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Abstract The noninvasive reference standard for myo-
cardial fibrosis detection on cardiovascular magnetic reso-
nance imaging (CMR) is late gadolinium enhancement
(LGE). Currently there is no consensus on the preferred
method for LGE quantification. Moreover myocardial
wall thickening (WT) and strain are measures of regional
deformation and function. The aim of this research was
to systematically compare in vivo CMR parameters, such
as LGE, WT and strain, with histological fibrosis quanti-
fication. Eight weeks after 90 min ischemia/reperfusion of
the LAD artery, 16 pigs underwent in vivo Cine and LGE
CMR. Histological sections from transverse heart slices
were digitally analysed for fibrosis quantification. Mean
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fibrosis percentage of analysed sections was related to the
different CMR techniques (using segmentation or feature
tracking software) for each slice using a linear mixed model
analysis. The full width at half maximum (FWHM) tech-
nique for quantification of LGE yielded the highest R? of
60%. Cine derived myocardial WT explained 16-36% of
the histological myocardial fibrosis. The peak circumfer-
ential and radial strain measured by feature tracking could
explain 15 and 10% of the variance of myocardial fibrosis,
respectively. The used method to systematically compare
CMR image data with digital histological images is novel
and feasible. Myocardial WT and strain were only modestly
related with the amount of fibrosis. The fully automatic
FWHM analysis technique is the preferred method to detect
myocardial fibrosis.

Keywords Cardiovascular magnetic resonance -
Fibrosis - Myocardial infarction - Late gadolinium
enhancement - Strain - Mixed model

Abbreviations

CMR Cardiovascular magnetic resonance imaging
e Circumferential strain

€, Radial strain

FT Feature tracking

FWHM Full width at half maximum
LGE Late gadolinium enhancement
LV Left ventricle

MSI Myocardial signal intensity
RV Right ventricle

SD Standard deviation

%TM Fraction of transmurality

WT Wall thickening
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Introduction

Myocardial fibrosis has been associated with heart fail-
ure and can act as a substrate for cardiac arrhythmias [1].
Following myocardial infarction (MI), loss of cardiomyo-
cytes leads to reparative fibrosis with replacement by con-
nective tissue. Noninvasive assessment of cardiac fibrosis
is important for diagnosis, predicting prognosis and treat-
ment planning [2]. The noninvasive reference standard for
fibrosis detection is late gadolinium enhancement (LGE) on
cardiovascular magnetic resonance imaging (CMR). Since
there is no consensus on the LGE quantification techniques
[3], a detailed comparison with the reference standard of
histological analysis is important. For example, accurate
fibrosis quantification can predict reversible myocardial
dysfunction after revascularization [4, 5]. Thus far, mainly
correlation studies have been performed with small endo-
myocardial biopsies, triphenyl tetrazolium chloride stained
or ex vivo hearts [6—8]. Studies using whole heart slices are
scarce [9], especially for focal fibrosis. While LGE provides
an accurate qualitative measure of fibrosis, it requires con-
trast administration with potential adverse effects and does
not provide a quantitative or direct measurement of cardiac
collagen [2, 10]. The result of LGE differs between differ-
ent imaging studies and by variable intensity threshold set-
tings and thus relies on an adequate imaging protocol.

Functional assessment of the local myocardium is typi-
cally performed visually on cine CMR images. Quantitative
assessment of local myocardial function (e.g., wall thicken-
ing) can also be performed with (semi-)automatic segmen-
tation software packages [11, 12]. More recently, feature
tracking (FT) has been introduced as a method to assess
local myocardial deformation (strain) using cine images
without the need for tagged CMR scans [13]. Feature track-
ing is relatively quick in post processing, has shown reason-
able agreement with tagging CMR when looking at global
strain from complete slices and might be usable with differ-
ent field strengths [14—16]. However, there is debate about
the agreement between strain derived from FT and tagging
CMR at a segmental level, as multiple studies found poor
intra- and interobserver variability for segmental strain [14,
17-19].

We have recently developed a method for high resolu-
tion systematic digital histological quantification of (dif-
fuse and focal) cardiac fibrosis in a whole heart slice [20],
which can provide a detailed reference for comparing dif-
ferent CMR imaging techniques. The aim of this study was
to systematically analyse in vivo CMR derived parameters
and high spatial resolution digital fibrosis quantification in
a chronic porcine infarct model to compare different CMR
techniques with myocardial fibrosis assessment. Param-
eters of interest are: LGE CMR, myocardial strain and wall
thickening (WT). Myocardial strain and myocardial WT
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are respectively assessed by FT and semi-automatic seg-
mentation on cine MRI.

Methods
Animal model

All in vivo experiments were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals
prepared by the Institute of Laboratory Animal Resources.
Experiments were approved (protocol no.: 2012.11.09.145)
by the local Animal Experiments Committee (DEC) (Utre-
cht, the Netherlands).

Our protocol regarding a porcine chronic MI model
has been described in detail before [21]. Eight weeks after
90 min ischemia/reperfusion of the proximal left ante-
rior descending artery (LAD), 16 Dalland Landrace pigs
(79.8+5.8 kg; 6 months old; see Supplementary table 1)
under continuous anesthesia underwent in vivo CMR on a
clinical 3T scanner (Achieva TX, Software Release 3.2.1,
Philips Healthcare, Best, the Netherlands).

CMR

Pigs were positioned supine with a dedicated 32-chan-
nel phased-array receiver coil over the chest and scanned
using a standardized protocol. For image planning scout
images were obtained in short-axis and two-chamber
long-axis views. ECG-gated steady-state free preces-
sion (SSFP) short-axis (from apex to base of LV) and
two chamber long-axis cine images were acquired. Thirty
frames were acquired per RR cycle. Cine parameters:
echo time (TE)/repetition time (TR) 1.6/3.2 ms, 13 slices,
slice thickness 8 mm, resolution=2 X2 mm, field of voxel
(FOV) = 320 x 320 mm?, bandwidth=1200 Hz and flip
angle=45°.

LGE

Late gadolinium enhancement CMR was performed using
an inversion recovery 3D-turbo-gradient-echo-technique
15 min after an intravenous bolus injection of 0.2 ml/kg
gadobutrol (Gadovist, Bayer Healthcare, Berlin, Germany).
First, a look-locker scout was performed for the optimal
inversion time. Acquisition parameters for the LGE scan:
inversion time (TI)=200-270 ms, TE/TR=1.5/4.7 ms,
slice thickness =6 mm, spatial resolution=1.5x1.5 mm>,
FOV =300x300 mm?, flip angle=25°, 63 TFE shots,
bandwidth=300 Hz, number of signals averaged=2,
SENSE acceleration=2.
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CMR imaging analysis
Segment

Offline image analysis to derive WT and LGE was per-
formed using Segment software version v1.9 R3590
(http://segment.heiberg.se, Medviso AB, Lund, Sweden)
[12]. In all datasets, one short-axis slice corresponding
to the available histological slice was selected based on
its location three centimetres above the apex as meas-
ured on long axis images, and used for further analysis
(Fig. 1). In the short-axis cine images, LV endo- and
epicardial borders were semi-automatically segmented
in all time frames. The segmentation of the end-dias-
tolic frame was copied to the corresponding LGE slice
(Fig. 1c). Manual adjustment of the segmentation was
performed if necessary. From the short-axis cine dataset
the absolute WT (mm) per image frame of 60 LV seg-
ments was exported. The end-systolic absolute WT of
each segment was used for further analysis.

Feature tracking

The strain analysis used in this study was performed by
using the new feature tracking software Image-Arena
2D Cardiac Performance Analysis toolbox version 1.2
(TomTec Imaging Systems, Unterschleissheim, Germany).
This technology tracks gray value image feature in the
myocardium in the CINE images in which the end diastolic
frame serves as the reference phase. The software quanti-
fies the strain in 48 segments equally spaced over the LV
myocardium. The end-diastolic endo- and epicardial con-
tours of the selected slice were manually traced (Fig. 1b)
by two authors simultaneously (R.v.E. and J.G.), based
on mutual agreement. Subsequently, features along these
delineations were automatically tracked with the Image-
Arena software in all other frames. Correctness of the trac-
ing was inspected manually and corrected in the frame
requiring the largest adjustment, thereafter the automatic
tracking was performed, these steps were repeated until the
segmentation was correct in each timeframe. The mid-lat-
eral point along the endocardial contour was selected as an
anatomical reference for comparison to histology and data
was exported for registration purposes. For all 48 segments,
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Fig. 1 Cardiovascular magnetic resonance analysis methods. a—c¢ The
endo- and epicardial segmentations of the wall thickening (Segment),
feature tracking (Image-Arena) and LGE (Segment) analyses respec-
tively. The asterisk indicates the point in the mid-lateral wall that
was used for registration between CMR and histology. b The dashed
lines are used by Image-Arena as an aid for visualization of regional
deformation. ¢ The automatic FWHM infarct delineation is shown in
C (yellow). d Resulting WT patterns of the four segments shown in a,
the actual WT analysis used 60 sections. e Radial strain analysis of 48
segments averaged to result in four segments (Image-Arena); shown

Histological Regions 0

in b, the actual radial strain analysis used 48 segments. f The %TM
data was exported in 360 segments. The digitized annotation map of
the LV, as shown in Fig. 2b, is then projected onto the LGE exported
data for analysis. Note: the four segments in subfigures a, b, d and e
were shown as a simplified example. The actual measurements used
for further analysis consisted of 60 (a and d) and 48 (b and e) seg-
ments. FWHM full width at half maximum, LGE late gadolinium
enhancement, LV left ventricle, %TM fraction of transmurality, WT
wall thickening
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raw data containing circumferential strain (g.), radial strain
(e,;) and WT (endo to epi distance), was exported and used
for further analysis (Fig. le). For the comparison with his-
tology, the 48 strain segments are averaged to match the
number of histological sections.

Viability analysis
Segment

For viability analysis of short-axis LGE datasets, scar was
delineated using automatic full width at half maximum
(FWHM) (Fig. 1c), standard deviation (SD) from remote
(2, 3 and 5SD) and manually corrected SD from remote (2,
3 and 5SD) algorithms. For the SD methods, the remote
healthy myocardium of the lateral wall was selected as
remote. Manual corrections of the infarct area after auto-
matic segmentation were performed in the ‘manually cor-
rected’ subgroups. These corrections were performed based
on the expected infarct area in the LAD territory and any
obvious artefacts. These regions were manually removed
from the segmented scar. The fraction of area based trans-
murality (%TM), the infarct size fraction of the wall thick-
ness, was analysed in 360 equal segments over the LV wall.
For myocardial signal intensity (MSI) and each scar deline-
ation method the %TM was exported for further analysis.

Histology

Following CMR, the animals were sacrificed by exsanguin-
ation under general anaesthesia and the hearts were excised
and cut into transverse (short-axis) 1 cm thick slices from
apex to base. Each third transverse slice was fixed in for-
malin, cut into smaller sections and an overview of the
heart slice was drawn to annotate the origin of each tis-
sue specimen (Fig. 2a). These sections were embedded in

A Anterior B

Posterior

Fig. 2 Digital histological analysis methods. a Example of map
containing the origin of the histological sections in the heart slice of
one animal. b The digitized left ventricular annotation map of image
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paraffin and stained with Masson’s trichrome. The slides
were scanned at 20X magnification as described before
[22]. Images were extracted using Aperio ImageScope
v.12.0.0.5039 (Aperio, Vista, CA, USA) and resized to 10%
for digital analysis.

Histological analysis

Digital histological analysis was performed systematically
as previously described, using the in-house developed open
source software package Fibroquant (http://sourceforge.
net/projects/fibroquant) [20]. The epicardium, defined as
the outer region of fatty tissue bordered by the first row of
cardiomyocytes, was excluded from further analysis. The
remaining myocardium, including the compact and trabec-
ulated region was analysed as a whole. The percentage of
connective tissue (blue), cardiomyocytes (red) and adipose
tissue (cells with non-stained cytoplasm; pseudo green)
was digitally quantified using Fibroquant. The results were
annotated to their corresponding heart region (Fig. 2a)
and transformed to a standardized schematic overview
(Fig. 2b).

Registration of MRI with histology

A landmark in the mid-lateral wall (as indicated by asterisk
in Fig. la—c, f) in all datasets was used as a reference point
for registration. This point was defined as the point oppo-
site both hinge points of the right ventricle. This mid-lateral
point was selected manually in all CMR and histology data-
sets, subsequently the CMR dataset was rotated around the
LV center point until the reference point in the CMR data
was aligned with the reference point in the histology data.
Thereafter the exported high detail MRI data was averaged
over the regions delineated by the histological sections as
shown in Fig. 1f.

(a) c¢. The manual tracings of the four regions across the histologi-
cal myocardial section, corresponding to location 5 in a and b. The
orange lines depict the endocardial to epicardial subsegmentation
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Statistical analysis

Statistics were performed using IBM SPSS Statistics (Version
20.0, IBM Corporation, Armonk, New York, United States).
We compared different CMR techniques with percentages
of fibrosis per section using a linear mixed model analysis.
For fibrosis, the amount of residual variance (¢2) within the
animals and the variance (intercept, 7) between animals were
calculated (null model). Subsequently, CMR parameters were
added to the model (full model). R? (Snijders and Bosker),
was calculated as 100% minus the ratio of the full and null
models (Eq. 1) [23, 24], representing the explained variance.
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Fig. 3 Results of histological analysis. a, b Results of the histologi-
cal analyses of sections 5 and 7, respectively (Fig. 2a, b). Connective
tissue (blue), cardiomyocytes (red) and adipose tissue (cells with non-
stained cytoplasm; pseudo green). The orange lines indicate the endo-
cardial to epicardial subsegmentation. ¢, d. The color bar denotes

Results

Histology

A total of 116 histological sections (16 animals) were suc-
cessfully stained, segmented (Fig. 2c) and analysed (see
example, Fig. 3a, b). Digital maps with the annotated ori-
gins of each histological section were used to construct
schematic histological overviews for each animal (see
example, Fig. 3c). One animal (8 sections) was excluded
from further analysis because of lack of histological fibro-
sis due to a sampling error (Supplementary Fig. 1), 108
sections remained. Mean fibrosis percentages (15 ani-
mals) were log transformed to reduce right-skewness and
heterogeneity of variance. Myocardial fibrosis was mainly
observed in the anteroseptal wall (Fig. 3d), corresponding
to the LAD territory. The 8-week old LAD infarct model

Epicardium

Endocardium

%

25

Anterior

Mean -
Fibrosis &
L

(n=15)

Posterior

the percentage of fibrosis found based on histology. ¢ Analysis of
the whole heart of this animal, the numbers indicated the histologi-
cal sections, 5 and 7 correspond to subfigures a and b, respectively. d
Mean fibrosis content in the left ventricle of all animals (n=15). LV

left ventricle; RV right ventricle
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used in this study yielded fibrosis percentages of 57% at
maximum.

Cine CMR analysis
Segment

Myocardial WT curves were successfully extracted for 15
animals in 60 segments. Mean end systolic absolute WT
was 2.4+2.4 mm (range —2.1 to 7.2 mm) (Figs. 4a, 5a).
The explained variance of WT for histological myocardial
fibrosis was 36% (Table 1).
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Fig.4 Comparisons of cardiovascular magnetic resonance param-
eters and fibrosis (n=15). The dots represent 108 separate sections
from 15 animals. R? values (explained variance) are derived from a
separate linear mixed model analysis. Fibrosis was compared with:
a wall thickening results of the cine analysis (Segment); b circum-
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Feature tracking

Data of 15 animals was successfully extracted and ana-
lysed using 48 segments. After matching the data accord-
ing to histological sections the mean €, €, and WT were
—12.1+12.1% (range —-38.5 to 24.3%), 26.9+34.7%
(range —26.0 to 171.9%) and —1.6 +£2.5 mm (range —4.6
to 7.7 mm), respectively (Figs. 4b, 5b—d). Feature track-
ing derived €, €, and WT explained 15, 10 and 16% of
myocardial fibrosis, respectively (Table 1).
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ferential strain analysis (Image-Arena); ¢ myocardial signal intensity
analysis (Segment); d LGE FWHM analysis (Segment). (A figure
with a per animal linear regression line is included in the supplemen-
tal material, Fig. 2) FWHM full width at half maximum, LGE late
gadolinium enhancement
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Fig. 5 Mean wall thickening and strain analysis (n=15). a The aver-
aged results of the cine WT analysis (Segment). b—-d The averaged
results of the feature tracking analysis, the WT, circumferential (e_.)
and radial (g,,) strain respectively (Image-Arena). ¢, circumferential
strain, €,, radial strain, WT wall thickening

Table 1 Comparison of wall thickening, strain and LGE with histo-
logical fibrosis

n=15 o'fzuzl Toofull R2(%)
Cine WT (segment) 1.07 0.02 36
Cine WT (Image-Arena) 1.44 0? 16
Radial strain 1.54 0? 10
Circumferential strain 1.45 0? 15
2SD 0.94 0.07 41
3SD 0.82 0.11 46
5SD 0.65 0.12 55
2SD manual correction 0.66 0.03 60
3SD manual correction 0.63 0.05 60
5SD manual correction 0.65 0.07 58
FWHM 0.62 0.07 60
Myocardial signal intensity 0.68 0.14 52

The null model used in the statistical analysis containing the variance
in myocardial fibrosis was expressed as afu” + Tyom = 1.71%. The
full model containing the unexplained variance in myocardial fibrosis
after adding explanatory CMR parameters is expressed as aj%l” + T
The resulting R? value was calculated as 100%—the fraction of unex-
plained varience (Eq. 1)

" Although all convergence criteria were satisfied, the hessian matrix
was not positive definite, as a consequence the residual and random
intercept variance were pooled

FWHM full width at half maximum, LGE late gadolinium enhance-
ment, R’ explained variance of myocardial fibrosis, SD standard
deviation, o2intra animal variance, z inter animal variance, WT wall
thickening

Viability CMR analysis
Segment

The mean LGE scar transmurality and MSI (15 animals) is
shown in Fig. 6. The variance between animals was small
(r range 0-0.14) (Table 1). The automatic FWHM algo-
rithm resulted in 60% explained variance for histological
myocardial fibrosis. The manually corrected SD methods
for LGE analysis yielded an explained variance between
58 and 60%. The variance within animals (6°) decreased
(0.94 to 0.65) with more stringent automatic segmentation
methods (2-5 SD), while it remained similar in the manu-
ally corrected SD subgroup. The MSI of the LGE images,
in which no additional interaction is required, explained the
myocardial fibrosis for 52%.

Scar transmurality compared to fibrosis and functional
parameters

In the boxplots (Fig. 7), the median fibrosis ranged from
1.4% in the segments without LGE to 22.7% in the seg-
ments with 75-100% infarct transmurality using FWHM.
Median WT ranged from 4.3 to 0.0 mm and ¢, and ¢,
ranged from —15.0 to —7.7% and 40.0 to —1.0% respec-
tively between the infarct transmurality from O to 100%.

Discussion

This study demonstrates a novel systematic method to com-
pare different in vivo CMR techniques with high spatial
resolution histological analyses in a chronic porcine infarct
model. To the best of our knowledge, this is the first time
such a systematic comparison has been performed and this
method can be readily adapted for use with other imaging
modalities such as SPECT, CT, PET and echocardiography.
For LGE imaging, we found that the FWHM and the 2, 3 or
5SD from remote methods with manual correction were the
best methods to quantify the amount of myocardial fibrosis.
Although it is expected that measures of myocardial defor-
mation would be affected in infarcted myocardium, myo-
cardial WT and strain were only modestly related with the
amount of myocardial fibrosis.

Myocardial WT

The reference standard for the noninvasive assessment
of cardiac anatomy and function is CMR [2]. While cine
imaging is not intended for fibrosis quantification, MI is
associated with a lower amount of WT in the infarct area
[6]. We measured myocardial WT using two different
software analysis tools, Segment and Image-Arena. Our

@ Springer
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Fig. 6 Mean late gadolinium enhancement analysis (n=15). Aver-
aged results of the fraction of transmurality in 360 segments for the 2,
3 and 5SD automatic methods, the 2, 3 and 5SD from remote manu-
ally corrected subgroup and the fully automatic FWHM analysis. In

analysis shows that WT derived from Segment performs
better in explaining myocardial fibrosis compared to Image-
Arena (R>=36 vs. 16%). In Segment, both the endo- and
epicardial contours of the selected slice were semi-auto-
matically traced in every frame. In Image-Arena the seg-
mentation was performed in only one frame and the tracing
in subsequent frames was automatically propagated by the
software algorithm. A limitation in the FT implementa-
tion in the TomTec software is caused by the inability to
perform manual adjustments in multiple frames, limiting
accuracy and causing variations in the tracings. Further-
more, the slightly lower spatial resolution of the FT export
compared to the Segment export (48 vs. 60 segments,
respectively) may have influenced the results. Additionally,
through plane motion and filtering algorithms resulting in
loss of detail are likely to introduce erroneously tracked
features, thereby affecting the FT results.

Cardiac deformation

In our analysis of the LV slices, both radial and circum-
ferential strain based on FT were poorly associated with
myocardial fibrosis (R?=10 and 15% respectively). As
previously described by Cowan et al., differences in strain
could occur between two regions indicated as healthy by
LGE [19]. From our study it can be concluded that FT
based strain imaging is less applicable to identify regional
myocardial fibrosis in this experimental infarct model. This
might be caused by the fact that strain is not a strictly local

@ Springer

the bottom right corner, the averaged myocardial signal intensity is
shown. AU arbitrary unit, FWHM full width at half maximum, SD
standard deviation

phenomenon, but is the resulting deformation caused by the
contraction of cardiomyocytes in the vicinity of the infarct.
Although local myocardial deformation assessment is not a
direct measurement of fibrosis, strain analysis might supply
new insights in local cardiac biomechanics after ischemic
injury, but rigorous clinical validation is required.

Viability

Compared to the reference standard of fibrosis on histol-
ogy, FWHM and the 2, 3 or 5SD from remote methods
with manual correction were the best explanatory variables
for variance in fibrosis. The FWHM technique uses half
of the maximal signal intensity within the scar region as a
threshold to determine the infarct area [25-27]. The used
SD from remote methods delineate scar by pixels with an
image intensity higher than the mean plus 2, 3 or 5SD from
the mean in a non-infarcted remote region [6]. A theoreti-
cal drawback of the SD from remote technique is the man-
ual selection of the intensity in the remote tissue, possibly
limiting reproducibility. A previous clinical study showed
limited reproducibility of the SD from remote techniques
with manual correction and found the FWHM technique
the most reproducible method [3].

In our analysis, the MSI measured from LGE images
resulted in worse explanatory values for myocardial fibro-
sis compared to FWHM (52 vs. 60%). The between animal
variance of LGE MSI compared to FWHM was higher (z
0.14 vs. 0.07) which might be explained by MSI variation
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Fig. 7 Boxplots of late gadolinium enhancement scar transmurality
and fibrosis or functional parameters (n=15). a—d Late gadolinium
enhancement fraction of transmurality based on the FWHM algo-
rithm divided in different subgroups (0, 0-25, 26-50, 51-75 and

due to small differences in gadolinium injection to acqui-
sition time. Because of the improved explanation for myo-
cardial fibrosis and reduced manual interaction needed,
FWHM would be the preferred method of choice from
this study for infarct quantification on LGE CMR. In dif-
fuse fibrosis, with less distinct LGE or remote areas and a
greater influence of the partial volume effect, the FWHM
method could be technically more difficult. In these situa-
tions the T1-mapping technique, in which the quantitative
T1 relaxation time constant is used, might be more promis-

ing [9].
Limitations

The final resolution of the comparison between histology
and MRI is determined by the method of histological sec-
tions cut from the LV, typically 7 or 8 sections per heart
slice in this study. Only one short-axis slice of the CMR
images was used and the high detail MRI data was averaged
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76-100%) compared to fibrosis percentage, wall thickening from fea-
ture tracking, and radial or circumferential strain from FT. The dots
represent outliers. F7T feature tracking, FWHM full width at half max-
imum, WT wall thickening

to match exactly with the histology data, leading to a loss
of detail, especially along the infarct border zone. For
future studies, dissection of the entire heart using a (cryo)
microtome could be considered to preserve the gross car-
diac anatomy. The resulting high resolution images of the
complete transversal heart slice can than be analyzed and
subdivided to the resolution of the imaging datasets with
the lowest spatial resolution to allow for a more detailed
comparison with high detail imaging modalities. Hereby
obviating the requirement to reduce the details of any of the
datasets.

The selected mid-lateral point was used as a landmark
for registration of the different modalities due to a standard-
ized workflow for histological processing as it was used as
a starting point for cutting the heart slice into smaller sec-
tions [20]. Selecting different reference points in the differ-
ent datasets could have led to a rotational registration error.
This type of error mainly affects the analysis in segments
that contain both healthy and infarcted myocardium. For
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future studies we recommend to use anatomical features
(e.g. RV hinge points) as landmarks for image registration,
since this will further reduce the chance of a rotational reg-
istration error.

In the assessment of local cardiac deformation (e.g.,
WT, ¢, and €,,), next to the known poor intra- and interob-
server variability associated with FT analysis on a segmen-
tal level, it is likely that a higher fibrosis percentage would
have led to a stronger relation with worsening of functional
parameters. The RV was excluded from all comparisons
because the conventional analyses applied on the cine and
LGE images in this study did not allow an accurate analysis
of the right ventricular parameters.

Future implications

The comparison method used in this study could be applied
on data from other imaging modalities such as SPECT,
PET, CT, echocardiography and other CMR sequences
(e.g., T1-mapping) and can also be translated for use with
a 3D model. While the proximal LAD ischemia/reperfu-
sion model used in this study produced consequent isolated
anteroseptal infarctions, it would be in the interest of exter-
nal validity to study other infarct sizes and locations using
this method. Improved fibrosis detection with CMR will be
applicable to a broad clinical spectrum ranging from diag-
nostic to therapeutic outcomes, including ischemic heart
disease, ablation therapy, valvular diseases, cardiomyopa-
thies and cell therapy. For example, precise identification of
the fibrotic region allows for accurate therapy guidance to
the target area with the aim to ultimately improve clinical
outcome for patients.

Conclusions

In conclusion, the novel systematic method to compare
high resolution in vivo CMR imaging with detailed histo-
logical fibrosis data was feasible and can readily be applied
to other imaging data. Locally measured functional param-
eters such as WT, and measures of myocardial deformation
derived from FT: radial and circumferential strain related
modestly with local myocardial fibrosis, yet can be used to
gain insight into local cardiac mechanics. The fully auto-
matic FWHM algorithm applied on the reference standard
LGE CMR showed to be preferred to detect myocardial
fibrosis in a chronic in vivo infarct model.
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