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We aimed testing feasibility of identiﬁcation of regional left ventricular (LV) endocardial motion
abnormalities in mice undergoing coronary ligation (MI), using cine magnetic resonance with retrospective gating and computation of regional fractional area change (RFAC), by comparison with
histological ‘‘gold standard’’ evaluation. ROC analysis determined the optimal RFAC cut-off values for
detecting regional ischemic injury. This approach was tested on 18 MI and 10 sham mice. Automated
regional LV motion interpretation and bull’s eye display allowed non-invasive localization of the
induced infarction. Possible applications to future studies assessing the effectiveness of pharmacological treatments or regenerative medicine are expected.
& 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Cardiovascular disease is one of the leading causes of morbidity and mortality in industrialized countries [1]. Despite considerable advances in diagnosis and management over the last 30
years, acute myocardial infarction is the most frequent cause of
death (30%) in the adult population of Western countries, where
almost all infarctions are due to the acute coronary occlusion
caused by atherosclerotic plaques.
Acute myocardial infarction has been mimicked in a variety of
rat and mouse models. Among these, the murine model of
myocardial infarction (MMMI) has been extensively studied as a
means of clarifying the functional, structural and molecular
changes associated with clinical ischemic heart disease, and
testing the effectiveness of new pharmacological therapies [2].
In this context, the precise evaluation of the degree and extent of
myocardial injury after an acute ischemic event is needed to
interpret correctly the physiological results.
However, in vivo evaluations of the MMMI rely on imaging
technologies (ultrasound, micro-X ray computed tomography,
magnetic resonance imaging) that are each characterized by a
number of limitations in spatial and temporal resolution, and
constrained by the unique aspects of mouse physiology and size.
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In particular, non-invasive imaging methods like echocardiography and magnetic resonance (MR) imaging are very valuable
in longitudinal follow-up studies of cardiac function in small
animals. High-frequency echocardiography (hf-echo) M-mode is
easy to apply, has high temporal and spatial resolution, and good
reproducibility. However, the assessment of LV volumes is performed transforming 1-D measurements by geometric formula.
Self-gated MR might be advantageous in cases of abnormal LV
geometry and heterogeneous regional myocardial function, as it is
expected after myocardial infarction provoked by coronary ligation, as LV volume computation is based on contiguous 2D
chamber area measurements [3].
MR imaging is the method of choice for the left ventricular
(LV) volumetric quantiﬁcation of cardiac function in mice [4–6],
but its use is limited by several factors: (1) animal sedation and
hyperthermia, which may interfere with cardiac function; (2) the
high heart rate of about 600 bpm that precludes the use of the fast
sequences used in humans; (3) the presence of rhythm disturbances and respiratory variability, which lead to gating problems
and longer acquisition times: as MR image sampling is usually
synchronised with the cardiac cycle (cardiac ECG triggering) and
interrupted during respiratory activity (respiratory gating), acquisition time is approximately 7–10 min/slice.
In order to address some of these limitations, an imaging
approach based on a gradient echo sequence and retrospective
gating by a non-spatially encoded navigator for every acquired
echo can be applied (Intragate, Bruker). It allows cardiac images
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to be obtained without ECG or respiratory gating, and its feasibility and related advantages for murine cardiac MRI have been
previously described [7–9].
From cine MR images, it is possible to determine global
indexes of LV function, such as end-diastolic (EDV) and endsystolic (ESV) volumes, ejection fraction (EF), stroke volume (SV)
and LV mass [4–6,10,11]. However, in order to obtain information
on LV regional function, that could be useful in the assessment of
the effectiveness of focused pharmacological treatments or regenerative medicine in MMMI, particular acquisition procedures, like
tagged cardiac MR and harmonic phase (HARP) tracking [12],
displacement encoding via stimulated echoes (DENSE) [13], can be
applied. MR tagging allows the measurement of the displacements of material points (i.e., nodes of a grid) overimposed to the
myocardial tissue by a localized deformation of the magnetization. DENSE represents a phase contrast method that has the
ability to extract myocardial motion data at high spatial density
over segments of the cardiac cycle. These two modalities represent the current gold standard of 3D strain analysis, from which
direct and highly sensitive measures of intra-myocardial strain
throughout the heart can be computed.
However, these techniques are limited by the increase in the
imaging acquisition time [14] that augments the animal stress,
thus resulting in the acquisition of a reduced number of slices
over the entire LV [15].
We hypothesized that temporal and spatial resolution achieved
by cine MR with retrospective gating could be sufﬁciently high to
allow the quantiﬁcation of not only global indices of LV function,
but also of frame-by-frame regional LV areas, from which automatically detect endocardial wall motion abnormalities.
Accordingly, the aim of this study was to test the feasibility of
using cine MR images with retrospective gating to identify
regional LV endocardial motion abnormalities in MMMI, using
semi-automated quantiﬁcation analysis tools. To do so, we
proceeded as follows: (1) a ‘‘gold standard’’ for LV regional wall
motion interpretation was obtained by analysis of histological
samples from a sub-group of 7 mice after selective left anterior
descending (LAD) coronary ligation; (2) in these animals, from MR
images regional fractional area change (RFAC) was quantiﬁed, and
receiver operating characteristic (ROC) analysis was performed
referring to the histological analysis, to determine the optimal
regional RFAC cut-off value for achieving the highest accuracy in
automated wall motion interpretation; (3) to verify the reliability
of the selected thresholds, they were applied to a control group
(C) consisting of 10 sham-operated mice, to test their accuracy in
interpreting true and false negative; (4) the selected thresholds
were applied to additional 18 mice with selective LAD coronary
ligation, in order to describe the extent of the provoked ischemia
on global and regional LV function and mass.
Obtained results with the proposed methodology support the
hypothesis that MR imaging with retrospective gating can be
utilized for an expedited 2D analysis of regional LV wall motion
abnormalities.

2. Methods
2.1. Animals and surgical procedures
Female C57BL6 mice aged 6–8 weeks and weighing 20–25 g
were purchased from Charles River Laboratories (Calco, Italy). The
procedures involving animals and their care respected our institutional guidelines, which comply with national and international
law and policies (4D.L. N.116, G.U., supplement 40, 18-2-1992;
EEC Council Directive 86/609, OJ L 358,1,12-12-1987; National
Institutes of Health’s Guide for the Care and Use of Laboratory

Animals and US National Research Council 1996), and every effort
was made to minimize the number of animals used and their
suffering.
The MMMI group consisted of 37 mice in which myocardial
infarction was induced by means of the permanent ligation of the
LAD coronary artery. Brieﬂy, anesthetised mice (75 mg/kg ketamine and 0.05 mg/kg medetomidine) were intubated via the
trachea with a steel tube and ventilated with positive airway
pressure (a breathing volume of 140 ml at 150 breaths/min) [16].
Left thoracotomy (with dissection at the fourth intercostal space)
exposed the antero-lateral heart surface, and myocardial infarction was induced by ligating the LAD coronary artery at the level
of its bifurcation using 7.0 nylon threads. During surgery, body
temperature was maintained constant at 37.5 1C by means of a
heating carpet. The operation took approximately 30 min, after
which the thorax was closed and the animal was extubated and
monitored. The medetomidine antidote atipamezolo (0.05 mg/kg)
was administered to encourage animal awakening.
The C group consisted of 10 sham-operated mice.
2.2. In vivo MR imaging
Nine days after surgery, the mice were anesthetised with
inhaled isoﬂuorane (1.5–2 vol%, in a 30/70 oxygen–nitrogen
saturated chamber), ﬁxed on a holder and placed into a 3.8 cm
diameter birdcage coil. Isoﬂuorane subministration was maintained also during image acquisition.
The images were recorded using a 4.7 T vertical-bore MR
magnet (Bruker) and a gradient echo cine sequence with the
following parameters: echo time 1.9 ms; repetition time 10 ms;
ﬁeld of view 4  4 cm2; acquisition matrix 128  128 pixels; slice
thickness 1 mm. During image acquisition, the mice temperature
was monitored rectally.
The MR data were acquired in multiple contiguous short-axis
slices, using 12 frames for every cardiac cycle. The planes
corresponding to the slices to be acquired (orthogonal to the
long-axis of the heart) were selected on a T1-weighted scout
image, and an additional slice was deﬁned in order to position the
free induction decay (FID) navigator.
The images were acquired based on a gradient echo sequence
with a non-spatially encoded FID (Intragate, Bruker) for every
acquired echo [8]. By this technique, the module and phase of the
FID signal, together with their derivatives, are combined in order
to obtain a time-dependent signal that provides information for
the retrospective reconstruction of high quality cardiac cine
images even in the presence of considerable variations in respiratory and/or cardiac rates. From this FID signal, also an estimate of
the mean heart rate during image acquisition was obtained.
2.3. Histological analysis
One hour after the conclusion of the MR imaging, a sub-group
of 7 mice from the MMMI group was anesthetized (75 mg/kg
ketamine and 0.05 mg/kg medetomidine), the abdominal aorta
was cannulated, the heart was arrested in diastole with CdCl2 and
the myocardium was perfused with PBS ﬁxed in 4% phosphatebuffered formalin for 24 h and embedded in parafﬁn; then 20 mm
axial sections (from base to apex) were prepared. After deparafﬁnation and rehydratation, sections were stained with hematoxilin and eosin. For each MR slice, a corresponding section was
selected and acquired with a high-resolution digital camera using
1:1 macro-lens. Digital planimetry was performed to detect scar
tissue based on different colorization due to hematoxilin and
eosin staining.
In order to determine the ‘‘gold standard’’ for wall motion
interpretation, in these images the LV cavity was manually
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Fig. 1. Example of a histological sample at mid-apical level, obtained from an
ischemic mouse after being processed for hematoxylin and eosin staining, with
superimposed the 6-sectors (Sep: septal, A-Sp: antero-septal, Ant: anterior, Lat:
lateral, Pst: posterior, Inf: inferior) division scheme utilized for regional evaluation. The ‘‘n’’ indicates segments classiﬁed as abnormal (see text for details).

divided into six 601 sectors (anterior, antero-septal, septal, lateral,
posterior and inferior) based on the position of the junction
between the right ventricular free wall and the interventricular
septum. Each segment was classiﬁed as abnormal (ischemic) if
the percentage of scar tissue contained in each sector was more
than 50% of the relevant myocardium. Otherwise, it was classiﬁed
as normal (Fig. 1).
2.4. MR image analysis
The MR Dicom images were analyzed using custom software
implemented in the Matlab environment (The Mathworks Inc.,
Natick, MA), with the images being cropped by manually selecting
a region of interest surrounding the LV on the end-diastolic frame.
In each slice, the endocardial border was semi-automatically
detected frame-by-frame throughout the cardiac cycle using a
local thresholding technique [17], in which the thresholding
parameters are manually optimized for the ﬁrst frame and then
adjusted when necessary for the rest of the sequence. Fig. 2a
schematizes the procedure, showing the end-diastolic (outer
contour, in blue) and end-systolic (inner contour, in green)
endocardial borders superimposed to the original image in a
healthy mouse. Once the endocardial border was detected, the
area of the LV cavity was computed as pixel counts and expressed
in squared micrometers. In order to obtain global indices, the LV
volume for each frame was computed as the sum of the LV cavity
areas in each slice multiplied by the slice thickness, and the LV
volume versus time curve was used to deﬁne ESV and EDV,
respectively, as its minimum and maximum. SV and EF were
computed, and derivation of the LV volume curve resulted into
the rates of peak ﬁlling (PFR) and peak ejection (PER) as the
absolute maximum and minimum, respectively.
LV mass was obtained by ﬁrst manually tracing the epicardial
border on the end-systolic frame of each slice (Fig. 2a, second row,
outer contour – in red), and then taking the sum of the differences
between the epicardial and endocardial areas, multiplied by the
slice thickness and myocardial tissue density (assumed to be
1.05 g/cm3) [18].
For the quantitative analysis of regional endocardial wall
motion, similarly to the images of the histological samples, the
LV cavity was divided into six 601 sectors (anterior, antero-septal,
septal, lateral, posterior and inferior) using its centroid, which was
automatically calculated on the end-systolic frame of each slice,
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and an additional point manually placed at the junction between
the right ventricular free wall and the interventricular septum. By
automatically repeating these operations frame-by-frame for each
sector, regional LV chamber area was computed and expressed as a
% of regional end-diastolic area (rEDA). The regional fractional area
change (RFAC) in the % of rEDA was then computed and used as
index of regional endocardial wall motion (Fig. 2b) [17].
Moreover, regional LV thickness was obtained by tracing 18
concentric rays (one every 201) from the cavity centroid on the
end-systolic frame of every slice, and measuring the mean
distance between the endocardial and epicardial borders along
three consecutive rays (Fig. 2c).
To allow an easy visualization of the results of regional LV wall
motion and wall thickness of the entire ventricle in a single
image, the RFAC and LV thickness were displayed in a ‘‘bull’s eye’’
format in which the red tones represent lower and the green
tones higher values. The inner circle represents the LV apex, and
the outer rings consecutive slices from the apex to the base.
2.5. Statistical analysis
In order to test the reliability of MR with retrospective gating
in providing information useful for automated regional wall
motion interpretation, we proceeded as follows: (1) for each
sector (anterior, antero-septal, septal, lateral, posterior and inferior), ROC analysis was computed by comparing the histological
interpretation obtained in the sub-group of 7 mice with the RFAC
results obtained from the corresponding MR images by counting
the segments where concordant (true positive and negative) as
well as discordant (false positive and negative) readings were
made. Segment counts were used to calculate the sensitivity,
speciﬁcity and overall accuracy for each RFAC abnormality
threshold; (2) for each sector, the optimal RFAC cut-off value for
automatically interpreting a segment as normal or abnormal
(ischemic), according to the histological, was determined as the
value providing the highest accuracy; (3) to further verify the
reliability of the selected regional thresholds, they were applied
to the C group, to test their accuracy in interpreting true and false
negative.
These values were then utilized to automatically detect the
abnormal segments in the remaining mice of the MMMI group, to
describe the extent of the effects of the coronary ligation on
regional LV function.
To allow the averaging of RFAC and LV thickness in mice with a
different number of slices covering the LV, the values from
different slices in each mouse were resampled using cubic spline
interpolation to obtain 10 values for each of the six sectors.
These values were then averaged on a point-by-point basis to
obtain mean RFAC7SD and mean LV thickness7SD every
10% of LV length from the base to the apex. This process was
used for all the mice of both the MMMI and C groups, and allowed
testing for differences in each 10% of LV length (unpaired t-test,
n
: p o0.05).

3. Results
Of the 37 mice undergoing LAD ligation, 11 died due to
complications during surgery or post-surgery, and 1 died during
the MR acquisition (67% survival rate). All sham mice survived the
operation. The use of the Intragate sequence allowed to acquire a
single slice in a timeframe of 2–3 min only, thus causing less
stress to the animal. An average of 7 and 5 slices were acquired in
MMMI and C, respectively.
Table 1 shows the measurements of the LV global parameters
computed in the MMMI and C group: as expected, in MMMI the
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Fig. 2. (a) Example of the acquired MR images in a healthy mouse at end diastole (left-top panel) and end systole (left-bottom panel). After image cropping in order to include
the LV cavity, the LV endocardial contour was detected frame-by-frame using a semi-automated software for border detection (top row – in blue, and second row, inner
contour – in green). Moreover, on the end-systolic frame, the epicardial border was manually traced for LV mass and wall thickness evaluation (second row, outer contour – in
red). (b) Schematic representation of the computation of regional fractional area change in a short-axis slice of the left ventricle. Following endocardial border detection, the
LV cavity was divided into six 601 wedge-shaped sectors, from which regional areas were computed frame-by-frame. End-diastolic (rEDA, outer contour – in blue) and endsystolic (rESA, inner contour – in green) regional areas were used to calculate regional fractional area change (RFAC), expressed in % of rEDA. (c) Schematic representation of
regional LV thickness: for every slice at the end-systolic frame 18 concentric rays (one every 201) were traced from the cavity centroid. Regional LV thickness was measured as
the mean distance between the endocardial and the epicardial border (black arrow in the bottom center panel) along three consecutive rays, using the same division scheme
used for regional function. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Table 1
Global LV parameters in controls (C) and infarcted mice (MMMI).

HR (bpm)
EDV (mL)
ESV (mL)
SV (mL)
EF (%)
LV mass (mg)
PFR (a.u.)
PER (a.u.)

C

MMMI

431 7 72
367 4
107 3
267 3
727 7
777 8
3.67 0.4
 37 0.5

425 771
92 725*
66 727*
26 74
31 710*
96 723*
1.9 70.5*
 1.8 70.8*

n
p o0.05 (unpaired t-test); EDV: end-diastolic volume; ESV:
end-systolic volume; SV: stroke volume; EF: ejection fraction, PFR:
peak ﬁlling rate; PER: peak ejection rate.

LV size and mass were increased in respect to C, together with a
lower EF, PFR and PER. HR was not different between the two
groups.

The calculation of RFAC was fully automated and required
o1 min per mice (2 GHz Pentium-4 personal computer Dell Inc.,
Round Rock, TX), once the endocardial borders were detected and
the anatomic landmarks required for segmentation were set,
which took 30 s to 4 min per slice depending on the quality of
endocardial visualization and the presence of the papillary muscles in that particular slice.
According to the histological interpretation of the 7 mice
studied by histology (6 or 7 slices per animal corresponding to
the acquired MR slices), 270 segments were classiﬁed: 164 (71%)
as normal and 106 (39%) as ischemic (abnormal). The corresponding results of the ROC analysis are reported in Table 2. Different
RFAC cut-off values were found for each of the six sectors, with
higher values associated to anterior and lateral sectors. Using
these threshold values, the automated interpretation based
on RFAC computed from the MR images showed normal RFAC in
145/270 sectors (54%) and abnormally reduced RFAC in the
remaining 125/270 sectors (46%). This interpretation disagreed
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with the ‘‘gold standard’’ in 37/270 segments (14%), of which 17
were false positive, and 20 were false negative.
When applied to the C group, these regional thresholds
resulted in 6/306 false positives (2%), thus evidencing an optimal
accuracy (98%) in correctly interpreting segments with normal
wall motion.
Fig. 3 shows the regional chamber area curves (expressed as a
% of rEDA) obtained in the six sectors of one mid-LV slice in a C
and MMMI mouse. The general shape of the curves (particularly

Table 2
Results of ROC analysis applied to each of the six regional sectors (Sep ¼ septal,
A-Sp ¼antero-septal, Ant¼ anterior, Lat¼ lateral, Pst¼ posterior, Inf¼ inferior) in
which the left ventricle has been divided (FN¼ false negative, FP¼ false positive,
TP ¼true positive and TN ¼true negative).

Sep
A-Sp
Ant
Lat
Pst
Inf

RFAC %
Cut-off

Accuracy

Speciﬁcity

Sensitivity

FN

FP

TP

TN

26
26
47
46
31
23

82
80
93
93
89
80

94
77
85
87
89
93

54
84
97
97
88
61

6
3
1
1
2
7

2
6
2
2
3
2

7
16
31
28
15
11

30
20
11
14
25
25
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in the control) reﬂects on a regional basis the expected changes in
LV area throughout the cardiac cycle, including systolic contraction and the subsequent diastolic ﬁlling phases (rapid ﬁlling,
diastasis and atrial contraction). As expected, in the MMMI
mouse, the peak-to-peak amplitude (i.e. RFAC) seems to be
depressed in the sectors most affected by LAD ligation. The
regional heterogeneity of RFAC in C group, and the total extent
of the induced LV infarct in the MMMI mice, can be seen in the
corresponding bull’s eye representations, where segments automatically classiﬁed as abnormal are represented with bold black
contours.
Figs. 4 and 5 show the mean RFAC and mean LV thickness,
respectively, obtained in the 10 C mice (gray squares) and 18
MMMI mice (black dots) every 10% of LV length from the base to
the apex. In Fig. 4, it is worth noting that the curves showed a
trend towards an increase in RFAC from the base to the apex in
the C mice, but a progressive decrease in the MMMI mice, thus
leading to signiﬁcantly lower values in the anterior, posterior and
lateral sectors throughout the LV. In the antero-septal, septal and
inferior sectors, this reduction was signiﬁcant only at the midand apical-level. Fig. 5 shows a signiﬁcant reduction in regional
LV thickness from base to apex only in the anterior sector of the
MMMI mice; in the other sectors, it was signiﬁcant only at the
mid-apical or apical level.

Fig. 3. Regional fractional area curves (RFAC) as % of regional end-diastolic area (rEDA) throughout the cardiac cycle, measured in a control (C, top) and in an infarcted
mouse (MMMI, bottom) at mid-basal level in the six LV sectors. Also, the corresponding RFAC ‘bull’s eye’ displays are shown (C, left and MMMI, right). Bold black contour
on the ‘bull’s eye’ evidences those sectors in which the RFAC values were lower than the corresponding regional cut-off thresholds.
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Fig. 4. Regional fractional area change (RFAC, mean values 7SD) in control (gray squares) and infarcted (black dots) mice every 10% of LV length from base to apex
(np o 0.05, unpaired t-test). For each sector, the gray line shows the computed regional RFAC cut-off value for abnormality.

Fig. 5. LV wall thickness (mean values7 SD) in control (gray squares) and infarcted (black dots) mice every 10% of LV length from base to apex (npo 0.05, unpaired t-test).

To allow the easy visualization and comparison of the regional
results obtained in all animals, the mean RFAC and LV thickness
were displayed in bull’s eye format, where values lower than
the regional cut-off thresholds are represented with bold
black contours (Fig. 6). In the C group, the RFAC values were

heterogeneous, with a maximum in the mid-lateral segment
(90%) and a minimum in the basal septal segment (55%). The LV
thickness also varied, with the maximum in the mid-lateral
segment (1.39 mm) and the minimum in the apical inferior
segment (0.85 mm). In the MMMI mice, RFAC and LV thickness
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Fig. 6. Bull’s eye representations of mean regional fractional area change (RFAC, left) and mean LV wall thickness (right) in the control(C, top) and infarcted (MMMI,
bottom) mice. The slices from the LV apex to base are shown from the inner to the outer circle. The red and the green tones indicate lower and higher values, respectively:
the corresponding scales are shown as color bars beside the panels. Bold black contour on the ‘bull’s eye’ evidences those sectors in which the mean RFAC values were
lower than the corresponding regional cut-off thresholds.

were lower in all of the mid- and apical-sectors, with the
minimum RFAC (12%) in the anterior segment and minimum LV
thickness in the apical antero-septal segment (0.55 mm). The
anterior sector resulted to be the most extensively damaged, as
indicated by the decrease in both RFAC and LV thickness from
base to apex, due to the infarction induced by LAD ligation. In
addition, sectors adjacent to the anterior one (i.e., lateral and
antero-septal) showed a depressed RFAC, with mean values below
the corresponding regional normality threshold, and reduced LV
thickness at mid-apical level.

4. Discussion
Cine MR with retrospective gating has been shown to obtain
high-quality heart images independently of ECG recording difﬁculties in high magnetic ﬁelds [19], also in mice with ECG-gating
failure secondary to myocardial infarction [9]. This method makes
ECG leads and respiratory sensors redundant, and has the distinct
advantage that a steady-state longitudinal magnetization is
maintained, resulting in almost constant LV wall signal intensity
throughout the cardiac cycle. The main pitfall is that this is
achieved at the expense of a decrease in the overall signal-tonoise ratio and contrast-to-noise ratio between blood and myocardial wall, as noted previously [8].
Images obtained by cine MR with retrospective gating can be
used to extract global functional heart parameters, such as EDV,
ESV, SV and EF. However, the applicability of this imaging
technique for the automated evaluation of regional wall motion
has not yet been tested [8].
In fact, current applications in murine evaluation of regional
LV function are based on more complex MR sequences [12,13]
that potentially allow the computation of 3D intra-myocardial
strain, but on the other side require longer acquisition time, and

are limited by the maximal achievable tag spacing dimensions
dependent of the technical capabilities of the scanner and the
available radio-frequency coils. Moreover, in MMMI, because of
the thinning of the infarcted wall, only a limited number of tags
can be analyzed in the infarcted region, thus limiting the space
resolution of the measurements.
We hypothesized that temporal and spatial resolution
achieved with cine MR with retrospective gating could be sufﬁciently high to allow the quantiﬁcation of not only global indices
of LV function and mass, but also of frame-by-frame regional LV
chamber areas, from which potentially detect wall motion
abnormalities. The selected index on which the automated interpretation of wall motion was based, RFAC, was previously shown
to be able to accurately reﬂect transitory worsening in regional
endocardial LV wall motion in pigs, decreasing signiﬁcantly in
ischemic segments and being restored with reperfusion, in
agreement with ﬂuorescent microspheres validation [20]. Moreover, it was shown to allow accurate, fully automated, immediate,
objective and experience-independent interpretation of regional
LV function when compared to multiple-observer interpretation
of cardiac MR images in humans [17].
Our choice to set threshold values of RFAC for normal and
abnormal endocardial wall motion interpretation based on optimal values resulting from ROC analysis with the interpretation of
the histological samples was based on the fact that in experiments involving an acute MI setting, measurement of the
infarcted area in tissue sections of the LV is a standard approach
to determine infarct size [21]. The application of these thresholds
to C mice demonstrated their ability in correctly interpreting
normal wall motion.
The regional analysis and bull’s eyes representations of the
MMMI mice made it possible to characterise the extent of
myocardial damage in more detail. Compared to the C group, a
reduction in RFAC extended to all of the LV sectors at mid- and
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apical-levels, also in the basal anterior, posterior and lateral
sectors, was noticed, despite the fact that only the LAD coronary
artery was ligated (see Fig. 4). This ﬁnding is in agreement with
that of Yang et al. [24], where LV contractile dysfunction was
found early after large MI in mice, not only in the infarcted and
adjacent segments, but also in the remote segments.
However, automated interpretation of RFAC showed abnormal
segments localized from base to apex in the anterior and lateral
segment, and apically in the surrounding sectors. In addition, a
reduction in LV thickness at apical level and to different extents at
different mid-level sectors (probably due to the replacement of
necrotic by ﬁbrous tissue) [22], was also found. The greatest
reduction was observed in the anterior segment from base to
apex, in correspondence with the greatest extent and magnitude
of the reduction in RFAC found in the induced infarct model, in
agreement with [23,24].
Using tagged MR in a rat model of myocardial infarction,
Thomas et al. [15] found at one week after MI that: (1) the
infarcted region was deﬁned by a thinned, akinetic wall; (2) the
adjacent zone was deﬁned as an akinetic region with normal wall
thickness, immediately adjacent to the infarcted region; (3) the
remote zone was characterized by a reduction in myocardial
motion. Also, Epstein et al. [12] showed in a MMMI by tagged MR
a pattern of reduced cardiac shortening that evidenced a relative
size of the dysfunctional area increasing toward the apex, with
intermediate values consistently seen in the adjacent zone. These
results appear very similar to the pattern of RFAC and myocardial
thickness we reported in Fig. 6, thus supporting our hypothesis
that also cine MR can provide reliable evidence of location and
extension of the LV infarcted area.
The computations of RFAC in the C group revealed different
mean values in the six sectors, with a 35% difference between the
maximum and minimum values. While it is not possible to
determine how much of this apparent variability is due to the
challenge of applying an expeditious 2D analysis to the complexities of 3D cardiac wall motion, it nevertheless supports our
approach of applying six different regional thresholds for RFAC
instead of only one to take into account baseline regional
differences in LV function when proceeding into the evaluation
of the effects of induced myocardial infarction. In agreement with
our ﬁndings, Thomas et al. [15] using tagged MR reported in
normal rats values of regional myocardial displacement that
differed up to 50% between septal and lateral segments.
As concerns global LV parameters, in the MMMI group the LV
cavity resulted dilated, with a reduction in EF, PER and PFR, and
an increased LV mass. These global changes are in line with the
expected effects of post-infarction cardiac remodeling [25]. Conversely, SV was similar between MMMI and C groups, in agreement with the preservation of the same level of cardiac output.
The results in global LV parameters obtained in our study in
the C group were comparable and within ranges described in
multiple previous papers [26–30] using perspective cine MR
imaging: EDV: 30–65 ml, ESV: 9–27 ml, SV 21–37 ml, EF 58–69%
and LV mass 57–95 mg. For the MMMI group, although our LV
volumes seemed to be smaller compared to previously reported
results, probably due to the earlier timing of MR acquisition and
the younger age of our mice, EF and LV mass were comparable
[26,28–30].

accurate and less sensitive to subtle changes in regional endocardial function than the more rigorous MRI methods of directly
measuring 3D intra-myocardial strain by HARP or DENSE. Images
spatial resolution was limited by technological restrictions.

5. Limitations

7.4. Conclusions

The current study is focused on developing quick and expedient methods for estimating regional ventricular function from
2D short-axis images of the murine heart; it is acknowledged that
the functional data obtained from 2D RFAC is inherently less

Cine MR imaging with retrospective gating potentially allows
the regional quantiﬁcation of LV function in mice. Automated
regional LV wall motion interpretation and bull’s eye display
allow the non-invasive localization of the extent of the induced

6. Conclusions
In conclusion, cine MR imaging with retrospective gating
potentially allows the regional quantiﬁcation of LV function in
mice. Regional LV wall motion interpretation and bull’s eye
display allowed the non-invasive localization of the extent of
the induced infarction, and could be applied in studies assessing
the effectiveness of pharmacological treatments or regenerative
medicine in small animals.

7. Summary
7.1. Background
Magnetic resonance (MR) imaging is the method of choice for
the left ventricular (LV) volumetric quantiﬁcation of cardiac
function in mice. Our purpose was to test the feasibility of using
cine MR images acquired with retrospective gating to quantify not
only global but also regional LV function in mice with myocardial
infarction, using semi-automated quantiﬁcation analysis tools,
comparing the results with histological ‘‘gold standard’’.
7.2. Methods
37 female C57BL6 mice with myocardial infarction (MMMI)
induced by ligation of the left anterior descending (LAD) coronary
were imaged (4.7 T scanner with retrospective gating) nine days
after surgery. In 7 of them, histological analysis for hematoxilin
and eosin staining was performed, and infarcted LV sectors
identiﬁed, constituting the ‘‘gold standard’’ interpretation. Cine
MR images were analyzed by custom software to compute
regional fractional area change (RFAC). ROC analysis with histologic results was performed to determine the optimal RFAC cutoff values to detect infarcted segments, which were then applied
to the remaining MMMI in order to describe the effects of
ischemic injury on global and regional LV function and mass,
and to a control group of 10 sham mice (C).
7.3. Results
Different RFAC cut-off values were found for each of the six LV
sectors, with higher values associated to anterior (47%) and lower
to inferior (23%) sectors. The application of these thresholds to C
mice demonstrated their ability in correctly interpreting normal
wall motion (98% accuracy). In MMMI, RFAC progressively
decreased from base to apex, thus leading to signiﬁcantly lower
values in the anterior, posterior and lateral sectors throughout the
LV compared to C. The anterior sector resulted to be the most
extensively damaged (RFAC: 12%) by the infarction induced by
LAD ligation. Also, adjacent sectors (lateral and antero-septal)
showed a depressed RFAC, with mean values below the normality
threshold.
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infarction, and could be applied in future studies assessing the
effectiveness of pharmacological treatments or regenerative medicine in small animals.
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