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Abstract
Many have speculated that MRI signal characteristics can be used to identify
regions of heterogeneous infarct associated with an arrhythmogenic substrate;
however, direct evidence of this relationship is limited. The aim of this study
was to demonstrate the remodelling characteristics of fibrosis by means of
histology and high-resolution MR imaging. For this purpose, we performed
whole-mount histology in heart samples (n = 9) collected from five swine at
six weeks post-infarction and compared the extent of fibrosis in the infarcted
areas delineated in these histological images with that obtained ex vivo by MRI
using late gadolinium-enhancement (LGE) and diffusion-weighted imaging
(DWI) methods. All MR images were obtained at a submillimetre resolution
(i.e., voxel size of 0.6 × 0.6 × 1.2 mm3). Specifically, in the histology images,
we differentiated moderate fibrosis (consisting of a mixture of viable and
non-viable myocytes, known as border zone, BZ) from severe fibrosis (i.e.,
the dense scar). Correspondingly, tissue heterogeneities in the MR images
were categorized by a Gaussian mixture model into healthy, BZ and scar.
Our results showed that (a) both MRI methods were capable of qualitatively
distinguishing sharp edges between dense scar and healthy tissue from regions
of heterogeneous BZ; (b) the BZ and dense scar areas had intermediate-to-
high increased values of signal intensity in the LGE images and of apparent
diffusion coefficient in the DWI, respectively. In addition, as demonstrated by
the Picrosirius Red and immunohistochemistry stains, the viable bundles in the
BZ were clearly separated by thin collagen strands and had reduced expression
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of Cx43, whereas the core scar was composed of dense fibrosis. A quantitative
analysis demonstrated that the comparison between BZ/scar extent in LGE
and DWI to the corresponding areas identified in histology yielded very good
correlations (i.e., for the scar identified by LGE, R2 was 0.96 compared to R2 =
0.93 for the scar identified in ADC maps, whereas the BZ had R2 = 0.95 for
the correlation between LGE and histology compared to R2 = 0.91 obtained
for ADC). This novel study represents an intermediate step in translating such
research to the in vivo stages, as well as in establishing the best and most
accurate MR method to help identify arrhythmia substrate in patients with
structural heart disease.

(Some figures may appear in colour only in the online journal)

1. Introduction

Heart disease is a major leading cause of death in the industrialized world, with myocardial
infarction having the highest prevalence (i.e., >85%) and accounting annually for almost
half a million deaths in North America (Zipes 2005). Following an acute infarction, collagen
(i.e., the main component of cardiac connective tissue that forms a supportive extracellular
matrix in the heart) (McCormick and Thomas 1998, Young et al 1998) deposition is part
of a prolonged ventricular remodelling process (Fishnein et al 1978, Swynghedauw 1999,
Rouillard and Holmes 2012). There is early experimental evidence that by approximately four
weeks after the insult, mature fibrosis has replaced necrotic myocytes and the myocardial
architecture is significantly altered in the scar (McCormick et al 1994, Holmes et al 1994,
Axel 2009). The deposition of fibrosis is due to a continuous collagen turnover, a degradation
that is a key feature in characterizing hearts with structural damage of ischemic origin (Sun and
Weber 2005, de Backker et al 1990, Fomovsky and Holmes 2010). However, this remodelling
process is often heterogeneous in nature due to surviving blood vessels which continue to
supply oxygen to islands of cells. These viable but ischemic myocytes, together with small
patches of necrotic cells, can be either found at the periphery of the scar, referred to as peri-
infarct or traversing the dense scars, and form the so-called border zone, BZ (Ursell et al
1985). As a consequence of having an altered structure and electrical properties, the BZ forms
the substrate for abnormal and potentially lethal arrhythmias in patients with prior infarction
(Kawara et al 2001). Thus, accurate identification of BZ and subsequent substrate ablation has
been a primary goal of electrophysiology (EP) studies in recent decades (Gardner et al 1985,
Stevenson 2009). However, despite remarkable technological advances, the typical clinical
evaluation of patients with prior infarction in the EP laboratory is still based on invasive
catheterizations (with most procedures involving ionizing radiation) and is limited to surfacic
maps of sparsely located cardiac electrical signals (Arenal et al 2003, Stevenson et al 2008).
Therefore, the EP study often fails to identify the substrate deep in the myocardium and
to provide an accurate diagnostic assessment and/or determination of the best therapeutic
approach.

These limitations have triggered pre-clinical and clinical research efforts to develop
and establish novel non-invasive imaging tools that could supplement the information given
by EP studies. In particular, image-based myocardial tissue characterization with respect to
the transmural identification of the infarct has received considerable attention. Several pre-
clinical and clinical feasibility studies that used MRI, PET, SPECT and CT have not only
demonstrated a relatively good correspondence between the sub-endocardial scar delineated
in the tomographic images and those identified in the electro-anatomic maps during EP
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studies, but also provided information regarding the transmural extent of the potentially
arrhythmogenic substrate (Codreanu et al 2008, Dickfeld et al 2008, Tian et al 2010). Among
them, MRI remains the preferred imaging modality routinely used in the clinics (Axel 2002)
due to its exquisite capabilities (i.e., excellent tissue contrast, no exposure to ionizing radiation,
anatomical information, either 3D imaging or select imaging planes) that lead to superior results
in both diagnostic assessment and treatment guidance relevant to the EP studies (Wijnmaalen
et al 2011). Currently, the clinical gold-standard MR evaluation of myocardial viability in
patients with prior infarction is based on contrast-enhancement methods (Mahrholdt et al
2002, Chan et al 2008, Roes et al 2009, Breton et al 2011). In the resulting MR images,
the scar appears hyperintense because the contrast agent (c.a.) molecules in paramagnetic
gadolinium-based agents increase the T1 relaxation rate in the fibrotic area relative to healthy
tissue (Lima et al 1995, Ramani et al 1998, Axel 1998, Young et al 2006). This method
known as late gadolinium enhancement (LGE) is routinely used in the clinics. The most
used c.a. is gadopentate dimeglumine which is proved to be safe; however, there is still some
safety concern regarding the effect of gadodiamine in patients diagnosed with nephrogenic
systemic fibrosis (Marckmann et al 2006). Although the peak concentration of c.a. within the
infarct areas appears to be at ∼15 min (nominal time) after c.a. injection, the concentration
of c.a. does not remain constant over a long period of time. Thus, by the time the entire
infarct volume is scanned, there might be significant variations in the signal intensity (SI),
and this could under-estimate the infarct extent. Alternatively, one can use non-contrast MR
methods, like the diffusion-weighted imaging (DWI) (Thomas et al 2000, Le Bihan 2007).
From the DW images, one can calculate apparent diffusion coefficient (ADC) parametric
maps (see section 2.3 for more details and associated equation) and use them for differential
diagnosis purposes. Despite that DWI is a very well-established method used in the clinics
to successfully delineate ischemic areas in the infarcted brain (Sotak 2002) and to assess
liver fibrosis (Sandrasegaran et al 2009), cardiac DWI has received less attention due to its
low spatial resolution, artefacts due to motion and long-time scans. Several cardiac studies
demonstrated that ADC maps can provide in vivo localization of scars in patients with prior
infarction (Wu et al 2009) and are suitable to characterize ex vivo, structural changes in the
myocardial tissue at different time points in the healing process (i.e., from acute settings of
ischemia to mature chronic fibrosis) (Wu et al 2007).

MR image analysis studies have also provided several tissue classification algorithms;
however, these methods have led to different results and could either under- or over-estimate the
infarction area. For example, several pre-clinical and clinical LGE viability studies used simple
methods based on standard deviation (SD) and/or full-width at half-maximum (FWHM) of
the SI and categorized tissue into healthy, BZ and dense scar (Bello et al 2005, Ashikaga et al
2007). While both methods are clinically accepted, other recent methods like the Gaussian
mixture models (GMMs) have demonstrated superiority in delineating myocardial infarct
areas (Lu et al 2010, Hennemuth et al 2013). The GMM (just like the spatial maps obtained
using fuzzy-logic classification algorithms) is more robust and superior because the user
does not have to rely on a random region of interest (ROI) drawn on the remote (healthy)
myocardium. The location of such manually delineated ROI is known to impact both FWHM
and SD (standards deviation) methods because the SI is not uniform in the remote wall; thus,
in particular, the classification of BZ becomes prone to errors. Moreover, for FWHM/SD
methods, the BZ is obtained given some user-defined thresholds between the selected remote
(healthy) area and the dense scar, and currently there is no final consensus between groups
regarding these thresholds. However, regardless of the classification method proposed, there
are no MR imaging studies that validate quantitatively the extent of the BZ versus dense scar
in large animal models by using whole-mount histopathology and thresholds based on the
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severity of collagenous fibrosis, as acknowledged by Schelbert et al (2010). Moreover, there
has been no quantitative comparison to date between tissue heterogeneity (i.e., BZ versus dense
scars areas) delineated by LGE versus DWI imaging methods. Finally, in vivo clinical studies
routinely use slice thicknesses of 8–10 mm in both types of images LGE and DW (Bello et al
2005, Wu et al 2009), which results in inaccurate discrimination of BZ versus dense scar due
to the significant partial volume effect within voxels, as demonstrated by Schuleri et al (2012).
Thus, an accurate MR-histology validation study should be first performed at high-spatial
resolution, preferably ex vivo where perfusion and motion do not produce artefacts that can
affect image quality and subsequent tissue classification.

The work presented in this paper addresses some of these issues, with a final aim to provide
valuable insights into the structural characteristics of potentially arrhythmogenic substrates.
Specifically, we sought to better understand by means of MR imaging and histopathology, the
morphological characteristics of the dense fibrotic scar as well as of the ischemic BZ, using a
pre-clinical swine model of chronic infarction (relevant to the human heart). Specifically,
this paper’s main objectives are as follows: (1) to generate parametric maps of fibrosis
(i.e., BZ and dense scar) from high-resolution LGE and DWI, along with the validation
of tissue categorization against histology; (2) to determine if there is a significant difference
between the extent of the BZ and dense scars as identified by LGE versus DWI methods.
To achieve this, we performed (a) a classification of myocardial tissue into three categories
(healthy, BZ and dense scar) using the GMM method; (b) a quantitative validation of MR-
based tissue classification against histopathology based on the extent of collagenous fibrosis
identified with a Picrosirius Red stain. To the best of our knowledge, such a study including
a histological validation as well as a quantitative comparison between LGE and DWI studies
has not been performed. This pre-clinical study represents an intermediate step that could be
used in the future to relate the MR signal of heterogeneous fibrosis obtained ex vivo with that
in vivo, to optimize in vivo experiments and help with the MR data interpretation.

2. Materials and methods

In this section, we describe all experimental details regarding the creation of infarction in the
in vivo pre-clinical swine model, the preparation of explanted heart phantoms, the MR image
acquisition and analysis, as well as the histological studies and associated statistical analysis.

2.1. Animal model preparation and myocardial infarction generation

In this work, we used five juvenile Yorkshire swines weighing 20–25 kg, supplied by the
University of Guelph (Ontario, Canada). Myocardial infarction was induced in these swine
percutaneously. All procedures were conducted in accordance with protocols approved by
the Animal Care Committee of Sunnybrook Health Sciences Centre (Toronto). The animals
were sedated with an anaesthetic based on a mixture of ketamine (30 mg kg−1) and atropine
(0.05 mg kg−1). The animals were then intubated and the respiration was controlled during
the procedure with a mechanical ventilator and inhalation of isoflurane (1–5%). In addition,
an intravenous line was inserted via the ear vein for the administration of anti-arrhythmic
drugs during the infarct generation (i.e., 30 ml of 2% lidocaine in 250 ml saline and
50 mg amiodarone were administered IV). Briefly, the procedures involved the occlusion
of either the left anterior descendant artery, LAD (n = 3 animals) or the left circumflex artery,
LCX (n = 2 animals) for 90 min, followed by reperfusion. All procedures were guided via x-ray
fluoroscopy (OEC 9800, GE Healthcare, Milwaukee, WI, USA). Iodine-based angiographic
contrast was used to guide the catheterization procedure (i.e., the balloon placement and
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(a) (b) (c)

Figure 1. Typical angiographycally guided generation of myocardial infarction and the heart
phantom prepared for the MR scan: (a) and (b) fluoroscopic views taken during the generation of
myocardial infarction in the swine model, during the occlusion–reperfusion procedure: (a) iodine
contrast entering the LAD; (b) the occluding balloon (indicated by the solid arrow) inflated in
LAD produced cessation of the blood flow (indicated by the open arrow); (c) snapshot of the heart
phantom placed in the high-resolution eight-channel brain coil, prior to MR imaging study.

inflation inside a main artery or a major arterial branch, as well as the verification of coronary
blood flow abnormalities), as shown in figure 1. Figure 1(a) shows an exemplary fluoroscopic
view of a swine heart during the iodine injection into the LAD, prior to the insertion of
the occluding catheter. Figure 1(b) demonstrates that the coronary blood flow is blocked
(solid arrow) in the LAD territory following the inflation of the balloon catheter (Sprinter
Legend Balloon Catheter, Medtronic, MN, USA). Reperfusion was established after 90 min
by balloon deflation and retraction from the artery, with reperfusion verified angiographically.
The lesions were then allowed to heal over a period of 5–6 weeks prior to imaging. We opted to
use this occlusion–reperfusion model based on several recent MR-EP studies which were able
to create heterogeneous infarctions with a similar model and showed good correspondence
between the location of the BZ in MR images and the location of arrhythmia substrate in
associated EP studies (Ashikaga et al 2007).

2.2. Heart explantation and MR phantom preparation

For the imaging studies, a bolus of 0.2 mmol kg−1 Gd-DTPA (gadolinium–diethyleneriamine–
pentacetate, an extracellular extra-vascular MR c.a.) was injected intravenously in each animal
15 min prior sacrifice. Imaging 15 min after contrast injection is a standard clinical time
point used in myocardial viability studies based on Gd-chelates, allowing the c.a. to slowly
accumulate through passive diffusion into the infarcted area; by this time, the agent has been
substantially flushed out from the extracellular space and the capillary bed of the healthy
tissue (Kim et al 1999). Prior to euthanasia, 2000 units of heparin were injected to avoid blood
clotting after the explantation of the heart.

Following animal sacrifice, each heart was excised, quickly washed with saline and
gently stuffed (with a soft fabric) to preserve heart’s shape. To avoid potential susceptibility
artefacts at the heart–air interface, each heart was placed in a Plexiglas phantom box filled with
Fluorinert (electronic liquid, 3M

TM
, USA), an inert, transparent fluid that has no MR signal.

The phantom was then placed in a high-resolution eight-channel brain coil (figure 1(c)), and
the MR study was performed. The phantom preparation was completed within 40–45 min
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from the euthanasia time point, allowing any sporadic post-mortem twitching to disappear.
Note that each heart was placed on its ‘posterior side’ onto the bottom of the phantom, and
with the heart’s longitudinal axis aligned parallel with the direction of the static magnetic field
in the MR scanner.

We first imaged the hearts using the LGE method (see section 2.3 for MR imaging
parameters). Then, each heart was gently removed from the phantom, fixed in 10% formalin
for approximately —three to four days, replaced in the phantom and re-imaged using the
DWI methods. We minimized as much as possible the heart deformation between the two
MR imaging studies. The minimal heart deformation was ensured between the MR scans
by suspending the heart in the vertical position in a jar for 3–4 days fixation in formalin
(after which the heart was hardened, and no deformations were likely to occur).

2.3. High-resolution LGE and DW-MR imaging

All MRI studies were performed on a dedicated 1.5T GE Signa Excite scanner. The LGE
study (including the localizers and test scans) were completed in less than 2 h after the heart’s
explantation. That timing was to avoid MR contrast reduction associated with the Gd-based
c.a. passively diffusing from the infarcted area into the healthy myocardium beyond a 2–3 h
window, as suggested by other animal studies (Rehwald et al 2002, Schelbert et al 2010).

For this contrast-enhanced MR imaging study, we applied a 3D Inversion Recovery
Gradient Echo, IR-GRE sequence with the following MR parameters: repetition time
TR = 5.98 ms; echo time, TE = 2.8 ms; inversion time TI = 200 ms (manually adjusted
to optimally null the myocardium); echo train length = 1, flip angle = 25◦. Other imaging
parameters were field of view, FOV = 16 × 16 cm, k-space 256 × 256, slice thickness 1.2 mm,
yielding an approximately 0.625 mm × 0.625 mm in-plane spatial resolution and a voxel
volume of ∼0.47 mm3. No phase-sensitive inversion recovery was used.

For the DWI, we used a custom FSE pulse sequence that was developed by the Laboratory
of Cardiac Energetics, NIH (Helm et al 2005) and implemented on our 1.5T GE Signa Excite
scanner, as previously described (Pop et al 2012). To avoid susceptibility artefacts, we did not
combine the sequence with any echo-planar, parallel imaging or sensitivity encoding methods.
In the current study, we used the following MR parameters: TE = 35 ms, TR = 700 ms, echo
train length = 2; b value = 0 for the un-weighted MR images and b = 500 mm s2 when the
seven diffusion gradients were applied, respectively. We used the same FOV and a 256 × 256
k-space (yielding an identical in-plane spatial resolution and slice thickness as in the LGE
studies). The total scan time for DW imaging was approximately ∼10 h (depending on the
heart size); for this reason, more b-value scans were not performed. The DW images were
then imported into the freely available software DTIstudio (Jiang et al 2006), which was used
to evaluate ADC parametric maps. Fitting using multiple b values could have improved the
resulting ADC maps and image quality. The calculation of ADC (also known as ‘trace’ or
‘mean diffusivity’) was based on the method proposed by Le Bihan and Van Zijl (2002).
We should mention in brief that the DWI method was developed based on the ‘field gradient
pulse’ method originally devised for NMR by Stejskal and Tanner (1965) who calculated the
attenuation in SI in DW images caused by the amount of diffusion of water molecules. This
‘random walk’ of water molecules occurs during the application of ‘motion-probing’ pulses,
such that, at the echo time, a measurable ‘phase accrual’ is accumulated for the proton spins
within each voxel. However, such a calculation is quite complex because cross-terms arise
between all gradient pulses and the intensity of each voxel is in fact exponentially weighted
by an average diffusion coefficient (Taylor and Bushell 1985, Mattiello et al 1997). Le Bihan
(1991) suggested gathering all gradient terms in a diffusion-sensitive ‘b factor’ that depends
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Figure 2. Example of a myocardial tissue classification into three classes (i.e., healthy, BZ and
dense scar) from an LGE image using a GMM.

only on the MR acquisition parameters, such that the signal SI attenuation becomes

SI = SI0 × exp(−b × ADC) (1)

where SI0 is the signal intensity of the un-weighted images (i.e., in the absence of diffusion
gradients), for which the b factor is 0 s mm−2, and ADC is a physical parameter of biological
tissues (such as brain and myocardium).

Finally, the LGE and DW images were registered with the freely available MedINRIA
software (www-sop.inria.fr/asclepios/software/MedINRIA).

2.4. Myocardial tissue classification in MR images

In this paper, we characterized the myocardium heterogeneities based on the SI in LGE
images and the ADC parametric maps from DW images, respectively. For this, we used
a classification method based on a GMM (Press et al 2007). Briefly, the GMM assumes
a Gaussian distribution of the image intensity of each fitted class (i.e., in our case, the
three categories of tissue: healthy, BZ and dense scar), each class having its own mean
intensity μ and variance σ 2. The GMM code generated the tissue classification that
optimally fitted the image histogram, where the GMM was estimated by employing an
expectation–maximization approach (Dempster et al 1977, Hastie et al 2001). However, for
our tissue segmentation purposes, we used and adapted the freely available Matlab
scripts (Mathwork, CA) (http://mathworks.com/matlabcentral/fileexchange/10956-em-image-
segmentation/content/EMseg.m). The outcome was the probability of a pixel belonging to a
category and its Gaussian description, based on which the final classified image was obtained

http://www-sop.inria.fr/asclepios/software/MedINRIA
http://mathworks.com/matlabcentral/fileexchange/10956-em-image-segmentation/content/EMseg.m
http://mathworks.com/matlabcentral/fileexchange/10956-em-image-segmentation/content/EMseg.m
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by assigning each pixel to its most likely class (see figure 2 for an example where the pixels
were assigned to the three categories).

2.5. Histopathology and immunohistochemistry (IHC)

Following the DWI measurements, selected slabs (5 mm thickness) as well as small samples
from each heart were cut to align with the short-axis view of MR images, and embedded in
paraffin. Prior slicing into slabs, the heart was embedded in a gelatine matrix and a special
slice cutter was used, such that no tissue deformation occurred. Thin slices (4 μm) were
cut from each paraffin block, fixed on glass slides and then stained. The large specimens
were whole-mounted on large slides and were stained with (1) Haematoxylin and Eosin for
oedema, myocardial fibres integrity, and small blood vessels; and (2) Picrosirius Red for
the evaluation of collagenous fibrosis. The small specimens were used for IHC and were
stained for connexin 43 (Cx43) in order to observe the distribution of gap junctions in the BZ
and dense scar compared to that in the remote zones. All stained slides were scanned with
a TISSUEscopeTM 4000 confocal system (Huron Technologies International Inc.), saved as
multi-resolution digital images and analysed with Aperio ImageScope software (Vista, CA)
at a 10–15 × magnification (of original scan). In the absence of a standardized classification
system to grade the myocardial fibrosis in chronic infarct, in this paper, we defined three grades
of fibrosis for the three tissue types: F0 (<20% fibrosis, no or mild) for normal/healthy tissue,
F1 (20–70% fibrosis, moderate) for BZ and F2 (�70% fibrosis, severe) for dense scar. The
chronic lesions were manually delineated by an expert, who categorized the infarct areas
into two zones: dense scar and BZ, based on scoring the fibrosis severity as F2 and F1,
respectively. For the F0 grade, we considered the tissue as ‘normal/healthy’, although (1)
the interstitial (reactive) fibrosis in the remote ventricular areas distal from the scar was
increased at this healing stage (i.e., 5–6 weeks), and (2) extracellular space was also increased
in the remote myocardium. These two observations are based on findings by our group in a
recent longitudinal study (Ghugre et al 2011). Both the BZ and the dense scar demonstrated
interstitial and replacement fibrosis, with red areas in the PR stain positively indicating
fibrotic material (mainly type-3 collagen degraded into type-1 collagen) and perivascular
collagen, which was also included in the infarcted areas due to the comparison with the MR
images. Thus, when scoring the fibrosis severity and tracing the contours of these two zones,
both replacement and reactive fibrosis, other fibrotic material (fragments of disintegrated
dead myocytes, perimysial coils and pericellular weaves with altered morphology) as well
as extracellular space (interstitial space and small blood vessels) were all included in the
corresponding F1 or F2 areas. For aid in the manual delineation, we used the AperioScope
ruler which allowed us to decide on tissue categorization within squares of 0.6 × 0.6 mm, to
match the MRI in-plane resolution. The histological samples (a total of n = 9 from the five
swine, 1–2 samples/animal) were matched to their corresponding MR images in a short-axis
view, using anatomical markers (papillary muscle and RV/LV insertion point).

2.6. Statistical analysis

The results were expressed as mean ± SD (standard deviation) for ADC values and SI
(in LGE). Linear fittings and Bland–Altman plots (Bland and Altman 1986) were performed
in Excel and Matlab to calculate the correlation between the extent of BZ and dense scar
categorized in MR images (LGE and DW) and in histopathological images, respectively.
Statistical significance tests were performed with an on-line calculator (www.vassarstats.net),
where p-values <0.05 were considered statistically significant.

http://www.vassarstats.net
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(a) (b) (c)

Figure 3. Representative images from histopathology (Haematoxylin and Eosin, Picrosirius Red)
and IHC (for connexin Cx43), from a swine heart with a six-week-old infarction: (a) healthy
myocardium (fibrosis severity extent � 20%), score F0; (b) typical patchy fibrosis in the ischemic
BZ (fibrosis score between 20% to 70%) graded F1; and (c) dense scar with collagenous fibrosis
extent � 70% (score F2), with myocytes staining in yellow and collagenous fibrosis in red
(see text for more details). In the H&E images, the yellow arrows indicate small blood vessels
(in the healthy tissue and the BZ), whereas in the IHC images, the black arrows indicate the Cx43
clustered at the intercalated disks of myocytes (note: the images show the longitudinal direction
of cells). The scale bar is 200 μm in the H&E and P R stains, and 50 μm in the Cx43 images,
respectively.

3. Results

The creation of heterogeneous infarction was confirmed by histopathology, in all animals.
Figure 3(a) shows intact myocytes in the normal tissue, whereas figures 3(b) and (c)
demonstrate the changes in the tissue microstructure in the infarcted area. As depicted by
the H&E stain (upper images) and the P R stain (middle images), the ischemic BZ of the
infarct had strands of fibrosis interdigitated between viable bundles of myocytes (figure 3(b)).
In the dense scar area, necrotic myocytes were replaced by mature fibrosis, the final product
of collagen degradation (figure 3(c)).

Histopathology using the H&E stain confirmed that oedema subsided substantially
5–6 weeks after infarction and that the inflammation had largely disappeared by this time
point in wound healing. Relatively small blood vessels were always noted in the viable tissue
(healthy and BZ); however, a few surviving large vessels were also identified inside the dense
scars. Surviving islands of viable myocytes mixed with collagenous cells were observed in
all animals, and were mostly located at the periphery of infarct and were likely salvaged by
the reperfusion. Surviving sub-endocardial bundles were often noted, but their viability was
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Table 1. MR characteristics and histological grades of fibrosis in chronic infarct swine
corresponding to healthy tissue, BZ and dense scar.

Absolute ADC values Normalized SI
Tissue ( × 10−3 mm2 s−3) (LGE)
category (mean ± SD) (mean ± SD) Fibrosis grade

Healthy 0.62 ± 0.10 1 F0 (no or mild) fibrosis �20%
Border zone 0.84 ± 0.13 1.53 ± 0.27 F1 (moderate); between 20% and 70%
Dense scar 1.12 ± 0.19 2.16 ± 0.38 F2 (severe); fibrosis �70%

probably due to the oxygen molecules diffusing from the blood in the adjacent left ventricle
(LV) cavity into the sub-endocardial tissue. Also, as confirmed by both H&E and P R stains
in all animals, there was an increased extracellular space in both BZ and dense scar areas,
supporting similar qualitative MRI-based observations, as presented below. Hypertrophy of
the LV was observed in two out of six animals, in which the infarction was generated in the
LAD territory and the chronic lesion extended throughout the entire septum. Other remodelling
characteristics as pertaining to the myocardial architecture included gradual disarray of fibres
in the BZ and severe loss of anisotropy (i.e., fibre direction) in the dense scar area.

IHC (bottom images in figure 3) demonstrated a reduced expression of Cx43 with an
altered distribution of gap junctions in the viable myocytes of the BZ compared to their high
density and well-organized distribution in the normal cells. It is clearly observable that the
Cx43 clusters at the intercalated disks in the BZ had a less intense brown colour compared
to those in the healthy areas, as indicated by the black arrows. Fibrotic strands infiltrating
between viable bundles were notable in the BZ area, which electrically disconnected the cells.
Furthermore, IHC demonstrated that Cx43 largely disappeared in the dense scar area, although
in some samples we did observe scattered viable foci with the reduced Cx43 expression,
encapsulated inside fibrotic scars. Such areas characterized by the reduced Cx43 content
and cellular uncoupling, together with particular geometric configurations of viable bundles
surrounded by electrically inert scars, could favour the inducibility of ventricular arrhythmias.

Histopathology also demonstrated that, at 5–6 weeks after infarction, some regions at
the periphery between the healthy tissue and the infarct exhibited patchy fibrosis (i.e. tissue
having a mixture of viable myocytes and strands of collagen), whereas in other peripheral
regions, the scar was sharply delineated from the normal myocardium. Both LGE and DWI
methods were able to resolve these fine remodelling features, as confirmed by histopathology
(figure 4). Specifically, we highlight in figure 4 an example of heterogeneous BZ (see zone
1, red square) versus a region with a sharp edge (see zone 2, blue square) in the periphery of
an antero-septal infarction. In figure 4 (bottom), two magnified PR images of these zones ‘1’
and ‘2’ are also included, with their topographic locations precisely indicated in the LGE and
DW-MR images as well as in the histopathology image.

Table 1 shows the mean ± SD of ADC values and of normalized SI in LGE (note that
the SIs were normalized to the healthy SI values), corresponding to the three tissue categories
(i.e., fibrosis grades): healthy tissue (F0), BZ (F1) and dense scar (F2), respectively. The mean
ADC values were increased by 35% in the BZ and 81% in the dense scar compared to the
healthy areas, whereas the SI increased by 53% in the BZ and 116% in the scar, respectively,
compared to the remote (healthy) areas in the LGE images.

Figure 5(a) presents a bar plot describing the absolute ADC values (mean and SD) and the
normalized SI for LGE (mean and SD), for the three grades of fibrosis. Figure 5(b) shows an
example of moderate fibrosis (F1) selected from a PR stain image, at near cellular resolution.
The mean ADC values were increased by 35% in the BZ (p < 0.011) and 81% in the dense



Quantification of chronic fibrosis by LGE, DWI and histology 5019

Figure 4. Representative images from ex vivo MR studies and histopathology, from an antero-
septal chronic lesion, showing the hyper-enhanced infarction area in the LGE image and elevated
ADC values in the DW-MR image, as well as the corresponding histopathology image (P R stain).
Two magnified zones from the P R stain were selected from zone ‘1’ (red square) heterogeneous
BZ due to patchy fibrosis, containing mixture of viable myocytes and collagenous fibres, and ‘2’
(blue square) peri-infarct with sharp edge (i.e., abrupt transition between dense fibrotic scar and
normal myocardial tissue, as seen in the blue square). Scale bar 200 μm.

scar (p < 0.001) compared to the healthy areas, whereas the SI increased by 53% (p < 0.02)
in the BZ and 116% in the scar (p < 0.001), respectively, compared to the remote (healthy)
areas in the LGE images (where p < 0.05 was considered statistically significant).

Figure 6 shows a comparison between the MR images (LGE and ADC map) and the
corresponding histopathology image (upper images), as well as the result of classification
in each of these images (bottom images). The example was selected from a swine with the
infarction generated in the LAD territory (apical slice). Overall, a good agreement was observed
between the extent of tissue in both MR images classified by the GMM as healthy myocardium
(in blue), dense scar (in green) and BZ (in red). Moreover, as seen in the bottom images of
figures 6(a) and (b), this classification also corresponded well with the same categorization of
tissue delineated in the PR stain image, based on the severity of collagenous fibrosis.

Figures 7 and 8 show results from the quantitative comparison between the areas of scar
and BZ (reported relative to LV area) calculated in the segmented LGE and ADC maps, versus
those delineated in the histology images. Linear fitting yielded good correlations for the %
(scar area/LV area) measured in both types of MR images versus the corresponding scar areas
in the PR stain (i.e., R2 = 0.96 for LGE and R2 = 0.93 for the ADC map, respectively) as
seen in figures 7(a) and (b), with no bias between the MR and histology demonstrated by the
Bland–Altman analysis (figures 7(c) and (d)). The difference was not statistically significant
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(a) (b)

Figure 5. MR and histological characteristics of fibrosis: (a) bar plot of the average ADC values
and normalized SI in LGE, corresponding to healthy, BZ and scar (where tissue categories are
based on fibrosis grades); (b) example of F1 from the BZ, with collagen fibrils (red). The increased
extracellular space (white) and an increased amount and thickening of other collagen matrix
components are also notable, such as the perimysial coils (open arrows) and pericellular weaves
(small arrows); scale 50 μm.

(a) (b) (c)

Figure 6. Example of MR images and histological slides from an animal with an LAD lesion
(upper images) and corresponding tissue categorization in these slides (bottom images): (a) LGE
image with infarcted area having a hyper-enhanced signal; (b) ADC parametric map with elevated
ADC values in the infarction area; (c) corresponding histological P R stain (fibrosis stained red
and normal tissue stained yellow). In the segmented MR images, the scar is green, the BZ is red
and the healthy tissue is blue, whereas in the PR stain the scar has a black contour, the BZ has a
blue contour, and the remaining tissue is healthy.

by a one-tailed test (p = 0.3) between the two MRI methods (n = 5), (where p < 0.05 was
considered statistically significant).

Similarly, a linear fitting yielded good correlations for the % BZ area relative to the
LV area identified in MR images versus the corresponding BZ areas delineated in the PR
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(a) (b)

(c) (d)

Figure 7. Results of quantitative comparison between MR methods and histology for dense scar:
(a) and (b) linear fitting of % (scar area/LV area) identified by LGE (blue circles) and ADC maps
70 (red triangles), respectively, versus those delineated in histological images, yielding very good
correlation between the collagen-rich scar identified by both MR methods and by the P R stain
(R2 = 0.96 for LGE compared to R2 = 0.93 for ADC; (c) and (d) corresponding Bland–Altman
plots.

histological stain. Although a slightly stronger correlation was demonstrated by the LGE
(R2 = 0.95) compared to ADC (R2 = 0.91), as seen in figures 8(a) and (b), this was not
statistically significant (p = 0.26). Furthermore, no bias was noted between the % BZ areas
calculated from the segmented images obtained by the two MR methods and histology, as
demonstrated by the corresponding Bland–Altman analysis (figures 8(c) and (d)). Overall,
we also observed slightly weaker correlations of the % BZ areas (figure 8) compared to the %
dense scar areas (figure 7), making the LGE to appear more favourable. This could be due to
the quality of the ADC maps which were obtained using only two data points (more b value
scans could have improved the ADC maps quality and the classification result).

4. Discussion

MR imaging represents an important tool that can be used in the non-invasive detection of BZ,
where the potential arrhythmia substrate resides and is characterized by heterogeneous fibrosis.
Overall, the work presented in this paper demonstrated the capability of two different MRI
methods (LGE and DW) to distinguish ex vivo the BZ and dense collagenous scar within the
chronic infarct areas in a swine model, with LGE appearing slightly superior to the diffusion-
weighted method when compared to histopathology. The potential mechanisms responsible
for these findings together with the study implications and limitations are addressed below.
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(a) (b)

(c) (d)

Figure 8. Results of quantitative comparison between MR methods and histology for BZ: (a) and
(b) linear fitting of % (BZ area/LV area) identified by LGE (open blue circles) and ADC maps
(open red triangles), respectively, versus those delineated in histological images, yielding very
good correlation between the BZ identified by both MR methods and by the PR stain (R2 = 0.95
for LGE compared to R2 = 0.91 for ADC; (c) and (d) corresponding Bland–Altman plots.

First, in the histopathology images, several key remodelling characteristics were retained
as hallmark signatures of fibrosis and were attributed to the healing phase at 5–6 weeks as well
as to the occlusion–reperfusion approach that induced infarction. Among the main histological
findings, the mature collagenous fibrosis in the core scar and a mixture of surviving viable
bundles (due to reperfusion) and necrotic cells/bundles in the BZ were notable, in agreement
with other studies performed in explanted human hearts (de Bakker et al 1990, Kawara et al
2001), rat hearts (McCormick et al 1994, Schelbert et al 2010) and pig hearts (Holmes et al
1994). Oedema and inflammation had almost disappeared by this point in the healing process
compared to that seen in the first days to weeks after ischemic injury, as indicated in our recent
longitudinal study (Ghugre et al 2011). In particular, the Picrosirius Red stain, which is the
most accurate stain used in the quantitative histological analysis of collagen-rich-based scars
(Whittaker et al 1991) allowed us to grade the severity of fibrosis to correspond to the three
distinct tissue categories: healthy (F0), BZ (F1) and dense scar (F2). Although there is a lack
of standardized classification systems for myocardial fibrosis, the 20% fibrosis threshold we
selected for the healthy zone (‘normal’ tissue in the remote myocardium) was in agreement
with the F0 grade used by Azevedo and colleagues (Azevedo et al 2010) in the evaluation of
diffuse fibrosis (which is spread globally within the entire ventricle). However, as emphasized
in other studies (Schelbert et al 2010), currently, there is no histological definition of the
BZ versus dense scar for chronic infarction. Thus, in this study, the 70% threshold selected
for F1 (BZ) from F2 (dense scar) in the PR stain reflected a significant increase in collagen
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deposition, extracellular space, amount of fibrotic debris (from the dispersion of cellular
components following the loss of cellular membrane integrity) and perivascular collagen,
as well as marked morphological changes for other matrix components (e.g., thickening
and increased abundance of perimysial cells and pericellular cells). Importantly, besides the
structural changes unveiled by the PR stain, the IHC results showed that moderate fibrosis
F1 was also characterized by the reduced Cx43 expression and altered distribution of gap
junctions, suggesting that the BZ harbours electrical disturbances and might be a potentially
arrhythmogenic substrate. This is in agreement with the electrophysiological findings from
Jansen and colleagues (2012) who demonstrated that an increased deposition of reactive and
replacement collagen together with a decreased abundance of Cx43 (>50%) leads to cellular
uncoupling and decreased conduction velocity (resulting in slowing or complete blockage of
the electrical wave propagation).

Regarding MR tissue characteristics, we identified fine structural remodelling features
by both LGE and DW imaging methods, which were able to distinguish heterogeneous BZ
versus sharp edges (between core scar and healthy myocardium), as well as different fibrosis
grades. Specifically, our contrast-based LGE study demonstrated that Gd-DTPA, although
not a collagen-specific c.a., was capable of detecting necrosis and fibrosis extent in BZ and
dense scar, with the scar extent strongly correlated with that identified by histopathology.
The mechanism of the differential enhancement of SI in the infarct area suggested a higher
extracellular volume available for the distribution of the Gd molecules within the infarct area
compared to the healthy/remote myocardium, affecting the wash-in and wash-out kinetics
of Gd in both heterogeneous BZ and dense collagenous fibrosis. Presumably, there was a
greater distribution volume and/or slower clearance of the Gd molecules in the dense scar
versus BZ, explaining why the SI in LGE images had intermediate values in the BZ (between
those measured in the remote tissue and the scar), in accordance with other ex vivo and
in vivo studies evaluating infarct heterogeneities (Bello et al 2005, Ashikaga et al 2007,
Schuleri et al 2012). This was also in agreement with the observations of the PR stain images
where moderate fibrosis and increased interstitial space characterized the BZ, compared
to remote/healthy tissue. Our validation of the extent of BZ and scar against quantitative
microscopic histopathology using the PR stain is more accurate than other methods using
gross pathology 2,3,5-triphenyl-2H-tetrazolium chloride, which are specific to myocardial
viability but not to fibrosis (Kim et al 1999, Amado et al 2004, Azevedo et al 2010). On the
other hand, the ADC maps produced slightly weaker correlations of BZ and scar extent versus
histology (0.94 and 0.91, respectively), compared to LGE. While these were not statistically
significant, it could be that DWI is more sensitive than LGE to the uncompleted disappearance
of oedema (at 5–6 weeks) in the infarction since DWI probes a different MR mechanism to
discriminate the BZ and scar from healthy areas. In the resulting ADC maps, the detection
of collagen-rich fibrotic areas was based on the free diffusion motion of the water molecules
along the fibres and in the interstitial (extracellular) space; note that to probe the intracellular
space, higher b values are needed, as explained by others (Hsu et al 2001). Thus, the molecular
diffusion reflected the microstructural tissue integrity in the normal and infarcted areas, with
a gradual loss of highly ordered myocardial anisotropy (corresponding to the healthy state) in
the ischemic BZ and in the infarct core due to collagen deposition and necrosis. This, together
with less cellular obstacles (as the cellular membranes broke and disintegrated), presence of
small surviving or newly recruited vessels (i.e., collagenous perivascular space) in the BZ and
most importantly a more extracellular space available, explained the increased ADC values in
BZ and scar. The ADC values found in our study, ranging from 0.62 × 10−3 mm2 s1 (in healthy
tissue) to 0.84 × 10−3 mm2 s1 (in BZ) and 1.12 × 10−3 mm2 s1 (in scar), are comparable to those
reported by Wu et al (2007) in a similar ex vivo DW-MRI porcine study (0.67 × 10−3 mm2 s1 in
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healthy area and 1.01 × 10−3 mm2 s1 in infarcted tissue) using an isotropic voxel size
1.13 × 1.13 × 1.13 mm3. We expected small differences in ADC values in the infarct area
since their 13-week-old non-reperfused infarct was induced by permanent occlusion of blood
vessels with microspheres. However, besides they did not perform quantitative comparison MR
to histology, their study could not identify intermediate ADC values in the BZ. This could be
due to their analysis based on six radial sectors rather than pixel-wise, with ‘infarct-adjacent’
sectors averaging ADC values of predominantly healthy tissue. In contrast, the in vivo results
obtained in patients with prior infarction by Wu et al (2009) are in closer agreement with our
findings and reported increased values in the ‘infarct-adjacent’ areas (0.74 × 10−3 mm2 s1)
compared to the remote zones (0.67 × 10−3 mm2 s1). Notable though, their ADC values
were obtained at a 1.88 × 1.88 × 8 mm3 voxel size and were averaged per radial segments
which could lead to inaccurate values for non-transmural infarctions. The comparison with
in vivo data has to be done with caution, as fixation procedures could modify ADC values
as demonstrated by Shepherd et al (2009), Van der Voorn et al (2011); however, we kept the
samples in formalin for 3–4 days and not for weeks to minimize this effect while targeting the
full fixation of the ventricular walls. Moreover, diffusion is a temperature-dependent process,
so the difference between the ADC values obtained by us and Wu et al (2007), and the
in vivo values from Wu et al (2009) could be partially attributed to this factor, not only to
fixation.

Our ex vivo MR study shares overall similar MR findings and histological observations
with the ex vivo study performed in chronically infarcted rat hearts by Schelbert et al (2010).
Their high correlation (i.e., 96–98%) between the lesion extent in MR and histology was
calculated for the total infarction area, without differentiating the BZ versus scar in histological
images and without a Cx43 staining. We acknowledge that some caution is needed in comparing
our results with their study which was performed at a spatial resolution near the cellular level
and demonstrated that the BZ (but not the scar) is sensitive to partial volume effects even at
submillimetre resolution. Their conclusion was that at lower resolution (i.e., thicker slices),
this difference will be accentuated. Note that we only tested on a few selected images how
a poorer spatial resolution affects the categorization, by decreasing the in-plane resolution to
1.2 × .1.2 mm2 (thus obtaining an isotropic voxel) and found that, compared to the higher
resolution, the difference in % (scar area/LV area) between higher and poorer resolutions is
negligible (<1%) for both LGE and DWI, whereas the difference in % (BZ area/LV area)
is very small ∼1.6% for LGE and 2.1% for DWI. Thus, when decreasing the resolution,
more BZ pixels than scar pixels may be misclassified. However, we speculate that when the
slice thickness is increased to a few millimetres (as in Schelbert et al 2010 or Schuleri et al
2012), such differences will be more accentuated due to the partial volume effects. Note that
a thorough study concerning the degradation of spatial resolution and its effect on BZ/scar
size was not the focus of our current work, but will be certainly performed in the future,
particularly when translating this step to in vivo studies. Notably, our voxel size was close
to the 0.6 × 0.6 × 2.5 mm3 voxel (interpolated from the initial 1.2 × 1.2 × 2.5 mm3) recently
achieved in vivo by a feasibility MR-EP study performed by Cochet et al (2013) who reported
a 78–94% overlap between the arrhythmogenic substrate determined in LGE and EP studies
(i.e., low voltages <1.5 mV), underlining the importance of high-spatial resolution in future
cardiac MR-EP studies.

To sum up, our study demonstrated that both LGE and DWI performed very well and
can distinguish post-infarction focal fibrosis, with the measurement of extent of heterogeneous
fibrosis (BZ) and collagen-rich scar in very good agreement with histopathology. One limitation
was the use of only one b-value scan for the DW imaging, which might affect the image quality
and ADC maps. Another limitation of the comparison between the MR and the histology was
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that the slice thickness in MR is 1.2 mm, whereas in histology was 4 μm; this could explain
the small overestimation of the extent of BZ/scar in the MR images compared to histological
measurements. A more accurate comparison should be based on a volumetric analysis of MR
and reconstructed histology slabs, but the costs for such histological processing of tissue are
currently prohibitive (at least in large mammal hearts). Another limitation was that we did not
use fiducial markers for the registration between MR images and histology and relied solely on
anatomic markers and distances calculated from the apex upwards (in MR images and histology
cuts); however due to unique features and location of the anatomical markers (papillary muscle,
RV traebeculations, endocardial/epicardial shapes), we successfully matched all MR images
to histology slides. However, as our future will focus on translating this work to in vivo,
a co-registration method could be the one developed by Young et al (2011). Finally, a limitation
was the relatively small number of animals (five swines); however, there were nine samples
for which whole-mount histology and quantitative analysis were performed, and that proved
to be sufficient for the statistical analysis. Experimental chronic infarct studies in animals
are extremely difficult and costly to perform; other recent similar MR or MR-EP studies that
included histology slides were reported in n = 6 rats (Schelbert et al 2010), n = 4 sheep
(Mekkaoui et al 2011) and n = 5 swine (Nakahara et al 2011).

Future work will focus on characterizing post-infarction remodelling using in vivo MRI
methods, histopathology and EP studies to confirm the relation of BZ and dense scar to actual
electrical measurements. In particular, quantitative methods characterizing focal fibrosis based
on T1 maps and extracellular matrix volume could lead to more accurate results than IR-GRE
in determining the collagen content and the potential arrhythmia substrate.

5. Conclusion

In this work, we demonstrated several remodelling characteristics of chronic infarct in a
pre-clinical swine model, with relevance to structural damage from ischemic heart disease
in humans. Overall, as determined by two MRI methods (LGE and DWI) and histological
analysis, the reperfused infarction had intermediate and severe collagen deposition and
increased extracellular space. Specifically, we noted that the BZ was comprised of non-viable
and viable bundles separated by thin collagen strands and had reduced cell-to-cell electrical
myocyte coupling, whereas the dense scar was composed of mainly collagen and fibrotic
material replacing necrotic myocytes. We found that the extent of BZ and fibrotic scar as well
as the edge demarcation between healthy tissue and scar can be determined by both MRI
methods, and the identification of tissue categories in LGE and DWI led to good correlation
compared to histological grades of fibrosis. Our results also confirmed that, although not a
collagen-specific contrast-agent, Gd-DTPA can be used with confidence to evaluate the extent
of fibrosis in chronic infarction, as well as the remodelling characteristics of the BZ, where
the arrhythmia substrate resides.
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