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Objectives:We validate a 4D strategy tailored for 3 T clinical systems to simultaneously quantify function and in-
farct size in wild type mice after ischemia/reperfusion, with improved spatial and temporal resolution by com-
parison to previous published protocols using clinical field MRI systems.
Methods: C57BL/6Jmice underwent 60min ischemia/reperfusion (n=14) or were controls without surgery (n=
6). Twenty-four hours after surgery mice were imaged with gadolinium injection and sacrificed for post-mortem
MRI and histology with serum also taken for Troponin I levels. The double ECG- and respiratory-triggered 3D
FLASH (Fast Low Angle Shot) gradient echo (GRE) cine sequence had an acquired isotropic resolution of 344
μm, TR/TE of 7.8/2.9 ms and acquisition time 25–35 min. The conventional 2D FLASH cine sequence had the
same in-plane resolution of 344 μm, 1 mm slice thickness and TR/TE 11/5.4 ms for an acquisition time of 20–
25min plus 5min for planning. Left ventricle (LV) and right ventricle (RV) volumesweremeasured and functional
parameters compared 2D to 3D, left to right and for inter and intra observer reproducibility. MRI infarct volume
was compared to histology.
Results: For the function evaluation, the 3D cine outperformed2D cine for spatial and temporal resolution. Protocol
time for the two methods was equivalent (25–35 min). Flow artifacts were reduced (p = 0.008) and epi/endo-
cardial delineation showed good intra and interobserver reproducibility. Paired t-test comparing ejection volume
left to right showed no significant difference for 3D (p= 0.37), nor 2D (p= 0.30) and correlation slopes of left to
right EV were 1.17 (R2 = 0.75) for 2D and 1.05 (R2 = 0.50) for 3D.
Quantifiable ‘late gadolinium enhancement’ infarct volume was seen only with the 3D cine and correlated to his-
tology (R2 = 0.89). Left ejection fraction and MRI-measured infarct volume correlated (R2 N 0.3).
Conclusions: The 4D strategy, with contrast injection, was validated in mice for function and infarct quantification
from a single scan with minimal slice planning.
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1. Introduction

Experimental cardiacMRI is important, but often difficult to perform
due to the lack of small animal systems, particularly in the clinical envi-
ronment. An efficient way to override this limitation is to use more
widely available clinical MRI systems. Small animal imaging on clinical
3 T machines is therefore an important and cost effective step. For the
validation and testing of new contrast media, results obtained at higher
field may not be representative of the clinical scanner conditions when
transferred to patient studies. This strategy is also very efficient for MR
sequence development as there is no need to be skilled on two very dif-
ferent environments and programming languages for the progression of
the project. In many cases of translational research, 3 T small animal
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protocols can be easily adapted to the following patient study as already
shown [1]. In the case of cardiac imaging, small animal studies on clini-
cal MR systems have been successfully used bymany groups [2]. Impor-
tant results have been achieved, for example, in measurement of mass
and function in cardiac hypertrophy [3], in quantification and character-
ization of myocardial infarct with manganese enhanced MRI [4,5], for
iron oxides labeled monocytes [6] or gadolinium enhancement [7–10]
in rat and mouse models with clinical MR systems.

Clinical 3 T scanners also have disadvantages such as lower SNR and
weaker gradients. For cine, traditionally 2D, this implies limitation of
spatial resolution (slice thickness) and temporal resolution (with a TR
of over 10 ms [10]). Additionally, cardiovascular applications suffer
from flow artifacts related to the relatively long echo times [7]. Howev-
er, advances in clinical gradient hardware mean that the technical gap
between low and high field systems is shrinking and careful choice of
acquisition schemes and parameters can optimize low field systems
for small animal imaging without the expense of additional equipment.

3D cine has the potential to overcome restrictions due to clinicalMRI
system hardware, compared to higher performance small animal sys-
tems. Isotropic resolution is available with 3D acquisitions, as opposed
to the relatively large slice thickness necessary for 2D. In addition,
since no slice selection gradient is needed for the 3D cine, the radio fre-
quency excitation pulses can also be shortened to reduce repetition and
echo times (TR and TE) to shorter than those achievable with 2D cine.
The reduction in TR gives higher temporal resolution, particularly ad-
vantageous for the fast rodent cardiac cycle, and the decreased TE re-
duces flow artifacts in the cavities compared to those observed in 2D
[7]. 3D cine has already been tested on high field systems, [11–13] but
feasibility and performance on clinical 3 T MR systems are not known.
In addition, one limitation of 3D cine is the low contrast between the
blood and the myocardium. Previous investigators have used iron ox-
ides and radial acquisition to enhance the contrast of 3D cine on small
animal high field MR systems [14,15]. However, iron oxides, due to
their size, require an intravenous access for injection, remainmainly in-
travascular and donot enhance significantly infarct area. This is contrary
to gadolinium based contrast agents, which can be injected intraperito-
neally with a rapid absorption in the vascular compartment and can de-
lineate myocardial infarct as well as providing the necessary blood-
myocardium contrast. Therefore, we were interested to test the effect
of gadolinium based contrast media injection on 3D cine at 3 T to im-
prove the contrast between the blood and the myocardium and to de-
tect myocardial infarct.

The aim of this study was to validate a ‘4D strategy’ on a 3 T clinical
MR system using a 3D cine protocol after gadolinium injection and to
compare functional assessment to 2D cine in mice. The performance
for infarct size at 3 T was compared to histology and post-mortem
imaging.

2. Methods

2.1. Mouse ischemia and reperfusion protocol

C57BL/6J mice, aged 8–12 weeks with a bodyweight range 24–28 g,
were used in this study. The investigation conformed to the guidelines
from Directive 2010/63/EU, from the National Institutes of Health (up-
dated 2011) and has been approved by the local and Swiss authorities.
Mice were submitted to a surgical protocol of cardiac ischemia and re-
perfusion as previously described [16,17]. Controls had no surgery.
Groups consisted of 14 infarct mice plus 4 controls for function assess-
ment, and 6 infarct mice plus 6 controls for histological comparison to
MRI and reproducibility. For the infarct group, mechanical ventilation
was performed (tidal volume 300 μl) using a rodent respirator
(Minivent model 845, Hugo Sachs Elektronik, Harvard Apparatus, Ger-
many). Anesthesia was maintained with 2% isoflurane in 100% O2

through the ventilator. During surgery anesthesia was monitored by
careful visual and tactile control of mouse consciousness (i.e. breathing
rate and volume, heart rate, sweating and tearing).Mouse body temper-
ature was monitored and maintained at 37 °C. A thoracotomy was per-
formed and the pericardial sacwas removed. An 8–0 prolene suturewas
passed under the left anterior descending (LAD) coronary artery at the
inferior edge of the left atrium and tied with a slipknot to produce the
occlusion. A small piece of polyethylene tubing was used to avoid dam-
aging the artery during ligature. Ischemia was confirmed by the visual-
ization of blanching myocardium, downstream of the ligation. After
60min, the LAD coronary artery occlusionwas released, allowing reper-
fusion. This was confirmed by visible restoration of color to the ischemic
tissue. The chestwas closed and airwas evacuated from the chest cavity.
The tracheal tube was then removed and normal respiration restored.

The mice were imaged by MR 24 h after the surgical procedure and
were sacrificed via KCl injection to perform post mortem imaging (with
the heart in diastole) and cardiac histological analyses of infarct size and
immunohistology. Serum was collected to measure cardiac Troponin I
levels.

2.2. MR imaging

Imaging was performed on a clinical 3 T MR scanner (Magnetom
PRISMA, SiemensMedical Solutions, ErlangenGermany)with a dedicat-
ed 2-channel mouse heart receiver coil (Rapid Biomedical GmbH,
Rimpar, Germany). Respiratory and ECGmonitoring and triggering con-
trol was achieved by an external trigger set-up (S.A. Inc., Stony Brook,
US).

After anesthesia induction (isoflurane), the Gadolinium contrast
agent, Dotarem (0.01mmol), was injected IP once the animalwas in po-
sition. This dose is equivalent to 0.33mmol/kg, on the same order as the
clinical dose of 0.1–0.2 mmol Gd/kg in agreementwith previous studies
([18,19]). The 3D cine was started a fewminutes after injection and the
2D cines immediately afterwards. Anesthesia was maintained with 2%
isoflurane during imaging. A cover was used to maintain a stable body
temperature. Heart and respiratory rates weremonitored and kept con-
stant and with a similar range for all the animals via small adjustments
of the isoflurane concentration (typical 35/min and HR 450 bpm). All
animals were kept under stable and similar aesthesia levels. The acqui-
sition window for the prospective ECG gating was set to 95% cardiac
cycle to ensure coverage of the diastolic phase.

Protocol parameters are summarized in Table 1. The double ECG and
respiratory triggered 3D FLASH gradient echo cine sequence proposed
as a 4D strategy in this study had an acquired isotropic resolution of
344 μm. Due to the slab-selective rf in 3D and the use of an asymmetric
echo, the TR and TE could be shortened to 7.8 and 2.9 ms respectively.
Acquisition time was 25–35 min depending on respiration and heart
rate. 15–22 cine phases were acquired depending on heart rate. The k-
space order of the 3D scan was linear, with center of k space acquired
at the midpoint of the acquisition.

For comparison, the previously optimized and validated convention-
al 2D FLASH cine sequence [5] had the same in-plane resolution of 344
μm, but a slice thickness of 1 mm. TR and TE were longer at 11 and
5.4 ms, respectively. This 2D cine had 10 consecutive short-axes cover-
ing right and left ventricles plus single 2- and 4-chamber views for an
acquisition time of 20–25 min plus 5 min for pilot scans and slice posi-
tioning. 12–17 cine phases were acquired depending on heart rate.

After the in vivoMRI protocol, animalswere sacrificed by injection of
KCl. Post-mortem MRI was completed in 6 cases (5 infarct, 1 control).
This consisted of a 3D FLASH GRE with a higher isotropic resolution of
130 μm and an acquisition time of 16 min. A 2-min low-resolution 3D
scanwas acquired before and after this long 3D to verify if anymuscular
contraction occurred during the longer scan.

2.3. Immuno- and nitrobluetrazolium chloride staining

Serum Troponin level was measured from blood samples taken the
same day as MRI. For histological analysis, hearts of all 12 mice (control



Table 1
MRI sequence parameters.

3D FLASH GRE cine 2D FLASH GRE cine Post mortem 3D

Resolution (μm) 344 ∗ 344 ∗ 344 344 ∗ 344 ∗ 1000 130 ∗ 130 ∗ 130
FOV (mm) 66 66 66 ∗ 55
Number of slices 60 4C, 2C, 10* SA 64
Bandwidth (Hz/pixel) 347 195 130
Flip angle (°) 30 30 30
TR (ms) 7.8 11.0 17.9
TE (ms) 2.9 5.4 9.8
Cine phases 15–22 12–17 n/a
Acquisition time (minutes) 25–35 20–25 + 5 pilot and slice positioning 16

Asymmetric echo, slab selective rf, rf spoiling Rf spoiling Rf spoiling
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and infarct) were removed immediately after MRI, frozen in cryo-em-
bedding media ‘Optimal Cutting Temperature compound’ (OCT) and
cut serially from the occlusion locus to the apex in 7 μm sections.
Immunohistology for CD68+ (macrophages, primary Ab from ABD
Serotec, Kidlington, UK) and matrix metalloproteinase (MMP)-9 (pri-
mary Ab from R&D Systems, Inc., Minneapolis, MN) was performed as
previously described [20] on 9 ventricular cardiac sections per animal.
Nitrobluetrazolium chloride staining (NBT) was performed to identify
metabolically inactive tissues. Infarct size (I) was quantified as the
NBT-negative area usingMetaMorph software. Infarct volumeswere re-
ported as %I/V, i.e. percentages of stained area on total heart surface area
for MMP-9 and percentage of unstained area on total area for NBT. The
number of infiltrating cells per mm2 of total heart surface area was
quantified for macrophages (CD68+).

2.4. Image analysis

The 3D cinewas reconstructed for analysis in the same orientation as
the 2D cine images, but maintaining the acquired isotropic 344 μm res-
olution. The 2D cines were analyzed as acquired.

Flow artifact was assessed by both visual scoring and quantification
of residual artifactual signal in the center of the left ventricle at the level
of the papillarymuscles. Visual scoring of artifactswas divided into clas-
sification as moderate (drawing of endocardial volumesmore challeng-
ing) or severe (volume analysis not be possible for that phase). The
percentage of the cardiac cycle affected by artifacts was calculated
(phases with artifact / total number of phases). For the objective quan-
titative evaluation of the flow artifact, we defined the ‘sd/SI ratio’
(expressed as a percentage), the standard deviation of blood signal in
each phase, i, compared to the mean artifact free signal in the first car-
diac phase, 0, that is sd(i)/SI(0). This value was calculated as a mean
for 2D and 3D, and compared via ANOVA for the mean per animal.

Cardiac function was analyzed using Osirix software (Open source
http://www.osirix-viewer.com/). End-systolic (ESV), end-diastolic
(EDV) volumes, ejection volume (EV) and fraction (EF) were calculated
by manually tracing end-systolic and end-diastolic endocardial con-
tours on all short axis images covering left and right ventricle (LV and
RV). The papillary muscles were not included in the regions. 2D and
3D volumes were first compared separately for right and left ventricles,
for systole and diastole and then pooled altogether for a correlation be-
tween 2D and 3D values. Left ventricle epicardial contours were also
used to calculate myocardial mass of the LV including the septum.
These mass values were measured in diastole.

MR infarct volume was similarly manually segmented. As with his-
tology, the infarct volume as a percentage of total tissue volumewas cal-
culated (%I/V). These were compared to NBT and the other histological
markers described in Section 2.3.

For all statistical analysis, SPPS (version 21) was used. R2 and p
values were given for linear correlations. ANOVA was used to compare
flow artifacts in 2D and 3D and paired t-tests were also used to compare
volumes. Significant difference was defined as p b 0.05. 3D volumes
were repeated for both inter- and intra-observer reproducibility with
correlation and ICC. Regions were redrawn in a blinded fashion by the
same observer and a second observer after an interval of several
months.

3. Results

3.1. Image quality and acquisition time

The in vivo protocol acquisitionwas successful in all the animals. The
blood to myocardium contrast-to-noise ratio (CNR) was high, allowing
easy endocardial delineation in both 2D and 3D (CNR 80 and 30 respec-
tively). Image quality was good for both 2D and 3D with better apical
and right ventricular volume (RV) delineation from isotropic whole
heart coverage in 3D (Fig. 1). The shorter TR in 3D gave better definition
of the cardiac phases with increased temporal resolution (on average,
18 c.f. 13 cardiac phases). The mean heart rate was not different be-
tween the control and infarct groups and was maintained as stable as
possible with control of the anesthesia at around 450 beats per minute.

To cover thewhole heartwith isotropic resolution in 2D (three times
the number of acquisitions) would be prohibitive in terms of overall
scan time without considering the necessity for signal averaging for
SNR. For 2D imaging, scan times were 20–25min for cine plus planning
and would be 35–45 min for cine plus Gadolinium enhanced 2D PSIR
needed for infarct quantification. 3D cine required no complex planning
of image planes and allowed retrospective display and analysis of any
chosen plane or slice group. For 3D imaging, the total scan time was
25–35 min, depending on the heart rate and respiratory rate, for the
full volume cine and infarct quantification in a single acquisition.

Supplemental Digital Content 1a and b consist of 3D and 2D cine im-
ages for a normal (a) and an infarct (b)mouse for dynamic visualization
of the images.

3.2. Flow artifact

Flow artifacts were present in both the 2D and 3D cine images. Fig. 2
shows comparison of four chamber and short axis images from 2D and
3D acquisitions. Only one third of the cine phases are shown for clarity,
but making sure to illustrate the most severe artifacts. In general, the
most severe artifacts were in the late phases of the cardiac cycle after
systole, i.e. those that were not used for the volume and mass calcula-
tions. Flow artifact was visually reduced in 3D cine compared to 2D
cine and also appeared to be more central in the LV cavity not reaching
the endocardial borders.

By visual scoring, the artifacts on the 2D cines were severe in 31% of
cardiac phases and moderate in 14%. For the 3D cine, the percentage of
phases with severe artifact was only 2%, with 20% having moderate ar-
tifact. This showed a significant advantage of the 3D cine over the 2D
cine (p b 0.0001). Further objective quantification using the sd/SI ratio
gave similar results to the qualitative assessment. The mean sd/SI ratio
per animal was significantly higher in 2D cine (17% ± 5%) than in 3D
cine (13% ± 3%) (p = 0.008) indicating less severe artifacts in the 3D
images.

http://www.osirix-viewer.com/


Fig. 1. Image Quality. Images showing the comparison of image quality in a normal heart (slice resolution and contrast) in 2D and3D sequences. Cine phases froma 3DGRE acquisitionwith
isotropic resolution of 344 μm and TR/TE 7.8/2.9 ms and from a 2D GRE acquisition with 344 μm in plane resolution and 1 mm slice thickness, TR/TE 11/5.4 ms. The reconstruction of the
classic imaging planes from the 3D acquisition, the acquired 2D images and the corresponding reconstruction to show the slice thickness and coverage of the 2D short axis stack are
illustrated. Image quality and contrast as acquired shows excellent comparison; lack of apex definition is visible on the orthogonal reconstruction that would not be evident in the
original acquired short axis stack.
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3.3. LV and RV volumes and function

All the volume and function results are summarized in Table 2. By
comparison to 3D cine, 2D cine underestimated LEDV, LESV, REDV,
RESV. This resulted in a slightly higher ejection fraction in the 2D cine
Fig. 2. Flow artifacts. Four-chamber and short axis images showing the comparison of flow artif
(including themost severe artifacts) are shown for clarity. 3DGRE acquisitionwith isotropic res
thickness, TR/TE 11/5.4 ms.
for both ventricles (except RV in the infarct group). However, there
was a strong correlation between 2D and 3D for all volumes as well as
the EF and EV (R2 N 0.46 p ≤ 0.001).

A further internal validation was obtained by the comparison of the
left and right ejection volumes, which should be equal in this mouse
acts in 3D and 2D sequences in a normal mouse heart. Around one third of the cine phases
olution of 344 μmand TR/TE 7.8/2.9ms. 2Dwith 344 μm in plane resolution and 1mm slice



Table 2
2D vs 3D left and right ventricular volumes; EDV (end diastolic volume) and ESV (end systolic volume), ejection volumes (EV) and ejection fractions (EF) with correlations and paired t-
tests for normal, infarct and all mice together (significance defined as p b 0.05).

2D versus 3D Controls Infarct All mice

Mean ± sd mm3 p of paired
t-test

Mean ± sd mm3 p of paired
t-test

Mean ± sd mm3 p of paired
t-test

Regression
slope

Intercept R2 p of
correlation

Left EDV 3D 76.28 ± 17.79 0.541 62.15 ± 13.20 0.247 65.29 ± 15.02 0.21 0.54 26.49 0.48 0.001
2D 69.45 ± 5.48 59.80 ± 12.31 61.94 ± 11.76

Left ESV 3D 38.10 ± 12.39 0.493 36.59 ± 11.91 0.46 36.93 ± 11.66 0.278 1.04 −4.19 0.58 b0.0005
2D 32.63 ± 3.45 34.69 ± 18.03 34.23 ± 15.86

Left ejection volume 3D 38.18 ± 7.29 0.792 25.56 ± 8.71 0.859 28.36 ± 9.82 0.764 0.92 1.66 0.50 0.001
2D 36.83 ± 6.22 25.11 ± 13.06 27.71 ± 12.74

Left ejection fraction 3D 51.03 ± 8.19 0.757 41.55 ± 13.39 0.612 43.66 ± 12.86 0.542 1.35 −13.38 0.67 b0.0005
2D 52.83 ± 6.12 43.49 ± 23.65 45.56 ± 21.22

Right EDV 3D 60.18 ± 13.04 0.151 48.81 ± 11.39 0.005 51.34 ± 12.36 0.001 0.56 13.88 0.47 0.002
2D 50.80 ± 10.65 40.33 ± 8.99 42.66 ± 10.09

Right ESV 3D 24.48 ± 15.09 0.184 24.47 ± 7.22 0.204 24.47 ± 8.95 0.055 0.65 4.47 0.34 0.011
2D 15.78 ± 7.67 21.59 ± 10.29 20.30 ± 9.87

Right ejection volume 3D 35.70 ± 4.37 0.854 24.34 ± 8.42 0.021 26.86 ± 9.01 0.025 0.86 −0.80 0.50 0.001
2D 35.05 ± 6.14 18.74 ± 9.16 22.37 ± 10.93

Right ejection fraction 3D 61.53 ± 15.30 0.228 49.42 ± 12.27 0.557 52.11 ± 13.54 0.996 1.02 −1.09 0.46 0.002
2D 70.20 ± 10.91 46.96 ± 19.64 52.12 ± 20.37
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model. Paired t-test comparing EV left to right showed no significant
difference for 3D (p = 0.37), nor 2D (p = 0.30) grouping all animals.
For correlations, the slopes of left to right EV for both 2D and 3D were
1.17 (R2 = 0.75) and 1.05 (R2 = 0.50) showing good correlation and
equality. The slope tended to be closer to 1 for 3D, but the slopes were
not significantly different from each other, and neither 2D or 3D signif-
icantly different from a slope of 1.

None of the functional parameters, except LV ESV and LV EF, were
different between the infarct and normal groups. This may result from
the fact that themodel was only at 24 h post reperfusion and themajor-
ity of the infarcts were small. Values obtainedwere in reasonable agree-
ment with literature [5]. In the ischemia/reperfusion group,
anterolateral hypokinesia or akinesia was consistently observed in
both 2D and 3D cines (Fig. 3), but visually better delineated on 3D
cines due to increased temporal and spatial resolution.
Fig. 3. Functional assessment: Effect of Infarct. 3D cine phases from a GRE acquisition with isotrop
diastole in each imaging plane) between a normal and an infarct with visualization of the enha
small infarct and restricted function and large infarct with poor function.
3.4. Reproducibility

Intra observer reproducibility was generally higher than inter ob-
server reproducibility (significant increase in ICC, p b 0.01) and 3D per-
formed better than 2D for inter observer (significant increase in ICC, p b

0.01)with equal high performance for 2D and 3D intra observer (no sta-
tistical difference). Intraclass correlation coefficients with p values are
given in the Table 3.

3.5. Mass and postmortem images

Post mortem scans (GRE with an isotropic resolution of 130 μm)
were successful in 6 mice (5 infarct and one normal) and are shown
as part of Fig. 4. A fast 3D scan repeated before and after the high reso-
lution 3D scan post mortem was different in a further 6 cases showing
ic resolution of 344 μmand TR/TE 7.8/2.9 ms. Function differences (comparing systole and
nced infarct region on the 2-chamber view. Examples show no infarct and good function,



Table 3
Intraclass correlations (ICC) and p values (significant p b 0.05) for inter and intraobserver reproducibility for measured volumes and calculated functional parameters.

Intra 3D Inter 3D Intra 2D Inter 2D

ICC p ICC p ICC p ICC p

Left diastolic volume 0.99 b0.0005 0.99 b0.0005 0.99 b0.0005 0.94 b0.0005
Left systolic volume 0.94 b0.0005 0.95 b0.0005 0.97 b0.0005 0.86 b0.0005
Left ejection volume 0.83 b0.0005 0.71 0.003 0.94 b0.0005 0.25 0.20
Left ejection fraction 0.76 0.001 0.63 0.01 0.92 b0.0005 0.35 0.12
Right diastolic volume 0.90 b0.0005 0.82 b0.0005 0.96 b0.0005 0.33 0.14
Right systolic volume 0.92 b0.0005 0.84 b0.0005 0.98 b0.0005 0.62 0.01
Right ejection volume 0.88 b0.0005 0.60 0.01 0.82 b0.0005 0.20 0.26
Right ejection fraction 0.92 b0.0005 0.74 0.002 0.84 b0.0005 0.40 0.09

Fig. 4. Infarct visualization. 3D in vivo and post mortem images showing zero, small and large infarcts. 4 chamber, 2 chamber, mid and apical short axes for three mice along with
corresponding histological pictures of macrophages (CD68+), MMP-9 and NBT showing excellent agreement between MRI and the gold-standard infarct staining.
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Table 4
Mean and standard deviation values for myocardial mass (left ventricle mass including
septum).

Control (only 1) Infarct All mice

Mass mean mm3 Mass mean ±
sd mm3

Mass mean ±
sd mm3

Post mortem 87.1 83.5 ± 3.1 84.1 ± 3.2
2D in vivo diastole 95.5 84.8 ± 7.2 86.6 ± 7.8
3D in vivo diastole 90.7 87.1 ± 8.8 87.7 ± 8.0
2D in vivo systole 91.3 82.5 ± 6.3 83.9 ± 6.7
3D in vivo systole 88.0 82.2 ± 9.9 83.2 ± 9.2

Correlation slope Correlation R2 (p) t-Test p

2D vs 3D in vivo 0.83 0.73 (0.03) 0.53
Post mortem vs 3D in vivo 1.00 0.44 (0.03) 0.24
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that the heart had contracted during the long 3D high-resolution acqui-
sition and the post mortem scan was deemed to be unreliable for mor-
phology quantification. Mass values are given in Table 4.

Correlation between 2D and 3D LV mass in vivo was good (slope
0.83, R2 = 0.73, p = 0.03 with no statistical difference p = 0.53). The
postmortem static high-resolutionMR imageswere used as a ‘gold stan-
dard’ for comparison to 3D in vivo, due to their higher spatial resolution
and lack of motion blurring. There was no significant difference be-
tween post mortem and 3D in vivo LV mass with p = 0.24, with an ex-
cellent correlation of slope 1 (R2 = 0.44 p = 0.03).

3.6. Infarct correlation

In vivo and post mortem 3D images of three mice are shown in Fig. 4
(4-chamber, 2-chamber andmid and apical short axes). The first mouse
shown had no infarct, the second a small transmural infarct, and the
third a large apical infarct (with sub-endocardial sparing) as well as a
small transmural infarct near the site of the occlusion. These fine details
of the infarct morphology were clearly visible in vivo and were con-
firmed by the higher resolution post mortem scans and histology. For
quantitative comparison, the mean infarct volume was expressed as a
percentage (%I/V) to account for scaled absolute volume difference for
both the total myocardium and the infarct on fixing. Overall, 2 mice
had a larger infarct covering 6–12% of the full apex and the other 5 had
smaller infarcts localized in the basal region of 2–5% leading to a %I/V
for MRI in vivo over all infarct mice of 5% ± 3%. In vivo MRI (%I/V)
was very accurate to measure infarct volume with a strong correlation
(Fig. 5) to both %I/V NBT (y = 1.00x + 0.18, R2 = 0.90, p b 0.0005)
Fig. 5. Infarct quantification. MRI/Histological correlations for (a) percentage infarct size on 3D c
and %I/V post-mortem MRI (y = 1.10x + 0.17, R2 = 0.997, p b

0.0005). There was also an excellent correlation for infarct volume
(%I/V) between postmortem MRI and NBT at y = 0.98x + 0.84, R2 =
0.89, p = 0.005. For paired t-test, the p value showed no significant dif-
ference with p N 0.2 for all three comparisons. Fisher z-test also shows
that the regression slopes are not significantly different to 1 (i.e. y= x).

The absolute infarct volumes from both MRI and NBT also correlated
with systemic troponin levels with R2 = 0.93, for MRI and R2 = 0.80
for histology NBT. Similarly, quantification of macrophages (CD68+
cells/mm2) correlated with MRI %I/V R2 = 0.62 and histology %I/V R2 =
0.69 (p b 0.0005). MMP-9 (%) correlated with R2 = 0.86 (p b 0.0005)
to MRI %I/V and R2 = 0.78 (p b 0.0005) to histology %I/V. Images are
shown in Fig. 4. In addition, left ejection fraction showed a negative cor-
relation with MRI infarct volume (%I/V) with R2 N 0.3. The Supplemental
Digital Content 2 video shows cine images including a large apical, non-
transmural infarct and a small infarct near the ligated coronary in the 3
conventional planes.

4. Discussion

In summary, this study introduces a ‘4D strategy’ of a 3D isotropic
volume with temporal cine imaging for function and infarct size assess-
ment in rodent on a clinical 3 T scanner. Unlike conventional 2D cine,
there was no need for complex, time-consuming slice planning. This
technique compared well to 2D cine for functional assessment with
the advantage of better coverage of both ventricles. Ejection volume
measurementwas accurate for left and right ventricles allowing internal
validation using thephysiological right to left equality inmice. Secondly,
gadolinium contrast injection allowed infarct to be quantified and
agreed verywell with histological analysis. The gadoliniumwas injected
for the blood/myocardium contrast and not specifically for infarct detec-
tion as 3D dynamic (4D) functional cardiac imaging in clinical studies
often recommends the use of gadolinium for improved blood SNR [21].

4.1. Reduced flow artifact

The shorter TE allowed by the 3D RF excitation pulse (duration
0.5 ms for 3D compared to 2 ms for 2D) and asymmetric echo leads to
reduced flow artifacts, and better analysis of the myocardial wall over
the whole cardiac cycle (3D TE 2.9 compared to 5.4 ms for 2D). The
use of half echo time with our sequence could provide a potential ben-
efit with addition TE reduction. Kramer et al. recently used this tech-
nique in a 2D cine on a 3 T clinical MR system with a center-out radial
readout [22]. This 2D study used a self-navigating technique with
ine (diastole) and NBT quantification, and (b) correlation in vivo vs post mortem for MRI.
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excellent cine quality, howeverwith some flow artifacts remaining [22].
Flow artifact could also potential be reduced using a black-blood cine
[23]. This is however more complex for a 3D volume [24,25] where
thick slabs may result in poor blood signal nulling [12].

4.2. Improved temporal resolution

The shorter 3D excitation pulse and asymmetric echo also allowed
improved temporal resolution by around 50%. The 3D value was similar
to that obtained from other methods such as interleaved cine and tem-
poral regularization with TR 6.8 ms [26] and the half echo with TR
6.5 ms [22]. Better functional definition of the short systolic period
and decreased blurring of the fine structure particularly of the RV wall
are obtained. Several techniques, including the radial self-gatedmethod
reported at 3 T [22] and interleaved cine acquisitions [26], involve the
use of a ‘slidingwindow’ for increasing temporal coverage of the cardiac
phases. These methods lead to some averaging of lines from different
phases of the cardiac cycle to produce the frames of the cine series.
Cine frames therefore have higher effective temporal resolution, but
are not truly independent in time andmay be susceptible to cardiacmo-
tion blurring. In the 3D cine acquisition, the shorter TR and TE were a
consequence of the shortened rf pulse and all k-space lines were ac-
quired for each phase ensuring the absence of cardiac motion and no
data sharing between cine frames.

4.3. Improved spatial resolution for ventricular assessment

In general 3D measured volumes were larger than those derived
from 2D cines. This can be explained by the fact that basal slices are bet-
ter visualized on the 3D images. Partial volume effects of the thicker
slices in 2D meant that the definition of smaller structure at the base
of the RV was lost and the segmentation did not include the final slices
visible in 3D.With the thinner slices in 3D it was also easier to accurate-
ly include the right ventricular outflow tract that, depending on the slice
position can be partially or completely included in 2D segmentation
leading to variability. Flow artifacts can also obscure the valve level in
the 2D cine and there is the possibility of misregistration between
short axes acquired in separate scans. All this results in more accurate
values for 3D RV volume, but can also lead to a difference for the func-
tional parameters between 2D to 3D.

Improved spatial resolution is a significant advantage of 3D cine
allowing better RV assessment aswell as internal validation of EV equal-
ity left to right for accurate volume measurements.

The ejection fraction values in this study can be considered slightly
low for the control group compared to the literature [3]. It is important
to note that that the 3D and 2D techniques both showed the low EF. The
EF is therefore self-consistent and also in agreementwith previous stud-
ies using the same 2D protocol in our laboratory [5,20,26] inferring it is
not an error with the 3D method. The most likely explanation of these
low values could be an effect of anesthesia. The isoflurane levels (2%)
were higher than some of the reported studies with high injection frac-
tion (1%) [3] and the ECG set up and scan time significantly longer than
the 15–30min,which could explain the reduction in EF [3], which could
cause N20% reduction in EF [27].

4.4. Infarct assessment

Late gadolinium enhancement is a well-established technique to
quantify infarct size [8–10]. In this study, intraperitoneal Gd was used
for blood to tissue contrast, but also provided uptake in the infarct region
on the 3D cine images. Therefore, despite the absence of an PSIR acquisi-
tion in this study we have accurate infarct volumes comparable to litera-
ture [28,29] and validated to histological quantification in this study. The
combined late enhancement and cine also shows potential for the assess-
ment of salvageablemyocardium,where there is a contraction andperfu-
sion deficit but no gadolinium uptake [30]. An interesting point is the
absence of visualization of contrast accumulation in the infarct by the
2D cine. The 2D was always carried out after the 3D and therefore
under different conditions in terms of time post gadolinium. However,
in the post mortem cases, the LGE was still visible after the 3D and 2D
in vivo imaging. Successful late gadolinium enhancement has been re-
ported as acquired 30 min after injection [18], which is consistent with
the timing of the 2D imaging in our case. The shorter TE and TR in the
3D will also emphasize the T1 contrast in comparison to the 2D cine.

In 2 out of 6 mice, non-transmural infarcts were observed with sig-
nificant subendocardial sparing, with this thin band emphasizing the
high resolution. This in vivo MRI pattern, confirmed by histology, is
very different from the usual clinical pattern of infarct but has been al-
ready reported in mice [31–33]. It may be related to direct oxygenation
of the sub endocardium from the blood of the LV.

4.5. Scan time

For 2D imaging, scan times were 20–25 min for cine plus planning
and would be 35–45 min for cine plus the multislice Gadolinium en-
hanced 2D PSIR needed for infarct quantification. Therefore for a full as-
sessment of function and infarct enhancement the 3D technique at 25–
35 min more than compensates the time penalty of 3D compared to 2D
cine as it provides all the necessary data in one acquisitionwithminimal
time for slice planning. The 3D cine at clinical field is highly competitive,
with scan times and resolution on the same order of those reported in
the literature, even studies at high field. A 3D cine study with iron
oxide contrast injection in mice at high field [14,15] used protocols
with a TE/TR of 0.05/3.5 ms and scan times of 12–26 min (156 μm iso-
tropic resolution, 10 averages). Other 3D cine studies at 7 T compared
bright and dark blood protocols (200 μm spatial resolution and 12 ms
temporal resolution and a scan time of 20 min [12]) and variations of
temporal and spatial resolution in a 30 min scan time (87 μm–352 μm
slice thickness, and TR 4.8 ms–12.4 ms) [11]. In all these cases, the
scan times given were similar to our own but included only functional
data and not infarct enhancement. Feintuch [12] and Bishop [34] report-
ed the possibility of 3D cine formultiplemouse imaging canmake use of
averaging in 3D retrospective gated cines using the advantages of the
signal averaging properties.

4.6. Validation

The larger discrepancy in the 2D inter observer variability compared
to 3D, although still good, can be explained by the ability to include or
exclude a final basal slice confounded by possible flow artifacts and par-
tial volume effect from the 2D slice thickness. A direct comparison study
however, would not be affected by this systematic interobserver error,
as the high intra observer reproducibility would ensure the same tech-
nique is used for all subjects.

A major limitation common to all new cine development studies is
validation. Gold standardmethods, such asweighing of dissected hearts
is technically difficult, especially to remove attached fat and to split the
left and right ventricles for correlation. Neither does this give informa-
tion about function. Previous studies have used normal and hypertro-
phic mice, where volumes vary by a factor of 2 [26] to give a wider
range of mass values for correlation. Often several 3D protocols have
been compared between themselves or with validation to literature
functional values [11,12]. A major advantage of our study is the original
validationmethods for the 3D cine using internal comparison of left and
right ejection volumes and correlation with 2D cine, post mortem MRI
and histology for infarct validation. Left to right correlation for 3D ejec-
tion volumes was verified, and confirmed accuracy of our 3D method.

4.7. Limitations of the study

This study contains a limited range of values as most mice had sim-
ilar mass and function, with the difference being the absence or
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presence of a small infarct and no remodeling ofmass at 24 h post reper-
fusion. This time point was chosen due to its importance in treatment
studies [35]. Statistical analysis using paired t-tests was therefore
used. For the MRI and histological infarct comparison there is a wider
range of values and a strong correlation. 3D reproducibility was excel-
lent and the poorer 2D reproducibility may be improved with training
to ensure accuracy in the extreme apical and basal slices.

One limitation of the acquisition of the cine after contrast injection is
the poorer delineation of the sub-endocardial border in the infarcted
area as known from clinical MRI. Although there is good normal to in-
farct myocardial contrast, the infarct can have similar intensity to the
blood pool. However the sub-endocardial sparing in these mice that
helped to differentiate blood and infarct myocardial signal. In addition,
the cine acquisition also gave a dynamic information that aids themyo-
cardium to blood delineation.

5. Conclusion

In conclusion, we validated a new 4D strategy based on 3D FLASH/
GRE cine after contrast media injection in mice, where function and in-
farct information were obtained in a single scan after minimal slice
planning. Isotropic 3D cardiac cine of mice on a clinical 3 T system im-
proved coverage, and spatial and temporal resolution. Cardiac function
was obtained for both LV and RV, the latter usually not quantifiable by
2D standard cine. Infarct quantification showed excellent correlation
to histology. This sequence has the potential to replace 2D function
and infarct techniques in rodents on clinical MR systems.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.mri.2017.07.024.
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