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Abstract

Background: Despite the established role of late gadolinium enhancement (LGE) cardiovascular magnetic
resonance (CMR) in characterizing chronic myocardial infarction (M), a significant portion of chronic MI patients
are contraindicative for the use of contrast agents. One promising alternative contrast free technique is diffusion
weighted CMR (dwCMR), which has been shown ex vivo to be sensitive to myocardial fibrosis. We used a recently
developed in vivo dwCMR in chronic MI pigs to compare apparent diffusion coefficient (ADC) maps with LGE
imaging for infarct characterization.

Methods: In eleven mini pigs, chronic Ml was induced by complete occlusion of the left anterior descending artery
for 150 minutes. LGE, cine, and dwCMR imaging was performed 8 weeks post MI. ADC maps were derived from
three orthogonal diffusion directions (b =400 s/mm?) and one non-diffusion weighted image. Two semi-automatic
infarct classification methods, threshold and full width half max (FWHM), were performed in both LGE and ADC
maps. Regional wall motion (RWM) analysis was performed and compared to ADC maps to determine if any
observed ADC change was significantly influenced by bulk motion.

Results: ADC of chronic Ml territories was significantly increased (threshold: 2.4 + 0.3 pmz/ms, FWHM: 24 +0.2
pmz/ms) compared to remote myocardium (1.4 +0.3 pmz/ms). RWM was significantly reduced (threshold:
1.0+ 04 mm, FWHM: 0.9 £ 04 mm) in infarcted regions delineated by ADC compared to remote myocardium
(83 +£0.1 mm). ADC-derived infarct volume and location had excellent agreement with LGE. Both LGE and
ADC were in complete agreement when identifying transmural infarcts. Additionally, ADC was able to detect
LGE-delineated infarcted segments with high sensitivity, specificity, PPV, and NPV. (threshold: 0.88, 0.93, 0.87,
and 0.94, FWHM: 0.98, 0.97, 0.93, and 0.99, respectively).

Conclusions: In vivo diffusion weighted CMR has potential as a contrast free alternative for LGE in characterizing
chronic MI.
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Background

Measuring the size, location, and extent of myocardial
infarction (MI) with cardiovascular magnetic resonance
(CMR) has prognostic significance for the evaluation of
left ventricular (LV) post-infarction remodeling [1,2]. Cur-
rently, the clinical gold standard to detect and characterize
MI with CMR is late gadolinium enhanced (LGE) imaging,
which requires the injection of an exogenous contrast
agent. After a set delayed amount of time, gadolinium
remains in infarcted tissue and shortens its T1 relaxation
resulting in a large signal increase in T1-weighted images
[3]. Despite its high clinical value, LGE is contraindicative
for patients with severe renal disease, which constitutes a
significant portion of MI patients [4-6]. CMR with
endogenous contrasts such as T1lp [7], creatine chemical
exchange (CrEST) [8], native T1 [9-11], and water mo-
lecular diffusion [12,13], have recently demonstrated the
potential to detect and characterize MI with strong corre-
lation to LGE and histology.

Recent dwCMR techniques have addressed inherent
challenges related to bulk motion artifacts with stimu-
lated echo acquisition mode (STEAM) encoding [14,15],
diffusion gradient moment nulling of spin echo encoding
[16,17], ultrahigh gradient strength diffusion spin echo
encoding [18], or continuous acquisition with temporal
maximum projection filtered by principal component
analysis [19]. Validation of the effectiveness of these
techniques has largely been dependent on in vivo negative
control comparisons, mechanical motion phantom experi-
ments, and qualitative myofibril orientation comparisons.
Although concordant results from these comparisons
yield encouraging confidence in dWCMR techniques, there
still exists some doubt in the performance of these tech-
niques in detecting diseased tissue microstructure in the
presence of complex cardiac bulk motion. Specifically,
dwCMR could possibly still yield residual “bulk-motion
weighting”, which could consequently confound any
underlying tissue microstructure changes detected by
dwCMR.

Previous ex vivo dwCMR studies in chronic MI porcine
models have shown an increase in apparent diffusion co-
efficient (ADC) of infarcted regions and attributed this
increase to a change in underlying tissue microstructure
[12,13]. The origin of this tissue microstructure disarray
was attributed to the presence of interstitial and replace-
ment (infarct) myocardial fibrosis delineated by histology
[13]. Furthermore, because the imaging studies were carried
out ex vivo eight weeks post MI, the increase in ADC can-
not be ascribed to edema and/or bulk motion. However for
in vivo measurements, this significant increase in ADC due
to the presence of myocardial fibrosis could either be
diminished or completely absent if significant bulk-motion
weighting is present. Consequently, the ability of detecting
and characterizing infarction may be compromised.
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The aim of this study was to determine if a recently
developed in vivo dWCMR technique [16] could yield
concordant infarct characterization with LGE in a
chronic MI porcine model. This novel technique uses a
second order motion compensation diffusion spin echo
encoding with clinically available gradient strengths (~40
mT/m), which is distinctly different than conventional
in vivo dwWCMR STEAM methods that do not need
motion compensation but instead rely on the periodicity
between neighboring heartbeats. Additionally, regional
wall motion was measured to verify that residual bulk-
motion weighting did not significantly influence the ADC-
based infarct characterization.

Methods

Animal preparation

Myocardial infarction was created in eleven Yucatan
minipigs with the same preparation protocol as the con-
trol subjects of a previous study that validated LGE for
in vivo infarct characterization [20]. Surgical cut-down
to the left carotid artery and left jugular vein was per-
formed. Anticoagulants with intravenous heparin were
given to prevent blood clots forming on the catheters.
Continuous administration of 2% lidocaine at 2 mg/kg
and a single intravenous dose of amiodarone were ad-
ministered. Prophylactic antibiotics were also adminis-
tered intravenously. Coronary X-ray angiography was
performed to visualize the coronary arteries and identify
the site for coronary occlusion. A balloon dilation cath-
eter (TREK®, Abbott Vascular) was inserted into the left
anterior descending (LAD) coronary artery just below
the first diagonal and inflated to achieve 100% occlusion
of coronary blood flow for 150 minutes followed by re-
perfusion. Finally, the animal was taken to the post-op
recovery room. All imaging was performed eight weeks
post infarction.

CMR protocol

To assess bulk motion and establish a reference percent
infarct, cine bSSFP (TR/TE = 3.4/1.6, a = 50°, 35 cardiac
phases, 1.4 x 1.4 x 6 mm®) and LGE using phase sensitive
inversion recovery FLASH (TR/TE/TI = 326/1.47/300 ms,
a=20°, 1.3x 1.3 x6 mm®) imaging were performed on a
3 T system (MAGNETOM Verio, Siemens Healthcare,
Erlangen, Germany) with a 12-channel phase array coil.
All imaging was performed in the short axis plane at
three slice locations (base, mid, and apex) of the LV.
The cine imaging was performed prior to dwCMR
using a single breath hold controlled by a ventilator for
each slice. LGE imaging was completed 15 minutes
after a dose (0.2 mmol/kg, gadoverstamide, Optimark,
Mallinckrodt Inc, St. Louis, MO) of gadolinium was
injected following dwCMR.
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A dwCMR sequence based off a recently developed
diffusion-prepared sequence that utilizes both first and
second order gradient moment nulling to compensate
for bulk motion (M1M2) was performed (Figure 1) [16].
The M1M2 diffusion preparation (TEp.e, = 105 ms) was
achieved using a quadra-bipolar gradient scheme and
BIR-4 adiabatic refocusing pulses to address B;-inhomo-
geneity [21]. Three orthogonal diffusion-weighted direc-
tions were respectively acquired at a b-value of 400 s/mm?
with a maximum gradient strength of 43 mT/m. The
MI1M2 diffusion preparation preceded a segmented turbo-
spin echo (TSE) readout (TR/TE = 6RR/8.4 ms, a = 180°,
echo spacing=5.3 ms, 6 shots, 2.1 x2.1 x6 mm°®) with
matching slice thickness, number of slices, and FOV as
cine and LGE imaging. Additionally, navigator-gating and
ECG-triggering was performed. The diffusion preparation
was applied at the beginning of the most quiescent period
identified by cine imaging. In the case that TEp., was
greater than the quiescent period, then the number of
TSE shots was doubled to avoid TSE-related cardiac mo-
tion artifacts. Scan time for each slice was approximately
3 minutes with about 50% navigator efficiency.

Image analysis

ADC maps were calculated for each of the three diffu-
sion directions (ADC,, ADC,, ADC,) using a 2-point fit
to solve a monoexponential diffusion decay in Matlab
(Mathworks, Natick, MA). A final trace apparent diffusion
coefficient (ADC) map was calculated (ADC = [ADC, +
ADC, + ADCGC,]/3). The mean ADC was calculated for
each delineated infarct volume and a remote region
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defined as the lateral wall of the most basal short axis
slice, which is furthest from the expected infarct that
originates from the anteroseptal apex.

To assess bulk motion, the LV endocardium and epicar-
dium were manually segmented for each cardiac phase
image and for each phase, 100 evenly spaced chords were
virtually defined. Regional wall motion (RWM) was calcu-
lated for each slice using commercially available software
(Circle Cardiovascular Imaging Inc., Calgary, Canada) that
determined the displacement of the myocardium along
the defined chords. Wall motion was averaged over the
chords that contained the ADC-derived infarct volume
and the previously defined remote region.

To calculate infarct volume, two standard semi-
automated approaches were explored to estimate the
infarct volume, which was reported as a percentage nor-
malized to the LV volume of the three acquired short-axis
slices [22]. The first approach applied a simple threshold
to identify infarct-containing voxels that have a signal in-
tensity six standard deviations above the mean signal of a
manually selected remote region-of-interest (ROI) [2].
The remote ROI was chosen to be same previously
described basal lateral region. The second approach iden-
tified infarct-containing voxels by applying a region-
growing algorithm that observes the full-width half
maximum (FWHM) criterion. The FWHM criterion de-
fines a “seed region” from a manually placed seed voxel
that includes surrounding voxels > 50% than the signal
intensity of the seed point. It then determines the max-
imum intensity of that seed region and the final infarct
region includes voxels that have signal intensity > 50%
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Figure 1 Pulse sequence diagram of the navigator gated free breathing cardiac M1M2 compensated diffusion-prepared TSE technique.
The diffusion-prepared module and the segmented TSE readout (b) were placed in the quiescent period identified by cine (a). The diffusion-
prepared module (c) utilized non-selective BIR-4 adiabatic refocusing pulses to address expected 3 T B1-inhomogeneity and a second order
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of that maximum. The FWHM approach has demon-
strated to have lower inter-observer bias, superior accu-
racy of infarct volume, and more immunity to variable
post contrast delay time than the threshold approach [23].

The two infarct volume estimation approaches were
applied to LGE images and ADC maps. LGE images and
ADC maps were co-registered to correct for cardiac
phase mismatch before infarct volume was calculated
(Figure 2). The co-registration was performed in a two-
step process. First, the cine images were visually screened
to identify the cardiac phase that closely resembled when
the ADC map was acquired. This was repeated for the
LGE image to find which cardiac phase it was acquired.
Second, the two cardiac phases identified in the cine
images were co-registered using non-rigid B-spline
point-based registration [24]. The transform of that
registration was applied to the LGE image. This ensured
that co-registration did not affect the possible diffe-
rences in infarct delineation if the LGE image was
directly co-registered to the ADC map. The two infarct
volume estimation approaches and the co-registration
were implemented in Matlab.

For spatial location comparisons, each short axis slice
was segmented into six standard American Heart Asso-
ciation (AHA) segments for the basal and mid short axis
slices and four AHA segments for the apical slice. Seg-
ments positively identified to have infarct and/or akin-
etic wall motion were recorded in a binary manner. For
ADC maps and LGE images, segments positive for in-
farct were defined as segments that contained any voxels
that met the criteria defined by the threshold or FWHM
methods. For RWM maps, akinetic segments were
defined as segments with absolute wall displacement <
3 mm [25]. Significance was tested for all segments as
opposed to a per-segment basis and multiple compari-
sons where made between ADC and LGE. Sensitivity,
specificity, positive predictive value (PPV), and negative
predictive value (NPV) were calculated assuming LGE
was the gold standard.
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In addition, transmurality was qualitatively assessed
for each found infarct by either threshold or FWHM cri-
teria. Infarcts were characterized as being either com-
pletely transmural or not. ADC infarcts were visually
matched to corresponding LGE infarcts if they were
located within +1 AHA segment of the ADC infarct.
Subsequently, the binary infarct transmurality scoring
was compared pairwise.

Statistical analysis

All differences between means were statistically tested
for significance using a Wilcoxon signed-rank test. To test
for correspondence and agreement, Bland-Altman [26]
and intraclass correlation (ICC) [27] analyses were per-
formed. Although only telling of agreement, Pearson
correlations (R*) were also reported. In the case of
spatial location agreement that relied on a binary sco-
ring, a Kappa test [28,29] was performed instead of
Bland-Altman and intraclass correlation. Additionally to
avoid potentially a Type 1 error a Bonferroni correction
was performed manually to the significant difference
testing of spatial location scores by lowering the signifi-
cance limit to p < 0.0045. For all statistical tests, signifi-
cance was denoted as p < 0.05 and the calculations were
performed in Matlab. Finally, inter-observer reproduci-
bility was tested in estimating infarct volume and loca-
tion with two blinded reviewers defining the ROIs for
remote myocardium for the threshold method and seed
kernel for FWHM method. Intra-observer reproducibi-
lity was also tested in one of the blinded reviewers.

Results

Using the threshold and FWHM criteria, infarct ADC
was significantly increased (threshold: 2.4 + 0.3 um?/ms,
FWHM: 2.4 + 0.2 pum*/ms) compared to the ADC found
in remote myocardium (1.4+0.3 pmz/ms) (Table 1).
RWM was significantly reduced (threshold: 1.0 + 0.4 mm,
FWHM: 0.9 + 0.4 mm) in infarcted regions delineated by
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Figure 2 Image co-registration scheme for infarct volume estimation. Cine images were visually inspected to identify the two phases that
matched the LGE and the least diffusion weighted image (b0), respectively. Non-rigid co-registration was performed on the Cine images to
calculate the transform (xfm) from Cine ¢ (red box) to Cinepg space (orange box). The calculated transform was then applied to the LGE image
and the co-registered image (LGEy) was used as an input for the two infarct volume estimation methods.

apply non-rigid xfm
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Table 1 ADC and RWM of infarct and remote volumes

Remote Infarct
FWHM Threshold
ADC (um?/ms) 14+03 24%*+£0.2 24%*+03
RWM (mm) 83+0.1 09**+04 1.0*+04

**p <0.001 Infarct vs Remote.

ADC compared to remote myocardium (8.3 £ 0.1 mm).
Qualitatively, regions containing infarct defined by in-
creased LGE signal had isointense T2 weighting (b0),
hypointense diffusion weighting (b400), hyperintense
ADC, and decreased RWM (Figure 3).

ADC-derived infarct volume had excellent agreement
with LGE-derived infarct volume (Figure 4 and Table 2).
Bland-Altman plots (Figure 5) revealed minimal biases
(<1.5%) for both threshold and FWHM criteria across
both reviewers and repeated analyses. Additionally, the
plots qualitatively presented systematic error with no
indication of proportional or magnitude-related errors.
ICC and R* between ADC and LGE-derived infarct vo-
lumes were significantly high for both criteria (FWHM:
all ICC > 0.95, threshold: all ICC > 0.93). This was repro-
ducible between both blinded reviewers (ADC: ICC >
091, LGE: ICC>0.94) and the repeated analysis of a
single reviewer (ADC: ICC > 0.92, LGE: ICC > 0.94).

Infarct location comparisons of the AHA segmenta-
tion revealed substantial agreement (threshold: k > 0.80,
FWHM: all k>0.93, for all p<0.01) between LGE and
ADC for both reviewers (Figure 6 and Table 3). The per-
centage of segments in agreement was = 90% and no sig-
nificant difference was observed for both infarct volume
criteria. ADC was able to detect LGE-delineated infarcts
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with high sensitivity, specificity, PPV, and NPV (Re-
viewer #1 threshold: 0.88, 0.93, 0.87, and 0.94, FWHM:
0.98, 0.97, 0.93, and 0.99; Reviewer #2 threshold: 0.89,
0.92, 0.85, and 0.95, FWHM: 0.96, 0.98, 0.96, and 0.98,
respectively). The number of segments with abnormal
RWM (n=81) was significantly (p <0.001) greater than
the number of infarcted segments for ADC (Reviewer #1:
threshold: n = 60, FWHM: n = 55, Reviewer #2: threshold:
n=62, FWHM: n =47) and LGE (Reviewer #1: threshold:
n=59, FWHM: n=52; Reviewer #2: threshold: n=59,
FWHM: n=47). Segments with abnormal RWM en-
capsulate the locations identified for infarct by both
ADC and LGE for all infarct volume criteria. These
results were highly reproducible with no difference in
infarct location between repeated analysis and substantial
agreement (ADC: threshold: k=0.90, FWHM: « =0.94;
LGE: threshold: k =0.95, FWHM: k =0.97) between the
two reviewers.

Transmural infarcts were observed in all eleven ani-
mals. Both LGE and ADC were in complete agreement
under threshold and FWHM criteria in identifying the
infarcts as having a fully transmural characteristic.

Discussion

Using a recently developed in vivo dWCMR technique,
we have demonstrated in a large animal model of chronic
MI that ADC was significantly increased in infarcted
regions compared to remote myocardium. A chronic MI
porcine model was chosen because previous ex vivo
dwCMR studies established that the ADC increase
found in chronic infarcts was due to the underlying tis-
sue microstructural presence of myocardial fibrosis.
Additionally, the presence of edema would be absent

Figure 3 Typical examples of DWI, ADC Map, LGE image, and RWM Map. (a) Full field of view images of mean DWI (b0 and b400), ADC
overlaid onto b0, and LGE shown to illustrate representative image quality. (b) Manual LV segmentation of two representative slices from another
animal is shown containing infarct (top row) and no infarct (bottom row). Regions containing infarct defined by increased LGE signal had
isointense T2 weighting (b0), hypointense diffusion weighting (b400), hyperintense ADC, and decreased RWM.
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Threshold

Figure 4 Representative example of semi-automatic infarct volume estimation using threshold and FWHM criteria in LGE and ADC.
FWHM revealed better qualitative correspondence in infarct volume between LGE and ADC.

FWHM

leaving only bulk motion as the major confounding source
of an observed in vivo ADC increase. Infarct quantification
utilized two common semi-automatic approaches, thres-
hold and FWHM, to avoid potential inter-observer bias and
provide a more quantitative infarct characterization. RWM
analysis was performed and compared to ADC maps to de-
termine if any observed ADC change was significantly in-
fluenced by bulk motion.

Table 2 Infarct volume comparison of ADC and LGE

ADC estimation of infarct volume and location de-
monstrated substantial agreement and correspondence
with LGE. These findings were highly reproducible
between two blinded reviewers and repeated analysis of
a single reviewer. In yielding the best agreement between
ADC and LGE, FWHM outperformed the threshold
method and yielded better of inter- and intra-observer
reproducibility. In the infarcted regions identified by

Reviewer 1 Reviewer 1 Repeat Reviewer 2
FWHM Thresh FWHM Thresh FWHM Thresh
LGE Infarct Volume (%) 11+4 13+4 1M+4 12+5 10£5 14+4
ADC Infarct Volume (%) M*+4 12744 11743 137 +4 9 +4 137 +4
ADC vs LGE ICC 0.99%* 0.98** 0.97** 0.95** 0.96** 0.93%*
R? 0.99 0.97 0.96 0.90 0.92 0.87
bias (%) 02 02 02 -0.2 13 02
ADC R1 vs R2 ICC - - - - 0.91%* 0.94**
R’ - - - - 085 090
bias (%) - - - - -19 0.8
LGE R1 vs R2 ICC - - - - 0.94** 0.97**
R’ - - - - 092 094
bias (%) - - - - =11 03
ADC R1 vs R1-re ICC - - 0.96** 0.92%* - -
R’ - - 092 086 - -
bias (%) - - -06 1.2 - -
LGE R1 vs R1-re ICC - - 0.96** 0.94%* - -
R’ - - 091 088 - -
bias (%) - - 03 -0.2 - -

**not significant ADC vs LGE, **p < 0.01, thresh: threshold, R1: reviewer 1, R2: reviewer 2, R1-re: reviewer 1 repeat.
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Figure 5 Representative Bland-Altman and correlation plots of infarct volume comparison between LGE and ADC. The Bland-Altman and
correlation plots demonstrated excellent agreement between LGE and ADC using the two infarct volume estimations. Systemic biases were only
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Table 3 Infarct location comparison of ADC and LGE

Reviewer #1 Reviewer #2

LGE LGE

FWHM Threshold FWHM Threshold

+ - + - + - +
ADC + 51 1 52 7 45 2 53 6

- 4 120 8 109 2 127 9 108

#segs in agreement 171 (97%) 161 (92%) 172 (98%) 161 (91%)
Cohen's Kappa (k) 0.93** 0.81** 0.94** 0.81**
Wilcoxon test (p) NS NS NS NS
# LGE infarct segs 55(31%) 60 (34%) 47 27%) 62 (35%)
# ADC infarct segs 52 (30%) 59 (34%) 47 27%) 59 (34%)
Sensitivity " 0.98 0.88 0.96 0.89
Specificity™™* 0.97 093 0.98 092
PPV** 093 0.87 0.96 0.85
NPV 0.99 0.94 0.98 0.95

**p <0.0001, NS: not significant, *"LGE was gold standard, segs: segments.

infarct volume when compared to LGE suggests that
bulk motion has little effect on the observed increase in
ADC. A more rigorous follow-up experiment that in-
cludes applying dwCMR immediately before and after
the myocardium is arrested will be needed to conclu-
sively demonstrate that an in vivo dWCMR technique is
completely free of bulk motion. Such an experiment at
the time of our study was logistically infeasible. Addition-
ally, T2 weighting visualized by the least diffusion-weighted
measurement (b0) depicted isointensity between the infarct
and remote regions. Therefore, the results strongly suggest
that the observed increase in ADC found in infarct regions
was a reflection of underlying tissue microstructure change
as opposed to the presence of bulk motion or edema [30].
The significant increase in ADC (~70%) found in the
study is consistent with the significant increases found
in previous ex vivo studies that used similar large animal
models (50-80%) [12,13]. However, the absolute infarct
(2.3 pum?*/ms) and remote (1.4 pm?/ms) myocardial ADC
values are larger than what was presented ex vivo (Pop,
et al: 1.1 ym*/ms infarct vs 0.62 um>/ms remote, Wu,
et al.: 1.0 um?*/ms infarct vs 0.67 pm?*/ms remote). This
disparity could be attributed to the use of formalin,
dehydration, and differences in temperature, which are
known to perturb absolute ADC values in ex vivo condi-
tions [31]. In a recent in vivo chronic MI patient study
[32], infarct ADC was also significantly increased, but
did not exhibit the same large relative increase (~10%)
as the work presented. This is most likely due to the var-
iety in presentation of chronic infarction in the patients
recruited, in which some did not receive any percuta-
neous intervention while others did. This is in compari-
son to the 150 min LAD occlusion and reperfusion of
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the animal model used in this study. A follow-up study
using the diffusion-prepared TSE technique in a similar
patient demographic needs to be conducted to confirm
that the large relative increase in ADC found in this
study is present in chronic MI patients as well.

Despite the potential for ADC to quantify the degree of
fibrosis shown by Pop, et al, the in vivo quantification of
ADC in this study cannot precisely predict the severity of
fibrosis because the degree of bulk motion weighting was
not fully quantified. Cine imaging used in this study can
only qualitatively yield the radial displacement of the myo-
cardium as opposed to more sophisticated myocardial
strain or phase contrast tissue mapping [33], which can
quantitatively measure bulk motion entirely. Therefore,
the observed elevated ADC can currently only detect the
presence of fibrosis similar to LGE imaging. A future
study using myocardial strain or phase contrast tissue
mapping to discern the exact amount of bulk motion
weighting affecting the proposed in vivo dwCMR tech-
nique should be conducted in combination with the afore-
mentioned arrested myocardium experiment.

Limitations of the diffusion-prepared TSE technique used
in this study include potentially long scan times and low
spatial coverage. Although the TSE readout generally yields
less image artifacts than balanced steady-state free precession
at 3 T, it unfortunately has longer echo spacing leading to an
overall two to three times increase in scan time. Therefore
to keep the imaging time to a manageable 10 minutes, the
spatial coverage was reduced to three slices. Consequently,
the infarct volume estimated in this study was not calculated
from the whole LV potentially yielding a deficient estimate
of the true infarct volume. However, the focus of this study
was on the comparison of ADC with LGE and despite the
limited spatial coverage, the two yielded comparable esti-
mates in infarct volume. Furthermore since the diffusion-
preparation approach is inherently multi-shot, both scan
time and spatial coverage limitations could be overcome
with a 3D whole-heart radial acquisition with parallel
imaging and iterative reconstruction [34]. Potentially, this
technique could markedly reduce the scan time while
providing whole-heart coverage.

Another limitation of this study was that the animal
model used only yielded transmural infarcts at the LAD
territory. Consequently, the ability to detect subendocardial
infarction with dwCMR was not tested, which is often of
clinical importance in viability imaging of chronic MI. Non-
transmural infarcts are generally much smaller in size, which
could be more difficult to detect with the lower spatial reso-
lution of dwCMR. Additionally, infarction was only induced
in the LAD territory, which limits the study in testing the
performance of the new technique to locate infarction in
other arterial territories. Further studies will be needed to
specifically investigate the ability of dwWCMR ability to detect
non-transmural infarction at different arterial territories.



Nguyen et al. Journal of Cardiovascular Magnetic Resonance 2014, 16:68
http://jcmr-online.com/content/16/1/68

Conclusions

The concordance between ADC and LGE combined
with presence of abnormal RWM strongly suggests that
the observed increased ADC reflects changes in under-
lying myocardial tissue microstructure. Consequently,
in vivo diffusion weighted CMR has the potential to
serve as a contrast free alternative for LGE in characte-
rizing chronic ML

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

CTN designed and developed the CMR pulse sequence, coordinated the
imaging study, and drafted the manuscript. ZF, YX, BS, and XB participated
in the development of the CMR pulse sequence and provided technical
support in carrying out the imaging study. JD and ET participated in the
animal preparation, animal care, and coordinated the animal transportation
to the imaging facility. RD, EM, and DL conceived the study, participated in
the overall design of the study, and provided funding. All authors read and
approved the final manuscript.

Acknowledgements
Grant sponsor: NIH; Grant numbers: HL38698 and EB002623.

Author details

'Biomedical Imaging Research Institute, Cedars-Sinai Medical Center, 116 N.
Robertson Blvd Suite 800, Los Angeles, CA 90048, USA. 2Departmem of
Bioengineering, University of California Los Angeles, 420 Westwood Plaza,
Engineering V Room 5121, PO Box 951600, Los Angeles, CA 90095, USA.
®Heart Institute, Cedars-Sinai Medical Center, 127 S. San Vincente Blvd.
Advanced Health Sciences Pavilion A3600, Los Angeles, CA 90048, USA. MR
Research and Development, Siemens Healthcare, 116 N. Robertson Blvd Suite
800, Los Angeles 90048, CA, USA.

Received: 7 April 2014 Accepted: 13 August 2014
Published online: 17 September 2014

References

1. Kelle S, Roes SD, Klein C, Kokocinski T, de Roos A, Fleck E, Bax JJ, Nagel E.
Prognostic value of myocardial infarct size and contractile reserve using
magnetic resonance imaging. J Am Coll Cardiol. 2009; 54:1770-77.

2. Kim RJ, Wu E, Rafael A, Chen EL, Parker MA, Simonetti O, Klocke FJ, Bonow RO,
Judd RM. The use of contrast-enhanced magnetic resonance imaging to
identify reversible myocardial dysfunction. N £ngl J Med. 2000; 343:1445-53.

3. Kim HW, Farzaneh-Far A, Kim RJ. Cardiovascular magnetic resonance in
patients with myocardial infarction: current and emerging applications.
J Am Coll Cardiol. 2009; 55:1-16.

4. Fox CS, Muntner P, Chen AY, Alexander KP, Roe MT, Cannon CP, Saucedo JF,
Kontos MC, Wiviott SD, Acute Coronary Treatment and Intervention Outcomes
Network registry. Use of evidence-based therapies in short-term outcomes
of ST-segment elevation myocardial infarction and non-ST-segment
elevation myocardial infarction in patients with chronic kidney disease:

a report from the national cardiovascular data acute
coronary treatment and intervention outcomes network registry.
Circulation. 2010; 121:357-65.

5. Gansevoort RT, Correa-Rotter R, Hemmelgarn BR, Jafar TH, Heerspink HJL,
Mann JF, Matsushita K, Wen CP. Chronic kidney disease and cardiovascular
risk: epidemiology, mechanisms, and prevention. Lancet. 2013; 382:339-52.

6. Sarnak MJ, Levey AS, Schoolwerth AC, Coresh J, Culleton B, Hamm LL,
McCullough PA, Kasiske BL, Kelepouris E, Klag MJ, Parfrey P, Pfeffer M, Raij L,
Spinosa DJ, Wilson PW, American Heart Association Councils on Kidney in
Cardiovascular Disease, High Blood Pressure Research, Clinical Cardiology,
and Epidemiology and Prevention. Kidney disease as a risk factor for
development of cardiovascular disease: a statement from the American
heart association councils on kidney in cardiovascular disease, high
blood pressure research, clinical cardiology, and epidemiology and
prevention. Circulation. 2003; 108:2154-69.

20.

22.

23.

24.

25.

Page 9 of 10

Witschey WRT, Zsido GA, Koomalsingh K, Kondo N, Minakawa M, Shuto T,
McGarvey JR, Levack MM, Contijoch F, Pilla JJ, Gorman JH, Gorman RC.

In vivo chronic myocardial infarction characterization by spin locked
cardiovascular magnetic resonance. J Cardiovasc Magn Reson. 2012; 14:37.
Haris M, Singh A, Cai K, Kogan F, McGarvey J, Debrosse C, Zsido GA,
Witschey WRT, Koomalsingh K, Pilla JJ, Chirinos JA, Ferrari VA, Gorman JH,
Hariharan H, Gorman RC, Reddy R. A technique for in vivo mapping of
myocardial creatine kinase metabolism. Nat Med. 2014; 20:209-14.
Messroghli DR, Walters K, Plein S, Sparrow P, Friedrich MG, Ridgway JP,
Sivananthan MU. Myocardial T1 mapping: application to patients with
acute and chronic myocardial infarction. Magn Reson Med. 2007; 58:34-40.
Bauner KU, Biffar A, Theisen D, Greiser A, Zech CJ, Nguyen ET, Reiser MF,
Wintersperger BJ. Extracellular volume fractions in chronic myocardial
infarction. Invest Radiol. 2012; 47:538-45.

Kali A, Cokic |, Tang RLQ, Yang HJ, Sharif B, Marban E, Li D, Berman D,
Dharmakumar R. Determination of location, size and transmurality of
chronic myocardial infarction without exogenous contrast media using
cardiac magnetic resonance imaging at 3T. Cardiovascular Imaging. 2014;
CIRCIMAGING.113.001541.

Wu EX, Wu Y, Nicholls JM, Wang J, Liao S, Zhu S, Lau C-P, Tse H-F. MR
diffusion tensor imaging study of postinfarct myocardium structural
remodeling in a porcine model. Magn Reson Med. 2007; 58:687-95.

Pop M, Ghugre NR, Ramanan V, Morikawa L, Stanisz G, Dick AJ, Wright GA.
Quantification of fibrosis in infarcted swine hearts by ex vivo late
gadolinium-enhancement and diffusion-weighted MRI methods.

Phys Med Biol. 2013; 58:5009-28.

Nielles-Vallespin S, Mekkaoui C, Gatehouse P, Reese TG, Keegan J, Ferreira PF,
Collins S, Speier P, Feiweier T, de Silva R, Jackowski MP, Pennell DJ, Sosnovik DE,
Firmin D. In vivo diffusion tensor MRI of the human heart: reproducibility of
breath-hold and navigator-based approaches. MRM. 2013; 70:454-65.

Lau AZ, Tunnicliffe EM, Frost R, Koopmans PJ, Tyler DJ, Robson MD.
Accelerated human cardiac diffusion tensor imaging using simultaneous
multislice imaging. MRM. 2014; DOI: 10.1002/mrm.25200.

Nguyen C, Fan Z, Sharif B, He Y, Dharmakumar R, Berman DS, Li D. In vivo
three-dimensional high resolution cardiac diffusion-weighted MRI:

a motion compensated diffusion-prepared balanced steady-state free
precession approach. MRM. 2013; DOI: 10.1002/mrm.25038.

Gamper U, Boesiger P, Kozerke S. Diffusion imaging of the in vivo heart
using spin echoes-considerations on bulk motion sensitivity. Magn Reson
Med. 2007; 57:331-37.

Sosnovik DE, Mekkaoui C, Huang S, Chen HH, Dai G, Stoeck CT, Ngoy S,
Guan J, Wang R, Kostis WJ, Jackowski MP, Wedeen VJ, Kozerke S, Liao R.
Microstructural impact of ischemia and bone marrow-derived cell
therapy revealed with diffusion tensor MRI tractography of the heart

In vivo. Circulation. 2014; CIRCULATIONAHA.113.005841.

Rapacchi S, Wen H, Viallon M, Grenier D, Kellman P, Croisille P, Pai VM. Low
b-value diffusion-weighted cardiac magnetic resonance imaging: initial
results in humans using an optimal time-window imaging approach.
Invest Radiol. 2011; 46:751-58.

Malliaras K, Smith RR, Kanazawa H, Yee K, Seinfeld J, Tseliou E, Dawkins JF,
Kreke M, Cheng K, Luthringer D, Ho C-S, Blusztajn A, Valle I, Chowdhury S,
Makkar RR, Dharmakumar R, Li D, Marban L, Marban E. Validation of
contrast-enhanced magnetic resonance imaging to monitor regenerative
efficacy after cell therapy in a porcine model of convalescent myocardial
infarction. Circulation. 2013; 128:2764-75.

Garwood M, Ke Y. Symmetric pulses to induce arbitrary flip angles with
compensation for RF inhomogeneity and resonance offsets. J Magn
Reson. 1991; 94:511-25.

Turkbey EB, Nacif MS, Noureldin RA, Sibley CT, Liu S, Lima JAC, Bluemke DA.
Differentiation of myocardial scar from potential pitfalls and artefacts in
delayed enhancement MRI. Br J Radliol. 2012; 85:e1145-54.

Amado LC, Gerber BL, Gupta SN, Rettmann DW, Szarf G, Schock R, Nasir K,
Kraitchman DL, Lima JAC. Accurate and objective infarct sizing by
contrast-enhanced magnetic resonance imaging in a canine myocardial
infarction model. J Am Coll Cardiol. 2004; 44:2383-89.

Rueckert D, Sonoda LI, Hayes C, Hill DL, Leach MO, Hawkes DJ. Nonrigid
registration using free-form deformations: application to breast MR
images. IEEE Trans Med Imaging. 1999; 18:712-21.

Kwong RY, Schussheim AE, Rekhraj S, Aletras AH. Detecting acute
coronary syndrome in the emergency department with cardiac
magnetic resonance imaging. Circulation. 2003; 107:531-37.



Nguyen et al. Journal of Cardiovascular Magnetic Resonance 2014, 16:68
http://jcmr-online.com/content/16/1/68

26.

27.

28.

29.

30.

31

32.

33.

34.

Bland JM, Altman DG. Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet. 1986; 1:307-10.
Rousson V, Gasser T, Seifert B. Assessing intrarater, interrater and test-
retest reliability of continuous measurements. Stat Med. 2002; 21:3431-46.
Cohen J. A coefficient of agreement for nominal scales. Educ Psychol
Meas. 1960; 20:37-46.

Kundel HL, Polansky M. Measurement of observer agreement.

Radiology. 2003; 228:303-08.

Kellman P, Aletras AH, Mancini C, McVeigh ER, Arai AE. T2-prepared SSFP
improves diagnostic confidence in edema imaging in acute myocardial
infarction compared to turbo spin echo. Magn Reson Med. 2007;
57:891-97.

Shepherd TM, Thelwall PE, Stanisz GJ, Blackband SJ. Aldehyde fixative
solutions alter the water relaxation and diffusion properties of nervous
tissue. Magn Reson Med. 2009; 62:26-34.

Wu M-T, Su M-YM, Huang Y-L, Chiou K-R, Yang P, Pan H-B, Reese TG,
Wedeen VJ, Tseng W-YI. Sequential changes of myocardial microstructure
in patients postmyocardial infarction by diffusion-tensor cardiac MR:
correlation with left ventricular structure and function. Circulation
Cardiovascular Imaging. 2009; 2:32-40- 6. following 40.

Buckberg GD, Mahajan A, Jung B, Markl M, Hennig J, Ballester-Rodes M.
MRI myocardial motion and fiber tracking: a confirmation of knowledge
from different imaging modalities. Eur J Cardiothorac Surg. 2006;
29(Suppl 1):5165-77.

Pang J, Sharif B, Arsanjani R, Bi X, Fan Z, Yang Q, Li K, Berman DS, Li D.
Accelerated whole-heart coronary MRA using motion-corrected
sensitivity encoding with three-dimensional projection reconstruction.
MRM. 2014; DOI: 10.1002/mrm.25097.

doi:10.1186/512968-014-0068-y

Cite this article as: Nguyen et al.: In vivo contrast free chronic
myocardial infarction characterization using diffusion-weighted
cardiovascular magnetic resonance. Journal of Cardiovascular Magnetic
Resonance 2014 16:68.

Page 10 of 10

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animal preparation
	CMR protocol
	Image analysis
	Statistical analysis

	Results
	Discussion
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

