
ECG-gated bSSFP sequence with multiple breath-holds
at end-expiration in three left ventricular (LV) long-axis
(two-chamber, three-chamber, and four-chamber) planes.
The ventricular two-chamber and four-chamber planes
were used to plan the stack of short-axis slices covering the
entire LV. The following imaging parameters were used.
For the 1.5 T scanner: repetition time (TR) = 3.3 ms, echo
time (TE) = 1.6 ms, flip angle = 60°, acquisition voxel
size = 1.8 x 1.7 x 8.0 mm? , and 30 phases per cardiac
cycle; for the 3 T scanner: TR = 2.9 ms, TE = 1.45 ms, flip
angle = 45°, acquisition voxel size = 1.9 x 1.9 x 8.0 mm?,
and 30 phases per cardiac cycle.

The LGE images were obtained 10 min after the injection
of 0.15 mmol/kg gadobutrol (Gadovist®, Bayer Schering
Pharma AG, Berlin, Germany). A Look-Locker sequence
was acquired to determine the inversion time to null the
signal of the LV myocardium. A 3D inversion recovery fat
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saturated spoiled gradient echo sequence was used to detect
scar tissue in three LV long-axis and short-axis orientations
(Fig. 1a). Typical parameters for imaging were the follow-
ing. For the 1.5 T scanner: TR = 3.3 ms, TE = 1.6 ms, flip
angle 15°, acquisition voxel size 1.6 x 1.6 x 10.0 mm>,
parallel imaging factor (SENSE) = 2.2; for the 3 T scan-
ner: TR = 3.2 ms, TE = 1.62 ms, flip angle 15°, acqui-
sition voxel size 1.5 x 1.5 x 10.0 mm?®, SENSE = 2.2.
The breath-hold time varied from 12 to 16 s, depending on
anthropometrics. Single 3D long-axis scan was acquired
during one breath-hold. Two breath-holds were required to
acquire full 3D short-axis scan.

Additionally, in all study participants a single breath-
hold ECG-gated 3D inversion recovery spoiled gradi-
ent multiecho (mDixon) sequence was used for fat water
separation imaging. The following sequence param-
eters were used. For the 1.5 T scanner: TR = 4.7 ms,
TE1 = 1.5 ms, TE2 = 3.0 ms, flip angle = 15°, voxel
size 1.6 x 1.6 x 5.0 mm?’ parallel imaging fac-
tor (SENSE) = 2.2; for the 3 T scanner: TR = 3.8 ms,
TE1 = 1.3 ms, TE2 = 2.4 ms, flip angle = 12°, voxel size
1.7 x 1.7 x 5.0 mm?, SENSE = 2.2. In-phase (Fig. 1b),
fat-only (Fig. 1c), and water-only (Fig. 1d) images were
reconstructed at the scanner.

Image analysis

All images were analyzed offline using commercially
available software (Medis Suite, version 2.0, Leiden, the
Netherlands) in accordance to a recent consensus docu-
ment for quantification of LV function and mass using
CMR [14]. LV end-diastolic (LV EDV) and end-sys-
tolic (LV ESV) volumes were quantified using manual

planimetry of the endocardial and epicardial surface
from short-axis stack and LV ejection fraction (LV EF);
myocardial mass, cardiac output and cardiac index were
calculated. Papillary muscles were considered part of
the blood pool. LV volumes and myocardial mass were
adjusted to body surface area which was calculated by
the Mosteller method.

The endocardial and epicardial contours drawn on
cine images were transferred into LGE images. The pres-
ence and extent of LGE were quantified using the signal
threshold versus reference mean (STRM) >3 standard
deviations (SD) method as it provides the greatest accu-
racy with acceptable reproducibility compared with other
signal intensity threshold techniques [15]. All algorithm-
selected pixels in the myocardium were counted on each
of the LGE images. The total LGE volume and mass
were calculated automatically. The extent of scar tissue
was defined using a 5-point scale where 0 = absence of
LGE; 1 = LGE of 1-25% of LV wall thickness; 2 = LGE
extending to 26-50%; 3 = LGE extending to 51-75%;
and 4 = LGE extending to 76-100% [16].

The endocardial and epicardial contours were simi-
larly transferred into mDixon images using the same
program. The fat deposition volume and mass were cal-
culated using the same signal intensity threshold level
(>3 SD) in the fat-only images. The extent of fat was
classified as subendocardial, subepicardial and trans-
mural. Fibrosis volume and mass were calculated using
the identical approach in the water-only images. Addi-
tionally, the extent of LGE was assessed in the in-phase
mDixon images. The location of LGE and fat deposition
was defined using a standard American Heart Association
(AHA) 17-segment model [17]. The global LGE (fibrosis

Conventional In-phase
LGE 1

Fat-only

Water-only
J

Fig.1 Example of patient with history of two chronic MI. Con-
ventional LGE (a), in-phase (b), fat-only (c), and water-only (d)
mDixon images acquired in ventricular four-chamber view. LGE, in-
phase and water-only mDixon images demonstrate scar tissue in the
medial inferoseptal and medial anterolateral segments (arrows). Fat

Fat-water separation (mDixon)

deposition is visible in fat-only image in corresponding myocardial
segments (arrows). MI myocardial infarction, LGE late gadolinium
enhancement, mDixon multiecho inversion recovery spoiled gradient
echo
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plus fat) and fibrosis as percentages of LV mass and the
fatty metaplasia as percentage of LV mass and global
LGE mass were calculated.

The cine images were used to calculate myocardial cir-
cumferential (Ecc;y) and radial (Err;y) strain using com-
mercially available software CMR*? (Circle Cardiovascular
Imaging Inc., Calgary, Canada). LV endocardial and epicar-
dial borders were contoured by a point-and-click approach
in three short-axis slices (basal, mid-ventricular, and api-
cal) at LV end-diastolic phase. After application of a tissue
tracking algorithm endocardial and epicardial borders were
detected through all cardiac phases. The right ventricular
upper septal insertion point was manually defined to allow
accurate segmentation according to an AHA 16-segment
model. LV strain analysis was performed on a segmen-
tal level. Segments with LGE extent of <50% of LV wall
thickness were excluded from analysis, because the sen-
sitivity and specificity of the method to detect myocardial
segments with scar is highest when LGE extent is >50% of
LV wall thickness [18]. All image analysis was performed
by two experienced (CMR level 3) investigators.

Statistical analysis

Data analysis was performed using Microsoft Excel and
IBM SPSS Statistics version 23.0 software (SPSS Inc., Chi-
cago, IL, USA) for Windows. The Shapiro—Wilk test was
used to determine whether the data were normally distrib-
uted. Continuous variables were expressed as mean + SD
or median [interquartile range] depending on their distri-
bution, and categorical variables were described as total
number (percentage). Differences in normally and non-
normally distributed continuous variables were established
using an unpaired Student ¢ test and Mann—Whitney U test,
respectively. A p value <0.05 was considered to indicate
statistically significant difference.

Results
Study population

In total, 20 patients (10 with fat deposition and 10 without)
were included in our study. All participants were scanned
using two different magnetic field strength MRI scanners
(1.5 and 3 T) at random without any specific selection. All
patients without fat deposition were imaged by the 1.5 T
machine, whereas three (30%) patients with fat deposition
underwent CMR imaging on the 3 T scanner. There was no
significant difference between the groups with respect to
subject age, gender, body mass index, body surface area,
or infarct age. Figure 2 represents two patients with chronic
MI, but only one demonstrates fatty metaplasia (2D, 2E,

@ Springer

and 2F). Table 1 summarizes the demographic and func-
tional characteristics of the study population.

Global cardiac function

In our study, LV EDV, LV EDV index, LV ESV, LV ESV
index, LV mass, LV mass index, and cardiac output were
similar in both groups. A trend of lower LV EF was seen
in patients with detected lipid accumulation, but the differ-
ence did not reach statistical significance (55.07 &+ 8.90%
vs. 49.86 £ 7.20%; p = 0.168). Subjects with fat deposi-
tion had significantly lower cardiac index compared with
those without fatty metaplasia (2.73 & 0.44 L/min/m? vs.
3.24 + 0.51 L/min/m?; p = 0.029).

Scar and fatty metaplasia analysis

Scar and fat deposition were analyzed using a standard
AHA 17-segment model (17 segments in 20 patients result-
ing in 340 segments).

Among the total of 340 segments analyzed in this study,
91 (26.8%) had LGE and 31 (9.1%) had fat deposition.
Twenty-seven (7.9%) segments had both LGE and fat dep-
osition, while 64 (18.8%) segments had LGE and no fat
deposition. Of 170 segments analyzed in the fat deposition
group, four (1.2%) segments had fat deposition without
LGE, but all these segments were adjacent to myocardial
segments with LGE.

Of 20 infarcts, 18 (90%) were transmural and the
remaining two (10%) were subendocardial. All patients
with fat deposition had transmural myocardial infarc-
tions. Of 10 transmural infarcts in the fat deposition group,
two (20%) had fat deposition in the subendocardial layer
and two (20%) in the subepicardial layer of myocardium.
The remaining six (60%) patients showed transmural fat
deposition.

Patients with fatty metaplasia had significantly more
segments with LGE than patients without lipomatous
metaplasia (5.50 £ 2.46 segments vs. 3.60 £+ 1.26 seg-
ments; p = 0.048). Significantly higher LGE mass was
found in patients with fat deposition (19.12 + 7.48 g vs.
11.23 £ 6.01 g; p = 0.019), as well as a larger percent-
age of LGE (17.77 £ 5.49% vs. 9.88 + 4.37%, p = 0.004).
The fibrosis mass and percentage to myocardial mass were
similar in both groups (Table 2).

The infarct size measured in conventional LGE
images was similar when compared with those esti-
mated in in-phase (mDixon) images (15.17 £+ 7.75 g vs.
15.58 £ 8.59 g; p = 0.807). The percentage of infarcted
myocardium was also similar for both imaging techniques
(p = 0.807) (Fig. 3). Individuals with fat deposition had sig-
nificantly smaller percentage of fibrosis than those without
(10.68 £ 5.07% vs. 13.83 £ 6.30%; p = 0.005). Detection
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Fig. 2 The left column three
images are from a patient with
chronic transmural MI without
fat deposition: fat-only (a),
water-only (b), and in-phase
(¢) mDixon images acquired

in ventricular three-chamber
view. Water-only and in-phase
mDixon images demonstrate
transmural scar (arrows) in

the medial anteroseptal, apical
septal and lateral segments as
well as apical cap. However,
despite transmural extent of scar
tissue fat-only mDixon image
did not show fat accumulation.
The right column three images
in short-axis orientation are
from patient with subendocar-
dial scar and fat deposition:
Fat-only (d) mDixon image
shows fatty metaplasia in the
medial inferolateral segment.
Scar tissue is nicely depicted in
water-only (e) and in-phase (f)
mDixon images. MI myocardial
infarction; mDixon multiecho
inversion recovery spoiled
gradient echo

mDixon Fat-only

mDixon Water-only

mDixon LGE

of fat deposition was only possible with fat—water sepa-
rated (mDixon) imaging. Fat deposition mass and percent-
age to LV myocardial mass in patients with lipomatous
metaplasia were 5.17 + 2.61 g and 4.83 £ 2.33%, respec-
tively (Table 3).

Seven (70%) patients with fat deposition detected using
mDixon imaging had dark zones in the myocardium in
bSSFP cine images due to fat tissue induced chemical-shift
artifacts.

Without Fat
deposition

With Fat
deposition

Myocardial deformation analysis

As described in the methods, analysis of segmental myo-
cardial deformation was performed using an AHA 16-seg-
ment model (16 segments in 20 patients resulting in 320
segments).

Among a total of 320 segments analyzed, 85 (26.6%)
had LGE and 31 (9.7%) had fat deposition. Twenty-
seven (8.4%) segments had both LGE and fat deposition,
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Table 1 Subject characteristics

Fat deposition absent group (n = 10) Fat deposition present group (n = 10) p value
Demographics
Age (years) 64.40 +£9.34 58.00 + 10.41 0.165
Male gender 9 (90%) 9 (90%) 1.000
BMI (kg/m?) 27.84 +2.81 28.16 + 3.37 0.822
BSA (m?) 2.02+£0.18 2.09 £0.16 0.387
Infarct age (months) 15.0 [8.5-91.0] 72.0 [51.0-145.5] 0.143
Volumetric and functional parameters
LV EDV (mL) 175.75 £ 33.42 166.70 + 37.92 0.578
LV EDV index (ml/m?) 86.85 &+ 14.39 80.78 +23.12 0.492
LV ESV (mL) 80.40 £ 24.64 85.10 +29.32 0.703
LV ESV index (ml/m?) 39.74 £ 11.83 41.39 £ 16.87 0.803
LV EF (%) 55.07 £ 8.90 49.86 &+ 7.20 0.168
LV mass (g) 113.14 £ 21.51 105.70 + 16.27 0.396
LV mass index (g/m?) 55.77 £ 8.54 50.56 + 6.62 0.146
Cardiac output (L/min) 6.57 £1.23 5.71 £ 1.06 0.112
Cardiac index (L/min/m?) 3.24 £0.51 273+ 044 0.029

Results are reported as mean =+ standard deviation, total number (percentage), or median [interquartile rage]

BMI body mass index, BSA body surface area, LV left ventricle/ventricular, EDV end-diastolic volume, ESV end-systolic volume, EF ejection

fraction

Table 2 Comparison of myocardial tissue characterization between study subjects

Fat deposition absent group (n = 10) Fat deposition present group (n = 10) p value

Global LGE (fibrosis + fat)

Mass (g) 11.23 £ 6.01 19.12 £ 7.48 0.019

Ratio of LVM (%) 9.88 +4.37 17.77 £5.49 0.004
Fibrosis

Mass (g) 11.23 £6.01 12.46 £ 6.99 0.796

Ratio of LVM (%) 9.88 +4.37 11.49 £5.82 0.529
Fat deposition

Mass (g) 0.00 5.17 £2.61 -

Ratio of LVM (%) 0.00 4.83+£2.33 -

Ratio of LGE mass (%) 0.00 27.30 £+ 9.96 -

Results are expressed as mean =+ standard deviation

LGE late gadolinium enhancement, LVM left ventricular mass

while 58 (18.1%) had LGE and no lipomatous metapla-
sia. Four (1.3%) segments had fat deposition without
LGE.

There were significantly lower Ecc;y and Errjy val-
ues of segments with LGE when compared with seg-
ments of remote myocardium (—12.39 £+ 6.71%
vs. —20.37 £ 6.11%; p < 0.001 for Ecc;y, and
19.84 £ 15.19% vs. 39.11 £ 18.63%; p < 0.001 for
Erryy, respectively). There was no significant difference
in Ecc;y or Errjy between segments containing fibrosis
only and fibrosis with fat deposition (—11.94 £ 5.92%
vs. —12.63 + 7.14%; p = 0.668 for Ecc;y and
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20.85 £ 16.48% vs. 17.89 £ 12.43%; p = 0.607 for Erryy,
respectively) (Fig. 4a, b). The global Ecc;y and Erryy
values were similar in both groups (—16.30 + 1.55%
vs. —16.94 £+ 3.11%; p = 0.799 for global Ecc;y and
29.43 £ 2.85% vs. 29.97 £ 8.82%; p = 0.959 for global
Erryy, respectively). Interestingly, there were significantly
higher Ecc;y and Errjy values of myocardial segments
adjacent to segments containing fibrosis and fat deposi-
tion than in those adjacent to segments containing fibrosis
only (—22.27 £ 4.97% vs. —19.40 £ 6.87%; p = 0.005
for Ecciy and 44.55 £ 17.42% vs. 36.90 £ 19.92%;
p = 0.028 for Erryy, respectively) (Fig. 5a, b).
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Fig. 3 The infarct size estimated in conventional LGE images is
similar to that calculated in mDixon images. LGE late gadolinium
enhancement, mDixon multiecho inversion recovery spoiled gradient
echo

Discussion

In this single center study we noninvasively assessed
myocardial tissue characteristics in patients with old MI
using conventional and newly developed CMR imag-
ing—mDixon technique. We assessed the relationship
between fatty metaplasia and global as well as regional
cardiac function parameters. Our study is based on intra-
individual and inter-individual comparison and indicates
several important findings:

e The conventional (non-Dixon) LGE imaging tech-
nique is unable to discriminate fat from scar tissue.

e The infarct size calculated using mDixon images is
similar to that estimated in routine LGE images.

e Lipomatous metaplasia is found only in myocardial
segments with or directly adjacent to infarcted myo-
cardium.

e Fat deposition does not influence regional myocar-
dial function in segments with LGE, but has a positive
effect on myocardial deformation in segments adja-
cent to scar tissue.

A number of case reports have been published that
describe fat deposition in patients with chronic MI
[19-21]. Many of these findings were unexpected, with
unknown origin and clinical relevance. Fat deposition is
common in the infarct area and is considered to be a part
of the myocardial healing process [2]. Histological stud-
ies noted that fat tissue replacement can be detected in
78-84% of LV myocardial scars [22]. Cardiac CT and MR
imaging studies also demonstrated high incidence of fat
deposition, in agreement with autopsy findings [23, 24].
Moreover, it has been proven that noninvasive detection of
lipomatous metaplasia could provide important prognostic
information.

A number of CMR techniques may be used to detect
lipid accumulation within the myocardium. A larger
amount of fat tissue is visible in currently used bSSFP
images as dark zones encompassing the borders between
fat- and water-containing tissue due to chemical-shift
artifacts [25]. We observed similar changes in MR signal
intensity on cine images in 35% of patients included in
our study. All these patients demonstrated fatty metapla-
sia on fat-water separated imaging. However, it remains

Table 3 Comparison of

R e 3D T1 Inversion recovery (n = 20) 3D In-phase (mDixon) (n = 20) p value

myocardial tissue characteristics

parameters between two Global LGE

methods Mass (g) 15.17 £7.75 15.58 + 8.59 0.807
Ratio of LVM (%) 13.83 £ 6.30 14.15 £ 6.97 0.807
Fibrosis
Mass (g) 15.17 £7.75 12.99 + 7.68 0.101
Ratio of LVM (%) 13.83 4+ 6.30 10.68 £+ 5.07 0.005

Fat deposition

Mass (g) 0.00 5.17 £2.61 -
Ratio of LVM (%)  0.00 483 +2.33 -

Results are expressed as mean + standard deviation. Fat deposition mass and fat deposition as percentage

of myocardial mass were calculated only in patients with fat deposition (n = 10)

3D three dimensional, LGE late gadolinium enhancement, LVM left ventricular mass
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Fig. 4 Comparison of LV
circumferential (a) and radial
(b) strain between segments of
remote myocardium and seg-
ments containing fibrosis only
or fibrosis and fat tissue. The
Ecc;y and Err;y, values were
significantly higher in segments
of remote myocardium than in
segments containing fibrosis
only or fibrosis and fat. There
was no significant difference

in strain parameters between
segments containing fibrosis
only and fibrosis and fat. LV left
ventricular, Ecc;y, left ventricu-
lar circumferential strain, Err;y,
left ventricular radial strain.
Dotted lines correspond normal
values of myocardial strain
measurements derived using
CMR feature tracking [36]

Fig. 5 Comparison of LV
circumferential (a) and radial
(b) strain values between myo-
cardial segments adjacent to
fibrosis and fat deposition and
segments adjacent to fibrosis
only. The Ecc,y and Err;y
strain values were significantly
higher in myocardial segments
adjacent to segments containing
fibrosis and fat tissue. LV left
ventricular, Ecc;y, left ventricu-
lar circumferential strain, Err;,,
left ventricular radial strain.
Dotted lines correspond normal
values of myocardial strain
measurements derived using
CMR feature tracking [36]

unclear whether bSSFP images are robust enough to be
used for detection of lipomatous metaplasia in routine prac-
tice. LGE imaging has been demonstrated to be a precise
method to depict myocardial fibrosis [26]. However, fat is
indistinguishable from fibrosis by conventional LGE imag-

ing [27].
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A method of fat and water separation based on pro-
ton chemical shift imaging was first described by Dixon
[28]. Dixon showed that separate fat and water images
can be generated by selecting two appropriate echo times
for data acquisition where water and fat signal vectors

develop progressive phases with respect to one another
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as a consequence of their chemical shift difference.
The fat tissue is visible on the fat-only images, whereas
water-only images enable the identification of edema-
tous lesions or effusions [29]. Dixon’s original technique
was hindered by several major limitations such as phase
errors due to magnetic field inhomogeneity, long scan
time and insufficient image quality [30]. Despite these
challenges, substantial improvement and further technical
developments enabled application of the mDixon tech-
nique in routine clinical practice. Recent advances ensure
high spatial resolution images with good SNR, which can
be acquired during short breath-hold scan.

We demonstrated that detection of fatty metaplasia only
is possible with fat—water separated imaging. This has also
been shown in previous studies. Furthermore, we showed
that infarct size as determined with the mDixon technique
is similar to the infarct size as estimated in routine LGE
images. On the basis of our findings we propose an updated
and shortened imaging protocol for patients with chronic
MI (Fig. 6) using mDixon imaging. The important advan-
tage of the current fat—water separated imaging technique
is the ability to measure total fat volume in a 3D approach
by segmentation of voxels that predominantly contain adi-
pose cells [6]. Moreover, 3D acquisitions allow a reduc-
tion in imaging time as a single 3D long-axis stack scan
requires only one breath-hold. This could help to improve
diagnostic accuracy and add prognostic value while saving
imaging and post-processing time.

The ability to quantify diffuse myocardial tissue altera-
tions using noninvasive imaging is of considerable clini-
cal interest. Parametric mapping techniques allow signal
quantification by using T1 and T2 relaxation times that
are displayed as color maps to facilitate visual assessment.
The native T1 is increased with myocardial edema, fibro-
sis or deposition of amyloid and is reduced in lipid accu-
mulation, Anderson—Fabry disease or iron overload [31].

Post-contrast T1-mapping reflects gadolinium concentra-
tion in the extravascular compartment and can be used to
estimate extracellular volume fraction (ECV). However, a
partial volume effect occurs within the myocardium in the
case of fat accumulation; therefore, estimated values should
be interpreted with caution [32].

Since fatty metaplasia was found only in segments
within or directly adjacent to the infarct area, one might
infer that the healing process is a precursor of lipid accu-
mulation [24]. The studies reporting fat deposition location
are conflicting. A recent CMR study showed that fat depo-
sition was predominantly mid-myocardial or subepicar-
dial, whereas cardiac CT studies report that adipose tissue
almost always is detected in the subendocardial layer [23,
24]. We found that the majority of patients had transmural
fat deposition.

CMR-FT as a novel tissue tracking technique became
available in 2009 [18]. The advantages of CMR-FT are
that the technique uses routine cine images and does not
require acquisition of additional images therefore helps to
save imaging time. The method had been validated against
the traditional CMR tagging and speckle tracking echocar-
diography techniques [10, 33]. Comparative studies have
reported that the most consistent parameters derived form
CMR-FT are global circumferential and global longitudinal
strain [18, 33].

It has been noted that myocardial segments with scar
show lower deformation values than remote myocardium
[18]. Notwithstanding, there are no studies assessing myo-
cardial deformation parameters in segments with different
tissue composition. We also showed that circumferential
and radial strain values were significantly lower in seg-
ments with LGE extending to >50% of LV wall thickness.
We did not observe significant differences in global cir-
cumferential and radial strain individuals with and without
fat deposition. We assume that a much larger sample size is

Scouts Contrast SSFP
agent cine
To determine 0.15 mmol 3 long axes and
cardiac imaging gadobutrol / kg 3 short axes
planes body weight (base, middle,
apex)

SSFP
cine

Short axis stack
(to cover whole
ventricles)

Fat-water
separation

3 long axes and
short axis stack

>

Time

Fig. 6 Practical schematic of proposed imaging protocol for patients
with chronic MI to characterize myocardial tissue. Imaging protocol
could be started with scouts to determine cardiac imaging planes fol-
lowing immediate gadolinium injection. After administration of con-
trast agent cine images could be acquired in three long-axis and stack

20 min

of short-axis orientations. Functional imaging can be done in 10 min
after which tissue characterization using fat-water separated imaging
could be started. As 3D mDixon imaging ensures detailed tissue char-
acterization this technique would be sufficient to complete myocar-
dial viability protocol. MI myocardial infarction
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necessary to detect these subtle changes. It should be noted
that fat tissue is detected in quite a low number of myo-
cardial segments (in our study we found lipid accumula-
tion in only 9.1% of all analyzed segments) and this may be
an explanation why it did not influence global myocardial
deformation significantly. In our study, we failed to dem-
onstrate that fat deposition influences regional myocardial
deformation in segments with LGE. However, we found
that fat accumulation has a positive effect on myocardial
function in segments adjacent to scar tissue.

Earlier studies indicated that myocardial fibrosis is the
primary structural observation associated with ventricular
tachycardia [34]. However, not all patients with MI experi-
ence ventricular tachycardia despite presence of intramyo-
cardial collagen. The presence of fatty metaplasia may be
a substrate for cardiac arrhythmias and sudden death; thus
noninvasive detection of this structural remodeling could
be of high prognostic value [35].

Limitations

Several limitations of the current study should be men-
tioned. First, the population of this study was relatively
small and there was a wide variety of MI characteristics in
terms of age, treatment, and location. Subjects of the study
were mostly long-term survivors with preserved LV sys-
tolic function. Second, the risk factors leading to fat depo-
sition have not been investigated in this study.

Conclusions

In this single center study we assessed characteristics
of myocardial tissue in patients with chronic MI using
mDixon CMR imaging and compared it with routine LGE
technique. Fat-water separated imaging ensures more
detailed tissue characterization in patients with chronic MI,
without a relevant increase in imaging and post-processing
time. Fatty metaplasia may influence regional myocardial
deformation especially in myocardial segments adjacent
to scar tissue. However, larger studies are necessary to
prove this finding. These achievements may help to iden-
tify patients at risk for future cardiac events. A simplified
and shortened myocardial viability CMR protocol might
be useful to better characterize and stratify patients with
chronic MI.

Acknowledgements We thank Anne Gale for editorial assistance.

Authors’ contributions TL and SK were guarantors of the integrity
of entire study. All authors participated in the design of the study and
data acquisition and interpretation. TL performed data analysis and

@ Springer

drafted the manuscript. All authors revised manuscript for important
intellectual content. All authors have read and approved the final
manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no competing
interests.

Ethical standards All procedures performed in studies involving
human participants were in accordance with the ethical standards of
the institutional research committee and with the 1964 Helsinki decla-
ration and its later amendments.

Funding This study was not supported with specific funding that
could influence study design or results. TL received support from
the Lithuanian University of Health Sciences. BS, MK and SK were
funded by Philips Healthcare. TL, BP and SK received support from
the DZHK (German Centre for Cardiovascular Research).

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Puymirat E, Simon T, Steg PG, Schiele F, Guéret P, Blanchard
D, Khalife K, Goldstein P, Cattan S, Vaur L, Cambou JP, Fer-
rieres J, Danchin N, USIK USIC 2000 Investigators, FAST
MI Investigators (2012) Associations of changes in clinical
characteristics and management with improvement in survival
among patients with ST-elevation myocardial infarction. JAMA
308(10):998-1006

2. Baroldi G, Silver MD, De Maria R, Parodi O, Pellegrini A
(1997) Lipomatous metaplasia in left ventricular scar. Can J Car-
diol 13(1):65-71

3. Goldfarb JW, Arnold S, Roth M, Han J (2007) T1-weighted mag-
netic resonance imaging shows fatty deposition after myocardial
infarction. Magn Reson Med 57(5):828-834

4. Mordi I, Radjenovic A, Stanton T, Gardner RS, McPhaden A,
Carrick D, Berry C, Tzemos N (2015) Prevalence and prognostic
significance of lipomatous metaplasia in patients with prior myo-
cardial infarction. JACC Cardiovasc Imaging 8(9):1111-1112

5. Burke AP, Farb A, Tashko G, Virmani R (1998) Arrhythmogenic
right ventricular cardiomyopathy and fatty replacement of the
right ventricular myocardium: are they different diseases? Circu-
lation 97(16):1571-1580

6. Homsi R, Meier-Schroers M, Gieseke J, Dabir D, Luetkens
JA, Kuetting DL, Naehle CP, Marx C, Schild HH, Thomas
DK, Sprinkart AM (2016) 3D-Dixon MRI based volume-
try of peri- and epicardial fat. Int J Cardiovasc Imaging
32(2):291-299

7. Goldfarb JW (2008) Fat-water separated delayed hyperenhanced
myocardial infarct imaging. Magn Reson Med 60(3):503-509

8. Kellman P, Hernando D, Shah S, Zuehlsdorff Jerecic R, Mancini
C, Liang ZP, Arai AE (2009) Multiecho dixon fat and water sep-
aration method for detecting fibrofatty infiltration in the myocar-
dium. Magn Reson Med 61(1):215-221


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Magn Reson Mater Phy (2018) 31:75-85

85

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

Eggers H, Brendel B, Duijndam A, Herigault G (2011) Dual-
echo dixon imaging with flexible choice of echo times. Magn
Reson Med 65(1):96-107

Kempny A, Ferniandez-Jiménez R, Orwat S, Schuler P, Bunck
AC, Maintz D, Baumgartner H, Diller GP (2012) Quantification
of biventricular myocardial function using cardiac magnetic reso-
nance feature tracking, endocardial border delineation and echo-
cardiographic speckle tracking in patients with repaired tetralogy
of Fallot and healthy controls. J Cardiovasc Magn Reson 14:32
Morton G, Schuster A, Jogiya R, Kutty S, Beerbaum P, Nagel
E (2012) Inter-study reproducibility of cardiovascular magnetic
resonance myocardial feature tracking. J Cardiovasc Magn
Reson 14:43

Kowallick JT, Morton G, Lamata P, Jogiya R, Kutty S, Lotz J,
Hasenfuf3 G, Nagel E, Chiribiri A, Schuster A (2016) Inter-study
reproducibility of left ventricular torsion and torsion rate quan-
tification using MR myocardial feature tracking. ] Magn Reson
Imaging 43(1):128-137

Lapinskas T, Bucius P, Urbonaite L, Stabinskaite A, Valuck-
iene Z, Jankauskaite L, Benetis R, Zaliunas R (2017) Left atrial
mechanics in patients with acute STEMI and secondary mitral
regurgitation: a prospective pilot CMR feature tracking study.
Med (Kaunas) 53(1):11-18

Suinesiaputra A, Bluemke DA, Cowan BR, Friedrich MG,
Kramer CM, Kwong R, Plein S, Schulz-Menger J, Westenberg
JJ, Young AA, Nagel E (2015) Quantification of LV function and
mass by cardiovascular magnetic resonance: multi-center vari-
ability and consensus contours. J Cardiovasc Magn Reson 17:63
Mikami Y, Kolman L, Joncas SX, Stirrat J, Scholl D, Rajchl M,
Lydell CP, Weeks SG, Howarth AG, White JA (2014) Accuracy
and reproducibility of semi-automated late gadolinium enhance-
ment quantification techniques in patients with hypertrophic car-
diomyopathy. J Cardiovasc Magn Reson 16:85

Kelle S, Roes SD, Klein C, Kokocinski T, de Roos A, Fleck E,
Bax JJ, Nagel E (2009) Prognostic value of myocardial infarct
size and contractile reserve using magnetic resonance imaging. J
Am Coll Cardiol 54(19):1770-1777

Cerqueira MD, Wiessman NJ, Dilsizian V, Jacobs AK, Kaul S,
Laskey WK, Pennell DJ, Rumberger JA, Ryan T, Verani MS,
American Heart Association Writing Group on Myocardial
Segmentation and Registration for Cardiac Imaging (2002)
Standardized myocardial segmentation and nomenclature for
tomographic imaging of the heart. A statement for healthcare
professionals from the Cardiac Imaging Committee of the Coun-
cil on Clinical Cardiology of the American Heart Association. Int
J Cardiovasc Imaging 18(1):539-542

Maret E, Todt T, Brudin L, Nylander E, Swahn E, Ohlsson JL,
Engvall JE (2009) Functional measurements based on feature
tracking of cine magnetic resonance images identify left ventric-
ular segments with myocardial scar. Cardiovasc Ultrasound 7:53
Ramage EJ, Reid JH, Hardwick D (2003) Subendocardial fat: an
unusual finding. Clin Radiol 58(10):816-817

Winer-Muram HT, Tann M, Aisen AM, Ford L, Jennings SG,
Bretz R (2004) Computed tomography demonstration of lipoma-
tous metaplasia of the left ventricle following myocardial infarc-
tion. J Comput Assist Tomogr 28(4):455-458

Schmitt M, Samani N, McCann G (2007) Images in cardio-
vascular medicine. Lipomatous metaplasia in ischemic car-
diomyopathy: a common but unappreciated entity. Circulation
116(1):e5-e6

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Su L, Siegel JE, Fishbein MC (2004) Adipose tissue in myocar-
dial infarction. Cardiovasc Pathol 13(2):98-102

Zafar HM, Litt HI, Torigian DA (2008) CT imaging features and
frequency of left ventricular myocardial fat in patients with CT
findings of chronic left ventricular myocardial infarction. Clin
Radiol 63(3):256-262

Goldfarb JW, Roth M, Han J (2009) Myocardial fat deposition
after left ventricular myocardial infarction: assessment by using
MR water-fat separation imaging. Radiology 253(1):65-73
Aquaro GD, Nucifora G, Pederzoli L, Strata E, De Marchi D,
Todiere G, Andrea B, Pingitore A, Lombardi M (2012) Fat in left
ventricular myocardium assessed by steady-state free precession
pulse sequences. Int J Cardiovasc Imaging 28(4):813-821

Hsu LY, Ingkanisorn WP, Kellman P, Aletras AH, Arai AE (2006)
Quantitative myocardial infarction on delayed enhancement
MRI. Part II: clinical application of an automated feature analy-
sis and combined thresholding infarct sizing algorithm. J Magn
Reson Imaging 23(3):309-314

Wu YW, Tadamura E, Yamamuro M, Kanao S, Abe M, Kimura T,
Kita T, Togashi K (2007) Identification of lipomatous metaplasia
in old infarcted myocardium by cardiovascular magnetic reso-
nance and computed tomography. Int J Cardiol 115(1):e15-e16
Dixon WT (1984) Simple proton spectroscopic imaging. Radiol-
ogy 153(1):189-194

Farrelly C, Shah S, Davarpanah A, Keeling AN, Carr JC (2012)
ECG-gated multiecho dixon fat-water separation in cardiac MRI:
advantages over conventional fat-saturated imaging. AJR Am J
Roentgenol 199(1):W74-W83

Ma J (2008) Dixon techniques for water and fat imaging. J] Magn
Reson Imaging 28(3):543-558

Flett AS, Sado DM, Quarta G, Mirabel M, Pellerin D, Herrey
AS, Hausenloy DJ, Ariti C, Yap J, Kolvekar S, Taylor AM, Moon
J (2012) Diffuse myocardial fibrosis in severe aortic stenosis: an
equilibrium contrast cardiovascular magnetic resonance study.
Eur Heart J Cardiovasc Imaging 13(10):819-826

Kellman P, Bandettini WP, Mancini C, Hammer-Hansen S,
Hansen MS, Arai AE (2015) Characterization of myocardial
T1-mapping bias caused by intramyocardial fat in inversion
recovery and saturation recovery techniques. J Cardiovasc Magn
Reson 17:33

Hor KN, Gottliebson WM, Carson C, Wash E, Cnota J, Fleck R,
Wansapura J, Klimeczek P, Al-Khalidi HR, Chung ES, Benson
DW, Mazur W (2010) Comparison of magnetic resonance fea-
ture tracking for strain calculation with harmonic phase imaging
analysis. JACC Cardiovasc Imaging 3(2):144-151

De Bakker JM, van Capelle FJ, Janse MJ, Wilde AA, Coronel R,
Becker AE, Dingemans KP, van Hemel NM, Hauer RN (1988)
Reentry as a cause of ventricular tachycardia in patients with
chronic ischemic heart disease: electrophysiologic and anatomic
correlation. Circulation 77(3):589-606

Pouliopoulos J, Chik WW, Kanthan A, Sivagangabalan G, Barry
MA, Fahmy PN, Midekin C, Lu J, Kizana E, Thomas SP, Thia-
galingam A, Kovoor P (2013) Intramyocardial adiposity after
myocardial infarction: new implications of a substrate for ven-
tricular tachycardia. Circulation 128(21):2296-2308

Taylor RJ, Moody WE, Umar F, Edwards NC, Taylor TJ, Stege-
mann B, Townend JN, Hor KN, Steeds RP, Mazur W, Leyva F
(2015) Myocardial strain measurement with feature-tracking
cardiovascular magnetic resonance: normal values. Eur Heart J
Cardiovasc Imaging 16(8):871-881

@ Springer



	Fatty metaplasia quantification and impact on regional myocardial function as assessed by advanced cardiac MR imaging
	Abstract 
	Objective 
	Materials and methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Study population
	Cardiac magnetic resonance
	Image analysis
	Statistical analysis

	Results
	Study population
	Global cardiac function
	Scar and fatty metaplasia analysis
	Myocardial deformation analysis

	Discussion
	Limitations

	Conclusions
	Acknowledgements 
	References




