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Abstract
Experimental myocardial infarction (MI) in mice is an important disease model in part due to the
ability to study genetic manipulations. MRI has been used to assess cardiac structural and
functional changes after MI in mice, but changes in myocardial perfusion after acute MI have not
previously been examined. Arterial spin labeling (ASL) non-invasively measures perfusion, but is
sensitive to respiratory motion and heart rate variability, and is difficult to apply after acute MI in
mice. To account for these factors, a cardio-respiratory gated (CRG) ASL sequence using a fuzzy
C-means algorithm to retrospectively reconstruct images was developed. Using this method,
myocardial perfusion was measured in remote and infarcted regions at 1, 7, 14, and 28 days post-
MI. Baseline perfusion was 4.9 ± 0.5 (ml/g·min) and one day post-MI decreased to 0.9 ± 0.8 (ml/
g·min) in infarcted myocardium (P<0.05 vs. baseline) while remaining at 5.2 ± 0.8 (ml/g·min) in
remote myocardium. During the subsequent 28 days, perfusion in the remote zone remained
unchanged, while a partial recovery of perfusion in the infarct zone was seen. This technique,
when applied to genetically-engineered mice, will allow for the investigation of the roles of
specific genes in myocardial perfusion during infarct healing.
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Introduction
Mice are widely used as models of human disease in biomedical research. Similarities in the
cardiovascular systems of mice and humans, the low cost of mouse studies, the relative ease
of genetic manipulation of mice, and improved surgical techniques have led to increased use
of mouse models of myocardial infarction (MI)(1-3). Cardiac magnetic resonance imaging
has been used to study structural and functional left ventricular (LV) remodeling in mice
following MI (3-5). However, measurement of myocardial perfusion in mice by MRI during
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acute MI and subsequently during the processes of infarct healing and post-MI LV
remodeling has not previously been performed.

Arterial spin labeling (ASL) provides quantitative measurements of blood flow, and has
been used for quantification of cerebral blood flow (6,7) and myocardial perfusion (8-11) in
humans. In small animals, ASL has been performed in both mice (12-15) and rats (16-25).
Prior murine studies have examined myocardial perfusion at baseline (12-15), with differing
anesthesia (13), in response to a vasodilator (13,15), and for phenotyping of genetically
altered mice (14,15). Only two prior studies have measured perfusion after MI in mice, and
those measurements were restricted only to the remote myocardium at 4 weeks following MI
(12,14). ASL has been more widely used in rats (22) and has been used to assess changes in
myocardial perfusion in response to dobutamine (17), adenosine (25), methods of anesthesia
(23,24), diabetes (18,19) and following coronary stenosis (20,21) and MI (20,21). Similar to
mouse studies, measurements of myocardial perfusion following MI in rats have been
restricted to remote (20,21) and border zone myocardium (20).

The most common methodological approach to ASL in rodents uses a combination of a
flow-sensitive alternating inversion recovery (FAIR) preparation scheme with an ECG-gated
Look-Locker (26) acquisition method (16). For ECG-gated FAIR Look-Locker ASL, the
fast heart rates of rodents facilitate a high sampling rate of the T1 relaxation curve, however,
respiratory motion during image acquisition introduces significant artifact and decreases the
accuracy of T1 mapping. Additionally, variable heart rates during imaging cause data to be
acquired at inconsistent inversion times (TIs), introducing another source of error in
measured perfusion values. Most previous ASL studies in rats attempted to minimize
respiratory artifact by controlling respiration using a mechanical ventilator (17-22).
However, mechanical ventilation is technically very challenging in mice, and cannot be
routinely performed. Prior mouse studies used two methods for reducing the impact of
respiratory artifact. In one study the respiratory interval was assumed to be constant, and
images in which respiratory artifact was visually identified were manually removed prior to
T1 mapping (13). A separate pair of studies used velocity-compensated gradients, signal
averaging, and higher levels of isoflurane (12,14) in order to reduce respiratory artifact.
However, these methods have limitations, as the respiratory interval is generally variable
over the course of ASL data acquisition and isoflurane at higher doses is a potent vasodilator
(13).

Due to the combination of erratic respiratory patterns, increased variability of the ECG, and
high probability of imperfect ECG R-wave detection early after MI, ASL has not been
successfully applied to mouse models of acute MI and post-MI infarct healing. To
compensate for these factors, we developed a method for performing cardio-respiratory
gated (CRG) FAIR Look-Locker ASL with accurate T1 estimation in free breathing mice.
Using this method, we probed myocardial perfusion at baseline with and without ATL313 (a
vasodilator), and over the course of infarct healing following reperfused MI in mice. CRG
Look-Locker ASL enabled the measurement of myocardial perfusion in both remote and
infarcted regions over this time period.

Methods
Pulse Sequence

A FAIR Look-Locker (26) ASL sequence using combined respiratory gating and ECG
triggering (Figure 1), where sequence triggers (ECG & RESP) were detected only during the
quiescent phase of expiration, was implemented on a 7T Clinscan MR system (Bruker,
Ettlingen, Germany). The sequence used a spiral trajectory to sample k-space (27) and to
reduce motion artifact from left ventricular blood. Upon detection of a respiratory-gated
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ECG trigger, a 5ms hyperbolic secant RF pulse was applied for magnetization inversion
(Figure 1, FAIR). At subsequent respiratory-gated ECG triggers, a 15° RF pulse was applied
and a time-stamped gradient-echo spiral interleaf was acquired (Figure 1, Spiral Gradient
Echo), where the time stamp recorded the time from magnetization inversion to excitation.
The number of images acquired during T1 relaxation for a single slice location was
approximated at the start of each scan by counting the maximum number of respiratory-
gated ECG triggers observed in a 5 second interval. After a delay of at least 5 seconds
between inversion pulses, the pulse sequence was repeated until 3 averages of all spiral
interleaves were acquired. Imaging was performed in 1 mid-ventricular short axis slice with
a slice thickness of 1mm. For each complete scan, data sets were acquired using both non-
selective and slice-selective (thickness = 2.5mm) adiabatic inversion pulses. Additional
parameters included echo time (TE) = 0.67ms, field of view = 30 × 30 mm2, number of
spiral interleaves = 87, duration of spiral readout = 2ms, and in-plane spatial resolution =
240×240μm2. This method acquires a series of successive end diastolic images of the heart
at a sequence of TIs with fairly dense sampling of the T1-relaxation curve. The total
measurement time was approximately 1 hour for acquisition of selective (SS) and non-
selective (NS) FAIR Look-Locker image sets.

Image Reconstruction
While cardio-respiratory gating reduces artifact due to heart motion and breathing, this
method also results in inconsistent TIs in the acquired data. That is, using CRG data
acquisition, different spiral interleafs for a given Look-Locker image will be acquired at
somewhat different TIs, resulting in clusters of TIs for each Look-Locker image. To address
this issue, a fuzzy C-Means (FCM) clustering algorithm (28) was used to sort and assign k-
space data based on TI prior to gridding and Fourier Transform. An individual TI was
assigned to each spiral interleaf using the recorded timestamp data, and all recorded TIs
were stored in an array of TI values (ti). TI cluster center times (cj) were initialized as P*RR,
where RR is the average cardiac interval, and P is the number of images to be reconstructed
given the sequence TR and RR. Using the initialized cj, the memberships of each spiral
interleaf in all TI clusters (C) were calculated using Eq. [1].

[1]

The membership values in uij represent the probability that a particular spiral interleaf (ti)
belongs to each TI cluster (cj). The membership matrix (uij) was then used to recalculate cj
using Eq. [2] from all spiral interleaves (N).

[2]

This process was reiterated until minimization of the following objective function (Eq. [3]):
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[3]

If two TI cluster centers were within ½RR of each other following conclusion of the FCM
algorithm, one was removed and the FCM algorithm was repeated. The final values of cj
represent the TIs for reconstructed images.

The FCM algorithm allows each data acquisition to belong to multiple TI clusters with
varying degrees of membership in each. Images were reconstructed using primary cluster
membership, and missing interleaves, if they existed, were filled with closest matches based
on secondary cluster membership values. Signal averaging was performed separately on
each spiral interleaf of each cluster prior to image reconstruction. Linear B0 compensation
was not implemented during image reconstruction.

Post Processing
Using Bloch equation simulations, longitudinal relaxation times, M0, and regional perfusion
were estimated for regions of interest in the heart from Look-Locker CRG-ASL images. For
these calculations, the effects of repeated RF excitation pulses on longitudinal magnetization
have previously been accounted for by Bloch-equation modeling with a constant period
between RF pulses (29). In CRG-ASL, the time between RF excitation pulses can vary as
demonstrated in Figure 1 (ECG&Resp). To account for this variability, a modification of the
method described by Günther et al. (29) was used where Bloch-equation modeling
incorporated variable intervals between RF pulses by using FCM determined TIs, as well as
a repeated pattern of ECG&Resp triggers that approximated the actual ECG and respiratory
waveforms during scanning. Using an algorithm developed in MATLAB (Mathworks,
Natick, Massachusetts), the behavior of longitudinal magnetization was simulated for seven
repetitions of the imaging sequence, after which simulated transverse magnetization was
calculated. The best fit for T1 and Mo values was determined by an exhaustive search that
minimized the root mean squared error between Bloch equation simulations and measured
NS and SS data. Although data were acquired immediately following inversion, the best fit
was calculated only for time points beyond TI = 500ms in order to allow time for inflow of
blood and water exchange. Candidate T1 values varied from 0.8 to 2 seconds. Steady state
longitudinal magnetization (MZSS) was calculated from the final Look-Locker image, and
Mo was allowed to vary from MZSS to 1.4*MZSS. Inversion efficiency was assumed to be
100%, and flip angle was assumed to be constant. After estimation of T1 values, myocardial
perfusion (P) was calculated in units of ml/g·min according to (22,30) as:

[4]

T1,blood was calculated as the mean blood pool T1 over all baseline acquisitions (n = 7), and
the partition coefficient (λ) was 0.95 (13). In calculating the T1 of blood, the assumption was
made that blood experienced only one excitation pulse before leaving the LV. At baseline
perfusion was measured over the entire myocardium, and following MI perfusion was
measured in infarcted and noninfarcted regions of interest as defined by delayed signal
enhancement with gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA).
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Phantom Validation
In order to verify that T1 could be accurately quantified from CRG-ASL data which are
acquired with inconsistent TIs, experiments were performed using a water phantom and
different triggering conditions. Specifically, a stationary water phantom was imaged using
(A) a fixed interval of 100ms between images, (B) an ECG recorded from a mouse under
anesthesia after MI, and (C) CRG from the same mouse. A non-selective inversion was
applied, and all imaging parameters were the same as above with the exception of 50 spiral
interleaves and 4 averages. For acquisitions A and B, 49 images were acquired and TI was
assigned prospectively based on the average interval (100ms and 105ms, respectively). For
acquisition C, 37 acquisitions were collected due to CRG and 49 images were reconstructed.
TI values were assigned retrospectively based on FCM results. Image analysis was
performed as previously described, except that in cases A and B the respiratory interval was
not included in T1 estimation.

Evaluation of CRG-ASL in Mice
We evaluated CRG-ASL in normal mice at 10 ± 1 weeks of age at rest and with a
vasodilator and one day post-MI. Seven wild-type male C57BL/6 mice (Jackson Laboratory,
Bar Harbor, Maine, USA) were studied under protocols that conformed to the Declaration of
Helsinki as well as the Guide for Care and Use of Laboratory Animals (NIH publication no.
85-23, revised 1996) and were approved by the Animal Care and Use Committee at our
institution. Assessment of baseline myocardial perfusion was performed using CRG-ASL as
described above. After baseline ASL imaging, an intraperitoneal (IP) bolus injection of
ATL313 (12.5 μg/kg body weight) (Adenosine Therapeutics, Charlottesville, Virginia,
USA) was delivered and CRG-ASL measurements were repeated. At least 1 week later, in
six mice MI was induced with a 1 hour occlusion of the left anterior descending (LAD)
coronary artery followed by reperfusion as previously described (4), and imaging was
performed one day later.

Measurement of Perfusion During Infarct Healing
Prior histological studies measuring blood vessel density in vitro in mice have demonstrated
time-varying neovascularization in infarcted myocardium during infarct healing (1 to 28
days post-MI) (31). We hypothesized that CRG-ASL would detect changes in perfusion in
the infarct zone over this period that would reflect known patterns of neovascularization. To
test this hypothesis, CRG-ASL was performed one, seven, and fourteen days, and four to
five weeks following MI, as was MRI of myocardial structure, function, and infarction.

Cardiac Magnetic Resonance Imaging Preparation
Mice were positioned prone within the MR scanner, body temperature was maintained using
circulating thermostated water and anesthesia was maintained using 1.25% isoflurane in O2
inhaled through a nose cone. A 30mm diameter cylindrical birdcage radiofrequency coil
(Bruker, Ettlingen, Germany) was used, and heart rate (HR), respiration and temperature
were monitored during imaging using a fiber optic, MR compatible system (Small Animal
Imaging Inc., Stony Brook, NY, USA). Global LV structure and function were assessed
using a black blood cine technique as previously described (15,32). CRG-ASL was
performed in one mid-ventricular short-axis slice. In our mouse model of MI using a 1-hour
LAD occlusion, this slice nearly always includes large regions of both infarcted and
noninfarcted myocardium. To image infarct size one day post-MI, after CRG-ASL, mice
received an IP bolus injection of 0.5mmol/kg Gd-DTPA and a multi-slice inversion recovery
pulse sequence with a TI of 550ms was used as previously described (4). Infarct size was
measured using custom built software in MATLAB, with infarcted regions identified as
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areas of hyper-enhancement greater than 3 standard deviations above the mean remote
myocardial signal intensity. Infarct size is expressed as a percentage of total LV mass (33).

Statistical Analysis
Statistical analysis was performed using SigmaStat (Systat Software Inc., Point Richmond,
CA, USA) with one way repeated measures ANOVA assuming compound symmetry.
Probability level of P < 0.05 was defined as the level necessary for statistical significance.
All values in the text, tables, and graphs are presented as mean ± SEM.

Results
TI Assignment and Phantom Validation

The importance of accurate TI assignment is illustrated by analysis of the TI distribution
from a CRG-ASL scan in a mouse, and T1 measurements in a phantom. A partial histogram
of TIs from a baseline CRG-ASL scan in a mouse is shown in Figure 2. The specific TIs
assigned to each image are shown for both prospective (circles) and retrospective (squares)
TI assignment, where prospective were based on the mean manually recorded cardiac
interval during image acquisition, and retrospective were calculated using the FCM
algorithm. The mean residual difference of prospectively assigned image TIs compared to
retrospectively assigned image TIs for all acquired data was 53.4 ± 7.0 ms at baseline, 125.0
± 23.7 ms at baseline with ATL313, 102.2 ± 14.9 ms at day 1, 44.8 ± 10.6 ms at day 7, 44.5
± 8.4 ms at day 14, and 70.4 ± 12.6 ms at day 28. Retrospectively assigned image TIs more
accurately identify the data clusters, reducing the error associated with prospective TI
assignment. With CRG-gated acquisition, TI clusters occur at fairly regular periods with no
gaps during the inspiratory phase of respiration. This is due to variation in the respiratory
period, resulting in the inspiratory phase occurring at different TIs throughout the scan.
Results from phantom experiments with CRG gating from a live mouse further illustrate
how poor ECG triggering, heart rate variability, and incorrect TI assignment translate to
error in T1 measurements. Measured T1 values were (A) 1.45s (true value) using a fixed
sampling interval, (B) 1.32s using live mouse ECG gating with prospective TI assignment,
and (C) 1.45s using live mouse CRG with retrospective TI assignment. In reconstructing
CRG-ASL images, secondary cluster membership was used for 1.1 ± 0.1% of all spiral
interleaves in phantom data, and 3.1 ± 0.1% of all spiral interleaves in mice. The improved
accuracy in estimating T1 using retrospective TI assignment, using the fixed sampling
interval method as a standard, demonstrates the advantage of CRG-ASL with FCM image
reconstruction.

Evaluation of CRG-ASL at Baseline, with ATL313, and 1 Day Post-MI
Sample CRG-ASL Look-Locker images using slice-selective (SS) inversion from a mouse at
multiple TIs at baseline (A-E) and one day post-MI (F-J) are shown in Figure 3. These
images (A-E) demonstrate uniform T1 relaxation throughout the myocardium at baseline,
reflecting uniform normal perfusion, and (F-J) regional differences in signal intensity
between infarcted myocardium (white arrow) and remote myocardium (black arrow),
reflecting markedly decreased perfusion in the infarcted zone and normal perfusion in the
remote zone. Regional differences in T1 relaxation are quantified by examining T1
relaxation curves from SS and NS inversions at baseline, with ATL313, and one day post-
MI in remote and infarcted regions as shown in Figure 4. At baseline (Figure 4A), the shift
between NS and SS data reflects the T1,SS shortening effect of normal myocardial perfusion
compared to T1,NS. For the data shown for this single mouse, the specific T1 values were
1.60s (NS inversion) and 1.40s (SS) corresponding to perfusion of 5.03 ml/g·min. In
response to ATL313 (Figure 4B), the increased shift between NS (1.67s) and SS (1.29s) data
indicates increased perfusion (10.37 ml/g·min). At one day post-MI, the shift in T1
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relaxation (1.54s (NS) and 1.36s (SS)) and perfusion (4.66 ml/g·min) in remote myocardium
(Figure 4C) were similar to baseline values. In contrast, a decreased T1 shift between NS
(1.80s) and SS (1.75s) data in infarcted myocardium (Figure 4D) reflects a significant drop
in perfusion (1.00 ml/g·min) as compared to baseline.

Measurements of T1 using CRG-ASL averaged over all scans at baseline, with ATL313, and
one day post-MI are shown in Figure 5. At baseline, with ATL313, and in remote zone
myocardium, T1 was significantly shorter following selective inversion than following
nonselective inversion, due to relatively high levels of myocardial perfusion. In contrast, in
infarct zone myocardium, T1 following selective inversion did not differ significantly from
that following non-selective inversion, reflecting very low levels of myocardial perfusion. In
addition, in infarct zone myocardium, both selective and non-selective T1 values were
significantly higher than non-selective T1 in all non-infarcted tissues. The longer T1 values
in the infarct zone are probably due to tissue edema secondary to infarction. The T1 of blood
was calculated from all baseline ASL scans as 1.62 ± 0.03s. In addition, infarct size one day
after coronary ligation surgery was 43.4% ± 3.7% of LV mass.

Representative T1 maps generated from baseline SS (A), baseline NS (B), day 1 SS (C), and
day 1 NS (D) acquisitions are shown in Figure 6. At baseline, T1 appears relatively uniform
throughout the myocardium for both SS and NS measurements, with T1 differing
significantly between SS and NS acquisitions. In contrast, regional differences in T1 are seen
in both the SS (C) and NS (D) T1 maps at day 1 post-MI. Specifically, T1 values in remote
zone myocardium appear similar to baseline values for both SS and NS acquisitions. In
contrast, similar T1 values for both SS and NS acquisitions in infarct zone myocardium
result from decreased regional myocardial perfusion. Additionally, regionally increased T1
measurements for both SS and NS acquisitions reflect myocardial edema in the infarct zone.

Improved measurement of regional myocardial perfusion using CRG-ASL is illustrated by a
comparison of perfusion maps generated one day post-MI using both the CRG-ASL method
(Figure 7B) and using an ECG-gated acquisition with prospective image reconstruction
(Figure 7C). Using CRG-ASL, a significant decrease in perfusion is seen throughout the
infarcted myocardium compared to remote myocardium (Figure 7B), with the region of
infarction being defined by the contrast enhanced image (Figure 7A). Compared to CRG-
ASL, the perfusion defect is significantly underestimated with prospective image
reconstruction (Figure 7C). With a threshold of P < 1.6 ml/g·min (chosen as the day 1 post-
infarct mean + SEM) for determining significantly reduced perfusion, 81.2% ±4.1 % of
voxels within the infarct zone (n=5) are classified as displaying significantly reduced
perfusion using CRG-ASL. In contrast, only 32.9% ± 15.8% of voxels within the infarct
zone are correctly classified as having reduced perfusion with prospective image
reconstruction (n=2). Figure 8 displays measurements of perfusion by CRG-ASL at baseline,
with ATL313, and in remote and infarcted regions of interest one day post-MI. CRG-ASL
showed that perfusion increased significantly (P < 0.05 vs. baseline, remote and infarct) in
response to vasodilatation with ATL313, while respiration and temperature were unchanged
(Table 1). Perfusion in remote myocardium remained at baseline levels while it decreased in
infarcted myocardium by 83% (P < 0.01 vs. baseline) one day post-MI.

Since perfusion in the skeletal muscle of the chest wall is known to be very low, it is a good
close-to-zero reference. At baseline, the T1,SS of chest muscle was measured as 1.77 ± 0.08s
and T1,NS was measured as 1.78 ± 0.08s, resulting in perfusion of 0.12 ± 0.19 ml/g·min. In
response to ATL313 T1,SS was 1.81 ± 0.03s and T1,NS was 1.82 ± 0.03s, resulting in
perfusion of 0.27 ± 0.40 ml/g·min. When measurements were repeated at 1 day post-MI,
T1,SS was 1.86 ± 0.05s and T1,NS was 1.86 ± 0.04s, resulting in perfusion of 0.07 ± 0.23 ml/
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g·min. The differences between baseline, ATL313, and at 1 day post-MI were not
significant.

Time course of Post-MI Myocardial Perfusion
The time course of perfusion in infarcted myocardium during infarct healing paralleled
previously known changes in LV structure and function. Global LV function, structure and
hemodynamic measurements taken following MI are shown in Table 2. Significant increases
in end diastolic volume (EDV) and end systolic volume (ESV), and decreases in ejection
fraction (EF) and wall thickness in infarcted myocardium reflect post-MI LV dilation and
remodeling. Figure 9 displays the time course of regional perfusion at one, seven, fourteen,
and twenty eight days following reperfused MI. These data show an immediate drop in
perfusion in the infarct zone at day 1 post-MI, followed by increases in perfusion between
one and fourteen days post-MI. Infarct zone perfusion then remains lower than both baseline
and remote zone perfusion through day 28 post-MI. LV structure and global function, as
assessed by EDV, ESV, and EF, also change primarily between one and fourteen days post-
MI, with little change between days fourteen and twenty eight post-MI. Remote zone
perfusion did not change significantly from baseline values during the course of infarct
healing.

Discussion
CRG-ASL, which employs a FCM clustering algorithm to retrospectively reconstruct ASL
images and assign image TI, was implemented to assess myocardial perfusion in mice with
reduced sensitivity to erratic breathing, variable cardiac rhythm, and imperfect ECG R-wave
detection, such as occur following MI. This technique improves the accuracy of T1
quantification by 1) reducing respiratory artifact, 2) sorting acquired data more accurately,
and 3) using FCM to assign image TI.

CRG-ASL with FCM clustering compares favorably to prior methods for reducing
respiratory artifact and the effects of poor ECG triggering. In contrast to previously
described methods (12-14), CRG does not affect vascular tone or require elimination of data
points within T1 relaxation curves. Additionally, prior ASL studies in mice were highly
sensitive to missed ECG triggers as ASL images were reconstructed without accounting for
variations in TI (12-15) and image TI was assigned either as the average TI of unsorted data
(13) or as the average TI of only part of acquired data (12,14). Retrospective image
reconstruction sorts acquired data based on TI, making it insensitive to variable cardiac and
respiratory rates or missed ECG triggers.

The proposed method of retrospective image reconstruction is simplified by use of spiral
imaging (27). In spiral imaging, each interleaf samples an equivalent range of spatial
frequencies. In contrast, if data were acquired using a 2DFT method, it would be necessary
to consider giving different weights to the inversion times of different lines of k-space based
upon distance from the center of k-space when determining image TI. Additionally, ASL
image quality is improved due to shorter TE and reduced motion artifact associated with
spiral imaging. In order to reduce spiral blurring artifact due to off-resonance effects at a
field strength of 7T, the duration of each spiral interleaf was set to 2ms, which is very short
compared to typical durations at lower field strengths. Other k-space trajectories where each
acquisition samples an equivalent range of spatial frequencies, such as radial sampling,
would also be applicable and potentially more easily implemented.

Our measurements of mean baseline myocardial perfusion in mice are lower than those
observed by Streif et al. (12) (7.0 ± 0.5 (SE) ml/g·min), Nahrendorf et al. (14) (6.7 ± 0.3
(SE) ml/g·min), and Kober et al. (13) (6.9 ±1.7 (SD) ml/g·min), but are higher than our
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previously published values (4.3 ± 0.3 (SE) ml/g·min) (15). The sensitivity of prior methods
to variability in heart rate and the effect of respiratory artifact may underlie the differences
between our current measurements of baseline perfusion and previously reported
measurements, as these would tend to increase the measured perfusion value. The
differences may also be explained by differences in anesthesia. Kober et al. (13) previously
described increases in perfusion from 6.9 ml/g·min to 16.9 ml/g·min when isoflurane levels
were increased from 1.25% to 2%. Higher perfusion measurements reported by others may
be caused by higher isoflurane levels in two prior studies (12,14) (1.5% vs. 1.25% in our
study), or by the administration of isoflurane in a 1:1 mixture of oxygen and nitrous oxide in
a third study (13). A similar study performed in rat hearts showed that myocardial perfusion
measured with pentobarbital increased by 25% when nitrous oxide was administered (25).
Compared to our prior study (15), we observed a slight increase in baseline perfusion, and a
smaller increase in response to ATL313 (8.15 ±1.0 ml/g·min vs. 11.5 ± 1.0 ml/g·min (15)).
Our previous ASL method did not correct for the effects of repeated excitation pulses,
potentially underestimating relaxation times and perfusion. Although this was particularly
evident at baseline, our prior method was also highly sensitive to the significant and
transient changes in heart rate elicited by ATL313, leading to significant prospective gating
error and overestimation of perfusion with ATL313. The differences between the prior
findings and those currently reported highlight the importance of retrospectively
reconstructing images when heart rate is variable during data acquisition.

Comprehensive assessment of perfusion in mice during acute MI and post-MI infarct
healing has not been investigated previously. Two separate studies measured perfusion at
four weeks after MI in WT mice, but only in remote myocardium (3.97 ml/g·min (14) and
4.76 ml/g·min (12)). Two studies of myocardial perfusion in rats between 8 and 16 weeks
post MI have found a progressive decrease in perfusion at rest and in response to adenosine
in remote (20,21) and border zone myocardium (20) when compared to sham operated
animals. In one study perfusion decreased from 4.13 ml/g·min at 8 weeks to 2.73 ml/g·min
at 16 weeks in remote myocardium, and from 2.81 ml/g·min to 1.98 ml/g·min in border zone
myocardium (20). In both studies perfusion was not measured in infarcted myocardium. Our
results in mice indicate nonsignificant changes in remote zone perfusion for 4-5 weeks
following MI, and these results are similar to those of one prior study (12).

Our measurements of perfusion in the infarcted region during the process of infarct healing
(days 1 – 28 post-MI) may reflect neovascularization, and are consistent with findings in
prior histological studies of blood vessel growth (34). Vandervelde et al. examined
neovascularization in infarcted myocardium following reperfused MI in mice, reporting
growth of medium and large size vessels between 4 and 14 days post-MI (31). Our
measurements of perfusion in infarcted myocardium indicate recovery of blood flow
between 1-2 weeks post-MI (Figure 9), possibly reflecting the growth of medium and large
size vessels during this period. Despite these increases, perfusion in infarcted myocardium
trended lower (P = 0.13) than baseline myocardial perfusion at 28 days post-MI. These
measurements are consistent with in vivo structural and functional data demonstrating the
conclusion of LV remodeling and scar formation (5,35) by this time and in vitro data
regarding vascular structure in mice (31) during this time period.

Limitations of CRG-ASL are that only a single slice is acquired and that the scan time is
long. Another limitation of this study is that no additional independent perfusion
measurements, such as microspheres, were performed to validate the CRG-ASL technique.
Additionally, since the T1 of infarcted myocardium at one day post-MI is approximately
1.8s, our results may have benefited from extending the TI range beyond 5s. However,
increasing the range of TIs further would result in longer scan times.
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Conclusions
The technique presented in this paper improves upon prior cardiac ASL methods in mice
and develops a method for use in studying perfusion of the infarcted mouse heart that is
insensitive to respiration and variable ECG triggering. This method can be used in
genetically-engineered mice to examine the roles of individual genes in modulating
myocardial perfusion during infarct healing.
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Figure 1.
FAIR Look-Locker CRG-ASL pulse sequence with spiral gradient echo readout. Respiration
and ECG were monitored during imaging, and cardio-respiratory triggers (ECG & Resp)
were generated during the quiescent phase of expiration (respiratory window). Following the
first CRG trigger, a FAIR inversion (dotted box) was applied. The inversion pulse can be
either slice selective (solid line for Gz in the FAIR module) or non-selective (dotted line for
Gz in the FAIR module). Spiral gradient echoes (solid box) were acquired after every CRG
trigger for a period of 5 seconds following magnetization inversion.
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Figure 2.
Partial histogram of the TIs of the acquired CRG-ASL data. Data were acquired for TIs up
to 5000 ms, but only shown up to 2000 ms for figure clarity. The average R-R interval
during the scan (prospective interval) was 128 ms (circles), and retrospective TIs were
determined with FCM (squares). Retrospective TI calculation by FCM is more accurate than
prospective assignment.
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Figure 3.
Images with slice-selective inversion acquired using CRG-ASL with FCM image
reconstruction at baseline (A-E) and one day post-MI (F-J) from the same mouse. Arrows in
panels G and H point to remote (black arrow) and infarct (white arrow) regions 1 day after
MI. Compared to non-infarcted myocardium, a relative increase in the apparent T1 due to
decreased perfusion leads to signal intensity changes in the infarct zone. The uniform
intensity of myocardium in panel J indicates that differences seen in panels F-I are due to
differences in T1 and not proton density.
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Figure 4.
Sample T1 relaxation measurements (symbols) and best Bloch equation model fits (lines) for
non-selective (NS) and slice-selective (SS) inversions at baseline (A), with ATL313 (B), and
in remote (C) and infarcted (D) myocardium 1 day post-MI. The shift between NS and SS
T1 relaxation data depends on tissue perfusion. Relative to baseline (A), that shift increases
in response to vasodilatation with ATL313 (B), is unchanged in the post-MI remote zone
(C), and decreases in infarcted myocardium (D).
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Figure 5.
Average T1 for NS and SS inversions measured at baseline, with ATL313, and at day 1 in
remote and infarcted myocardium (*P < 0.01 vs. selective). At baseline, with ATL313 and
for the day 1 remote region, SS T1 is less than NS T1 due to relatively high perfusion. For
the day 1 infarct region, SS T1 is not significantly less than NS T1, reflecting the relatively
low perfusion in this area. Also, in the day 1 infarct region, both the SS T1 and the NS T1
are high relative to baseline values. This finding likely represents infarct-related edema in
this region.
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Figure 6.
Sample T1 maps from slice-selective and non-selective CRG-ASL scans at baseline (Panels
A,B) and one day post-MI (Panels C,D) demonstrate regional changes in T1 relaxation
following MI due to both tissue edema and low perfusion in the infarct zone. T1 maps were
smoothed using a modified mean crescent filter (36). The filter kernel was 5 pixels wide in
the circumferential direction and 2 pixels wide in the radial direction.
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Figure 7.
Sample perfusion maps generated one day post-MI. (A) Gadolinium-enhanced inversion
recovery image displays hyper-enhancement of the infarcted region (arrow). (B) Perfusion
map generated using CRG ASL with FCM clustering displays a perfusion defect with close
spatial agreement to the infarct region as defined in (A). (C) The perfusion map generated
from the same mouse using an ECG-gated acquisition with prospective TI assignment
underestimated the region with reduced perfusion.
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Figure 8.
Measurements of perfusion by CRG-ASL at baseline, with ATL313, and in remote and
infarcted myocardium 1 day post-MI (*P < 0.05 vs. baseline, §P < 0.05 vs. day 1 remote, #P
< 0.05 vs. day 1 infarct). Myocardial perfusion increased significantly in response to
ATL313, and decreased significantly in infarcted myocardium one day post-MI.
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Figure 9.
Time course of post-infarct myocardial perfusion in infarcted and remote zones. One day
after MI, perfusion was very low in the infarct zone and normal in the remote zone. From
day 1 to day 14, perfusion in the infarct zone increased and perfusion in the remote zone was
unchanged. Symbols designate statistically significant differences (*P < 0.05 vs. remote, §P
< 0.05 vs. baseline, #P < 0.05 vs. day 1 post-MI).
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Table 1

Physiological parameters measured during baseline scanning at rest and after injection of the vasodilator
ATL313 (*P < 0.05 vs. baseline). Heart rate increased significantly in response to vasodilation with ATL313.

Baseline ATL313

Heart Rate (bpm) 455 ± 13 634 ± 15*

Respiratory Interval (ms) 427 ± 31 402 ± 17

Minimum Respiratory Interval (ms) 320 ± 15 330 ± 21

Maximum Respiratory Interval (ms) 510 ± 50 488 ± 21

Temperature (C) 36.3 ± 0.2 36.0 ± 0.4
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Table 2

LV function and hemodynamic measurements during post-MI LV remodeling. Significant increases in LV
volumes indicate progressive LV dilation during infarct healing. These are accompanied by decreased EF, and
decreased wall thickness of infarcted myocardium (*P< 0.05 vs. Day 1, §P < 0.05 vs. Day 7).

Day 1 Day 7 Day 14 Day 28

N 4 3 5 5

Body Weight (g) 21.3 ± 0.5 23.5 ± 0.9 23.6 ± 0.7 25.2 ± 0.8*

EDV (μL) 47.4 ± 4.9 58.9 ± 1.3 71.2 ± 3.3* 70.7 ± 4.1*

ESV (μL) 29.4 ± 4.1 39.9 ± 2.5 52.4 ± 4.2* 52.8 ± 4.1*

EF (%) 38.3 ± 4.9 33.8 ± 3.7 27.3 ± 3.0* 24.9 ± 3.3*§

LV Mass (mg) 70.2 ± 5.6 68.1 ± 1.9 73.0 ± 1.9 81.4 ± 2.3

Remote Zone Wall Thickness (mm) 0.84 ± 0.01 0.86 ± 0.04 0.84 ± 0.03 0.94 ± 0.04

Infarct Zone Wall Thickness (mm) 0.91 ± 0.03 0.67 ± 0.04* 0.62 ± 0.03* 0.61 ± 0.02*

HR (bpm) 569 ± 12 569 ± 35 557 ± 18 567 ± 24

Respiratory Interval (ms) 606 ± 52 428 ± 23* 409 ± 17* 392 ± 34*

Minimum Respiratory Interval (ms) 411 ± 53 388 ± 24 330 ± 10 339 ± 19

Maximum Respiratory Interval (ms) 819 ± 72 506 ± 31* 487 ± 21* 471 ± 13*

Temperature (C) 35.3 ± 0.2 35.6 ± 0.4 35.9 ± 0.3 36.8 ± 0.3
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