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Abstract—This study investigated the use of an ultrasound biomicroscope (UBM) to observe murine heterotopic
cardiac transplants. By using an UBM (30 MHz), cardiac isografts in eight mice were studied on days 1, 5, 14 and
50 posttransplantation. The same method was tested in allografts in two mice on days 1, 5, 7 and 9. Two-
dimensional imaging delineated the graft structures with high spatial resolution. In isografts, M-mode recording
showed gradually decreased left ventricular (LV) wall thickness and chamber dimension, but increased LV
fractional shortening. Doppler sampling measured blood velocities from the ascending aorta, left coronary artery
(LCA), aortic and mitral orifices of grafts. In isografts, LCA forward flow caused by native circulation to perfuse
the graft myocardium increased from day 1 to 5, then moderately decreased by day 14 and stabilized thereafter.
In allografts, LCA forward flow sharply decreased to almost zero between day 5–9. Therefore, UBM is a reliable
method for following the survival status of cardiac grafts in mice. (E-mail: yqzhou@phenogenomics.ca) © 2007
World Federation for Ultrasound in Medicine & Biology.
Key Words: Mice, Cardiac transplant, High frequency ultrasound, Doppler.
INTRODUCTION

The murine heterotopic heart transplantation model,
which was first introduced by Corry et al. (1973), has
recently become very popular for studying transplant
rejection. In this model, the cardiac graft is implanted in
the abdomen of a recipient mouse, with the blood flow of
the native circulation going through the graft myocar-
dium. The cardiac graft does not work as a pump and the
native heart is still needed for maintaining the circulation
of the recipient. Because many genetically well-charac-
terized inbred mouse strains are available, and also new
transgenic and gene knockout mice have been generated
using advanced techniques, heart transplant models in
mice with specific genetic disparities provide powerful
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tools for elucidating the molecular processes underlying
graft rejection (Krieger and Fathman 1997; Haber and
Shi 1997; Koglin and Russell 1999; Raisanen-
Sokolowski et al. 1999), for exploring genetic and mo-
lecular approaches designed to improve grafts accep-
tance (Mottram et al. 1998; West and Tao 2002) and for
testing antirejection strategies (Kirkman et al. 1985;
Mottram et al. 1987).

Several approaches can be used to evaluate the sur-
vival or detect the rejection of cardiac grafts in mice. Direct
palpation to grade beating strength is a traditional means of
monitoring rejection (Corry et al. 1973). However, this
method is qualitative and subjective, with large interob-
server variability. Endomyocardial biopsy remains the
“gold standard” for assessing rejection in humans (Caves et
al. 1973) and large animals (Billingham et al. 1973), but it
is too destructive for mice. The surface ECG of a hetero-
topic graft provides valuable information, but its waveforms
can be affected by location of electrodes, arbitrary and
flexible orientation of the graft (Mottram et al. 1988) and

interference from surrounding structures.
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Echocardiography using clinical systems has been
used to observe the ventricular wall thickness of murine
heterotopic cardiac graft (Scherrer-Crosbie et al. 2002),
but the limited spatial resolution at clinical frequencies
(8 to 12 MHz) seems to preclude its use for a more
comprehensive evaluation. Recently, high frequency (20
to 55 MHz) ultrasound biomicroscopy (UBM) has been
successfully used for in vivo observation of cardiac mor-
phology, function and hemodynamics with much higher
spatial resolution (Zhou et al. 2004b; Zhou et al. 2005).
Therefore, it is of interest to evaluate murine heterotopic
cardiac transplants using this new imaging modality.

The purposes of this study were (1) to establish a
method for in vivo observation of the morphology and
function of heterotopic cardiac grafts in mice using high
frequency ultrasound imaging and (2) to delineate the
physiology of heterotopic cardiac isografts and its
change over time to provide baseline data for future

Fig. 1. Illustration of a heterotopic cardiac transplant in
(MRI) results. (a) Schematic showing a cardiac graft
connected to native abdominal aorta (Ntv-AbA) and ma
cava (Ntv-IVC). The pulmonary veins and venae cav
illustrated. (b) Typical UBM image of an isograft on day
flow channel from the aortic anastomosis, AA to the left v
on day 50 posttransplantation, showing the native heart (

aortic orifice; CS: coronary sinus; LCA: left coronary
studies of cardiac allografts in mice.
MATERIALS AND METHODS

Mice
Eight C3H/He mice (four males and four females;

six to eight weeks old at surgery) were transplanted with
syngeneic cardiac grafts (C3H/He) heterotopically
placed in the abdomen. The donor mice were of similar
age, gender-matched and had similar body weights as the
recipients. The procedure of transplantation was origi-
nally reported by Corry et al. (1973) and modified in our
laboratory (West and Tao 2002). In brief, the donor
ascending aorta was anastomosed end-to-side to the re-
cipient abdominal aorta and the donor pulmonary artery
trunk to the inferior vena cava (Fig. 1a). After surgery,
isografts were monitored by palpation of heart pulsation
in awake mice. A qualitative score was assigned from 4
(strongest) to 0 (absence of pulsation) to evaluate graft
function according to previously reported criteria (Corry
et al. 1973).

ith typical ultrasound and magnetic resonance imaging
ted in a mouse abdomen with ascending aorta (AA)
onary artery (MPA) connected to native inferior vena

the graft are ligated. The intracardiac flow pattern is
ttransplantation, showing the longitudinal section of the
le (LV). (c) MRI image of a fixed mouse with an isograft

and the cardiac graft in an oblique sagittal section. AO:
RA: right atrium; RV: right ventricle; Th: thrombus.
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Cardiac isografts were observed on days 1, 5, 14
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and 50 posttransplantation for structure, function and
hemodynamics using UBM. The observation on day 1
(24 h posttransplantation) served to evaluate the func-
tional status of isografts during immediate postoperation
recovery. On day 5, grafts were assumed to be com-
pletely recovered from surgery. In addition, day 5 cor-
responds to the onset of acute rejection for allografts
(Mottram et al. 1988). Although isografts survive indef-
initely, this study on isografts was designed to provide
reference data for future studies on allografts. Previous
studies on rats showed that the nonworking state of
heterotopic cardiac isografts resulted in decreased car-
diac weight during the first two weeks posttransplanta-
tion, followed by stabilization of cardiac weight after-
wards (Klein et al. 1990). Thus, two weeks posttrans-
plantation is an approximate dividing point between
acute and long-term changes for isografts. Finally, the
observation on day 50 provides a view of the long-term
status of the isografts. Native hearts were not observed
using UBM.

To explore the potential of UBM imaging to detect
acute graft rejection, the left coronary arterial flow pat-
tern of the allografts (BALB/c to C3H/He) in two mice
was observed on days 1, 5, 7 and 9 posttransplantation.
The surgical and UBM imaging procedures were the
same as for the isografts. The survival status of the
allografts was also graded by palpation.

The experimental protocol for this study was ap-
proved by the Animal Care Committee of the Hospital
for Sick Children in Toronto and the study was con-
ducted in accordance with the guidelines established by
the Canadian Council on Animal Care.

In vivo imaging of cardiac grafts using UBM

Instrumental specifications. An UBM (Vevo 660,
VisualSonics Inc., Toronto, Canada) was used. It has a
single element mechanical transducer with a center fre-
quency of 30 MHz and a frame rate of 30Hz. The spatial
resolution of 2-D (B-mode) imaging was �115 �m
(lateral) by �55 �m (axial). Other technical specifica-
tions related to M-mode and Doppler function modalities
have been described in detail previously (Zhou et al.
2004b; Zhou et al. 2005).

Preparation of animals. Mice were anesthetized
using inhaled isoflurane at 1.5% and positioned supine
with four paws taped to electrodes on a platform for
recording ECG waves which showed the signals from
both the native and transplanted hearts. In two mice with
isografts, needle electrodes were placed subcutaneously
in close proximity to the graft located in the abdomen.
This ECG, representing the electric activity of the
isograft, was recorded (Mottram et al. 1988) and dis-

played with the Doppler spectrum for identifying the
flow waveforms produced by the graft and for differen-
tiating them from those caused by the native heart.
Mouse abdominal hair was cleanly removed using hair-
removal cream. Prewarmed ultrasound gel was place on
the abdomen for coupling the transducer and tissue. The
mouse body temperature was monitored by a rectal ther-
mometer and maintained between 36°C and 38°C.

In vivo UBM imaging. The orientation of cardiac
graft was judged by palpation and the graft was usually
found to be situated in the right-middle portion of the
abdomen, with the cardiac base at midline and the apex
pointing inferiorly and to the right. The UBM transducer
was first oriented to obtain a longitudinal section of the
graft, showing the flow channel from its anastomosis
with the native abdominal aorta, retrograde through the
ascending aorta and aortic orifice, to the left ventricular
outflow tract (Fig. 1b). The Doppler sample volume was
placed at the middle portion of the ascending aorta to
record a flow velocity spectrum (Fig. 2b and c). Then, the
sample volume was moved to the aortic orifice, slightly
on the ventricular side, to record the aortic regurgitant
jet.

From the above position, the imaging plane was
slightly adjusted to visualize the proximal part of the left
coronary artery and the Doppler sample volume was
placed at a location distal to the origin of the left coro-
nary artery (0.5–1.0 mm away) for recording a flow
spectrum (Fig. 3a, b and Fig. 4).

The imaging section was then reoriented to make
the longitudinal axis of the left ventricle perpendicular to
the ultrasound beam direction in B-mode imaging. M-
mode recording was made with a cursor line placed
across the largest ventricular chamber dimension.

The transducer was relocated at the graft apex with
the central axis of the transducer pointing superiorly,
posteriorly and leftwards. In that section, both left ven-
tricular inflow and outflow tracts were viewed. The
Doppler sample volume was placed in the mitral orifice,
slightly on the ventricular side for left ventricular inflow
spectrum during diastole and on the atrial side for mitral
regurgitation during systole. By slightly rotating the
transducer counterclockwise, the tricuspid orifice was
also visualized and the right ventricular diastolic inflow
Doppler spectrum was recorded.

Finally, a short axis section of the graft was ob-
tained to visualize the right ventricular outflow tract and
the main pulmonary artery. The Doppler pulmonary ar-
terial flow spectrum was recorded at the middle point
between the pulmonary orifice and the anastomosis of
the main pulmonary artery with the native inferior vena
cava.

In all Doppler recordings, the smallest intercept

angle between the ultrasound beam and the longitudinal
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axis of the flow channel was achieved by carefully ad-
justing the orientations of the transducer and the mouse.
The ECG was always recorded simultaneously with the
Doppler flow spectrum for data analysis. A complete
examination lasted about 30 to 45 min for each mouse.

UBM data analysis
All UBM measurements were made according to

the standards established in human echocardiography

Fig. 2. Flow pattern in the ascending aorta (AA) of a cardiac
and the anastomosis between graft AA and native abdomina
showing a longitudinal section of the flow channel from th
to that shown in (a), with Doppler sample volume located i
The positive waveforms represent the forward flow mainl
cardiac isograft and the negative waveforms represent the
periodic variation pattern of waveforms is caused by the asy
to the respiration cycle as manifested by the artificial ma
electrode at the end of each inspiration). Several velocities in
of the maximal forward waveforms (forward Vmax), lette
(forward Ved), and letter c indicates the peak velocity of th

figure legends for the de
(Quinones et al. 2002; Sahn et al. 1978). M-mode re-
cording of the left ventricle was analyzed for wall thick-
nesses, chamber dimensions and fractional shortening.

Because native and transplanted hearts beat at dif-
ferent rates, the interaction between the native circulation
and the graft yielded complicated flow velocity wave-
forms. Nevertheless, periodically repeated patterns were
recognizable in the ascending aorta (Fig. 2c) and in the
left coronary artery of grafts (Fig. 3 and Fig. 4). To
understand the complex Doppler flow waveforms in left
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isograft was mathematically analyzed (Fig. 3). The
Doppler signal was assumed to be the sum of two peri-
odic waveforms with different frequencies correspond-
ing to the beating rates of native and transplanted hearts.
The velocity waveform for each heart was represented by
a sum of sinusoids with arbitrary amplitude and phase of
the corresponding frequency and its first, second and
third harmonics. The amplitudes and phases were then
extracted by numerically fitting the sum of those two
waveforms to the actual Doppler spectrum recording.
The resulting two periodic waveforms represent the flow
caused by the native circulation (Fig. 3c) and by the
isograft (Fig. 3d). Matlab (The MathWorks, Inc., Natick,
MA, USA) was used for numerical fitting. As demon-
strated, the flow waveform in the left coronary artery
caused by native circulation is similar to a peripheral
arterial flow pattern. The relaxation of the isograft during

Fig. 3. Flow pattern in left coronary artery (LCA) of an
on day 50 postimplantation, showing the location of the
the LCA with periodic variation of waveforms caused
interpret the data, the waveform was decomposed into t
numerical fitting. (c) The waveform representing the fo
assumed to be caused by native circulation alone. (d) Th
the cardiac isograft, with forward (positive) flow durin
ventricular contraction of the isograft. (e) The summed w
Doppler waveform shown in panel (b). In panels (c) to
maximal diastole of the graft, producing the maximal fo
panel (b). Line 2 is at the peak systole of the native hea
resulting in moderate forward flow velocity as indicated b
heart when the flow velocity produced by the graft is cl
(forward Ved) as indicated by letter c in panel (b). Line
forward flow at the end-diastole of the native circulation

as indicated by letter d in panel (b). See previous
diastole yields an additional forward flow in left coro-
nary artery. Conversely, the contraction of the graft pro-
duces a backward flow, most probably by squeezing the
coronary vasculature.

Based on the analysis above, the forward wave-
forms of highest amplitude appeared when the native
heart contracted and the graft simultaneously relaxed.
The maximal velocity was the sum of the peak velocity
caused by the systolic pressure of the native circulation
and the forward flow velocity caused by graft relaxation
and measured as the forward Vmax. The composite wave-
forms with notches on the top represented the turning
point from end-diastole to start of systole of the native
heart. The peaks of moderate amplitude following
notches occurred when the flow caused by the graft is
close to zero and represented the real peak systolic ve-
locity caused by the native circulation. However, this
peak was not always identifiable. The lowest points of

ft and the method of analysis. (a) UBM image of LCA
r sample volume. (b) Typical Doppler flow spectrum of
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(forward Ved) produced by the native heart because it
occurred when the flow caused by the graft is close to
zero (Fig. 3b to e). The backward waveform of highest
amplitude occurred when the graft contracted and the
native heart relaxed and so the maximal velocity repre-
sents the peak velocity caused by the contraction of the
graft against the end-diastolic pressure in the native
circulation and measured as the backward Vmax (Fig.
3b–e). The time-velocity integral was also measured for
the highest forward and backward Doppler flow wave-
forms. When both heart rates were close to each other,
similar waveforms as seen in the cases with more differ-
ent heart rates were still recordable, but with a longer
cycle time of the periodical interference pattern. In that
situation, a bigger time window was used to record
Doppler flow spectrum from more cardiac cycles.

The flow spectrum in the isograft aorta was ana-
lyzed and quantified in a similar way as described above
(Fig. 2c). In analyzing aortic and mitral regurgitations,
the peak velocities of some regurgitant jets were higher
than the upper limit of the UBM system and, therefore,
just semiquantitatively evaluated as higher or lower than
200 cm/s. For the main pulmonary artery, the peak-
velocity and time-velocity integral of forward flow
waveforms were also measured. Because the mitral and
tricuspid inflow waveforms were small in amplitude and
variable in pattern, they were not quantified.

All Doppler parameters were averaged for three
cardiac cycles. The native heart rate was measured from
the forward waveforms of the aortic Doppler recording.
The graft heart rates were measured from the backward

Fig. 4. Doppler flow spectra of the left coronary arter
posttransplantation. Note the modified imaging orientatio

compared to Fig. 3. See previous figure le
waveforms of the aortic flow and left coronary flow and
the forward flow waveform of the main pulmonary artery
and averaged.

Anatomical confirmation of cardiac grafts by magnetic
resonance imaging (MRI)

After UBM examination on day 50, two mice
were perfused with gadopentetate dimeglumine (Mag-
nevist®, Berlex Canada Inc., Quebec, Canada) and
fixed by infusing formalin for MRI (Johnson et al.
2002; Zhou et al. 2004a) using a 7-T magnet (Magnex
Scientific, Oxford, UK) controlled by a Varian spec-
trometer (Palo Alto, CA, USA), as previously de-
scribed (Bock et al. 2003). We used a conventional
spin-echo pulse sequence with the following imaging
parameters: 600 ms repetition time, 18 ms echo time,
60 mm � 28 mm � 28 mm field of view, and 600 �
280 � 280 imaging matrix providing isotropic voxels
of 100 �m resolution. The three-dimensional MRI
data were visualized and analyzed with Amira soft-
ware (TGS Inc., San Diego, CA, USA) for compara-
tive assignments of the cardiac structures visualized
by UBM imaging in similar sections (Zhou et al.
2004b).

Statistics
Changes of measured parameters over the obser-

vation period were analyzed using one-way repeated
measures analysis of variance (ANOVA). The Stu-
dent-Newman-Keuls method was used for all pair-
wise multiple comparisons (SigmaStat, Statistical So-

A) in an allograft on day 1, day 5, day 7 and day 9
the consequent direction of the Doppler flow waveforms
for the definitions of other abbreviations.
y (LC
n and
lutions). All data are expressed as mean � standard
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error of the mean (SEM) and statistical significance
was set at p � 0.05.

RESULTS

One mouse with an isograft was excluded from the
statistical analysis because of the reopening of the fora-
men ovale on the atrial septum (confirmed in UBM
imaging) after day 14 posttransplantation. In the remain-
ing seven mice, there was no significant difference in
heart rate between the native heart and the cardiac
isograft, except that the isograft heart rates on day 1 were
lower than those observed later (Table 1). On day 50
posttransplantation, the palpation grading of all isograft
was 4 except for the excluded mouse, where it was 3.

As visualized by B-mode imaging, fresh thrombus
filled almost the whole left ventricle during the early
posttransplantation period (days 1 to 5) and presented as
homogeneously hypoechogenic (relative to the moder-
ately echogenic myocardium) and nearly static content.
In contrast, a small amount of moving blood flow was
seen as moving speckles around the aortic and mitral

Table 1. The morphological and functional measurem
imaging on days 1, 5, 14 and 5

Parameter Day 1

Body weight (g) 22 � 1
Native heart rate (bpm) 480 � 9
Graft heart rate (bpm) 404 � 19
Ascending aorta

Forward Vmax (cm/s) 15.1 � 1.8
Forward Ved (cm/s) 2.4 � 0.4
Forward TVI (cm) 0.6 � 0.1
Backward Vmax (cm/s) 14.4 � 3.2
Backward TVI (cm) 0.3 � 0.1

Left coronary artery
Forward Vmax (cm/s) 18.1 � 2.2
Forward Ved (cm/s) 10.2 � 1.4
Forward TVI (cm) 1.5 � 0.2
Backward Vmax (cm/s) 6.2 � 1.3
Backward TVI (cm) 0.2 � 0.1

Left ventricle / M-mode
AWed (mm) 1.1 � 0.1
EDD (mm) 2.8 � 0.1
PWed (mm) 1.1 � 0.1
AWes (mm) 1.1 � 0.1
ESD (mm) 2.7 � 0.1
PWes (mm) 1.1 � 0.1
FS (%) 4.0 � 1.6

Main pulmonary artery
Vmax (cm/s) 13.7 � 3.0
TVI (cm) 0.5 � 0.1

Vmax: maximal velocity at peak systole; Ved: velocity at end of diast
at end-diastole; EDD: left ventricular end-diastolic diameter; PWed: le
anterior wall thickness at end-systole; ESD: left ventricular end-systoli
fractional shortening.

The letters a , b , c represent significant difference (p � 0.05) compa
respectively.
orifices. The left atrial chamber was not observable (Fig.
1b). From day 14 to 50 posttransplantation, the thrombus
in left ventricle became smaller in size and inhomoge-
neously hyperechogenic. In the left ventricular chamber,
a larger free space with moving blood flow was ob-
served, along with a significantly dilated left atrium. Old
thrombus in the left ventricle was confirmed by dissec-
tion in all mice at the end of the study.

In the ascending aorta of the isografts, the maximal
velocity of forward flow toward the graft did not change
significantly throughout the observed period, but the
end-diastolic velocity showed inconsistent fluctuations.
Higher end-diastolic velocities corresponded temporarily
to the increase in coronary flow on day 5 and the increase
of the flow through the left heart on day 50 posttrans-
plantation, as indicated below. Considering the backward
flow produced by the contraction of the isograft against
the pressure of the native circulation, the maximal ve-
locity did not change before day 14, but increased sig-
nificantly thereafter (Table 1). Aortic regurgitant jets
were detected at all observed time points and in all seven
mice with isografts. The amplitude of the regurgitant jet

f cardiac isografts in seven mice using in vivo UBM
transplantation (mean � SEM)

y 5 Day 14 Day 50

1 24 � 1a,b 28 � 1a,b,c

25 529 � 7 496 � 13
21a 484 � 28a 479 � 16a

2.0 14.9 � 2.2 15.4 � 1.7
0.4a 3.2 � 0.7 6.2 � 1.2a,c

0.1 0.6 � 0.1 0.8 � 0.1
1.3 11.7 � 3.0 28.1 � 5.7a,b,c

0.1 0.2 � 0.1 0.5 � 0.1a,b,c

7.5a 25.1 � 3.8b 36.6 � 7.0
3.8a 12.0 � 2.0b 18.4 � 3.5b

0.3a 1.7 � 0.3b 2.2 � 0.4
1.9a 7.9 � 2.8b 12.2 � 2.6b

0.1a 0.2 � 0.1b 0.3 � 0.1b

0.1 1.1 � 0.1 1.0 � 0.1
0.1a 1.9 � 0.1a,b 1.9 � 0.1a,b

0.1 1.0 � 0.1 0.8 � 0.1a,b

0.1 1.1 � 0.1 1.0 � 0.1
0.1a 1.7 � 0.1a,b 1.5 � 0.1a,b

0.1 1.0 � 0.1 0.9 � 0.1a,b

4.2 9.6 � 2.4 19.2 � 5.0a,b,c

13.2a 50.2 � 9.1a 44.7 � 4.3a

0.6a 1.9 � 0.5b 1.7 � 0.3b

I: time-velocity integral; AWed: left ventricular anterior wall thickness
ricular posterior wall thickness at end-diastole; AWes: left ventricular
ter; PWes: left ventricular posterior wall thickness at end-systole; FS:

h the corresponding parameter on day 1, 5 and 14 posttransplantation,
ents o
0 post

Da

23 �
505 �
494 �

17.0 �
5.0 �
0.8 �

10.7 �
0.2 �

51.1 �
29.5 �
3.1 �

21.2 �
0.5 �

1.2 �
2.4 �
1.1 �
1.2 �
2.2 �
1.1 �
6.9 �

72.9 �
3.2 �

ole; TV
ft vent
c diame
varied widely during the early posttransplantation period,
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but was consistently higher (five of seven � 200 cm/s)
on day 50.

In the left coronary artery, the maximal velocity and
end-diastolic velocity of forward flow to perfuse the
myocardium of the isograft significantly increased from
day 1 to 5, then moderately decreased from day 5 to 14
and remained consistent thereafter. The maximal veloc-
ity of backward flow produced by the contraction of the
isograft showed a similar trend (Table 1).

Mitral regurgitation was detectable in most mice,
but was absent in one mouse on day 1, in two mice on
day 5 and in one mouse on day 14. The amplitude of the
mitral regurgitant jet consistently increased from day 1
(all seven mice � 200 cm/s) to day 14 (five of seven
mice � 200 cm/s) and stabilized thereafter.

As Table 1 shows, the left ventricular anterior wall
thickness was consistent throughout the posttransplanta-
tion period, but the posterior wall thickness gradually
decreased and the left ventricular chamber dimension
was reduced. In contrast, the left ventricular fractional
shortening increased with time, significantly from day 14
to 50.

The peak-velocity and time-velocity integral of the
main pulmonary artery significantly increased from day
1 to 5, then decreased from day 5 to 14 and stayed
consistent thereafter (Table 1). This temporal pattern is
similar to that of the left coronary arterial flow, possibly
due to the fact that all blood flow in the right heart comes
from the coronary vasculature in this model.

MRI in two fixed mice clearly demonstrated the
connections between the cardiac graft and the native
vessels, the overall morphology of the graft and its
detailed internal structures such as the thrombus. By
manipulating the plane in the three-dimensional data set,
the sections corresponding to in vivo UBM imaging
views were carefully analyzed for comparative assign-
ments of the cardiac structures, as shown in Fig. 1 and
Fig. 2.

In the two mice with allografts, the palpation grad-
ing of the grafts was 4 on day 1, 3 on day 5, 2 on day 7
and 1 on day 9 posttransplantation. The Doppler flow
spectra of the left coronary artery showed that both
forward flow to perfuse the graft myocardium and back-
ward flow caused by graft contraction sharply decreased
after day 5 to 7 to almost zero on day 9 (Fig. 4 and
Fig. 5).

DISCUSSION

This study shows the ability of high frequency ul-
trasound imaging to characterize heterotopic cardiac
transplants in mice noninvasively and comprehensively.
Two-dimensional imaging visualizes with high spatial

resolution the overall morphology and intracardiac struc-
tures. Left ventricular dimensions and fractional short-
ening can be evaluated using M-mode recording. By
using Doppler, flow-velocity patterns are readily esti-
mated at the ascending aorta, aortic orifice, left coronary
artery, mitral and tricuspid orifices and the main pulmo-
nary artery. Longitudinal changes in morphology, func-
tion and flow dynamics of cardiac grafts can be followed
throughout the posttransplantation period.

Coronary arterial flow is directly relevant to the
myocardial blood perfusion of grafts and, therefore, is a
major focus of this study. Any pathologic changes in
myocardium and capillary would first affect the coronary
vascular resistance and, consequently, the coronary arte-
rial flow measurement. Concerning the changes of global
and regional myocardial blood flow related to graft re-
jection, previous studies on canine models have yielded
conflicting results (Saloman et al. 1977; Bando et al.
1991; Pirolo et al. 1993). However, most studies on rat
heterotopic heart transplants found clear evidence of

Fig. 5. Temporal changes of averaged Doppler flow parameters
in the left coronary artery (LCA) of two allografts in contrast
with those of seven isografts. (a) The time-velocity integral of
the maximal forward waveforms (forward TVI). (b) The time-
velocity integral of the maximal backward waveforms (back-

ward TVI).
significant decrease in myocardial blood flow in associ-
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ation with histologically confirmed rejection (Hamano et
al. 1989; Bergsland et al. 1989; Szabo et al. 2001). Szabo
et al. (2001) observed in rat isografts that myocardial
blood flow completely recovered within the first day
postoperatively and remained stable afterwards to day 5.
In allografts, a significant fall in myocardial blood flow
was detected three days after transplantation, corre-
sponding to mild or moderate rejection confirmed by
histology (Szabo et al. 2001). Our data from mouse
isografts during the early posttransplantation period are
generally in agreement with the above findings in rats,
although the recovery of coronary flow in mouse
isografts was slightly delayed. In our mouse model, the
decrease in forward coronary flow from day 5 to 14 and
the stabilization thereafter were most probably attribut-
able to long-term changes of the myocardium and the
coronary vasculature of grafts. Histologic observation of
rat isografts three weeks posttransplantation revealed
graft atrophy associated with a disappearance of capil-
laries, possibly reflecting decreased needs for nutrients
and oxygen transport in the “nonworking” grafts (Raku-
san et al. 1997). Backward flow showed a similar tem-
poral pattern as forward flow, suggesting that greater
myocardial perfusion results in better ventricular con-
traction. In the present study, the left coronary arterial
flow parameters in those two rejecting allografts indi-
cates the rapid decrease of flow perfusion to the graft
myocardium and the consequent decrease of graft con-
tractility after day 5 posttransplantation. The different
temporal patterns of coronary flow between isografts and
allografts suggest their potential for predicting acute
rejection.

The left ventricular wall thickness of isografts in-
creased on day 1 to 5 posttransplantation, compared with
previous measurements of donor hearts before transplan-
tation (�0.73 mm in C57BL/6 mice) (Scherrer-Crosbie
et al. 2002). The increased ventricular wall thickness
during the early posttransplantation period is attributable
to ischemic damage and reperfusion injury, including
cellular swelling, increased vascular permeability and
consequent interstitial edema (Scherrer-Crosbie et al.
2002; Worrall et al. 1996; Rabkin et al. 1999). In addi-
tion, under-filling of the left ventricular cavity in this
heterotopic cardiac transplantation model reduced cham-
ber dimensions and artificially increased the wall thick-
ness (Scherrer-Crosbie et al. 2002). However, the long-
term decrease in the left ventricular wall thickness of
isografts is attributable to the ventricular atrophy due to
decreased hemodynamic load in the left ventricle, as
suggested in previous studies on rat heterotopic isografts
(Klein et al. 1990; Rakusan et al. 1997).

The reduced ventricular chamber dimension of
grafts relative to that of native hearts (end-diastolic di-

mension was �4 mm for C57BL/6 mice of similar age
and body weight) (Zhou et al. 2004b; Zhou et al. 2005)
and its further decrease throughout the posttransplanta-
tion period may be caused by under-filling and absence
of physiological pressure in the left ventricle. As found
in rats, artificially created aortic regurgitation by punc-
turing the aortic valves before graft implantation, in an
attempt to increase hemodynamic load to the left ventri-
cle of isografts, can significantly increase left ventricular
chamber dimension, maintain left ventricular compliance
and partially preserve ventricular mass relative to the
isografts without aortic regurgitation (Spencer et al.
2003).

In contrast, left ventricular fractional shortening
significantly increased with time. Postischemic de-
pression of ventricular function should be a major
reason for the low left ventricular fractional shorten-
ing during early days posttransplantation. The throm-
bus in the left ventricular chamber might also affect
left ventricular contraction. The left ventricular cham-
ber was largest in the early days, but most of the
chamber was occupied by fresh thrombus. This may
partially explain why the left ventricular fractional
shortening did not increase significantly on day 5,
when the best blood perfusion to the coronary system
occurred. With advancing time, the thrombus got
smaller in size and, consequently, more free space in
left ventricle for moving blood became available and
more significant ventricular volume change became
possible. The consistently high aortic and mitral re-
gurgitations, the increased backward flow in the as-
cending aorta and the dilated left atrium during the
late period of observation all suggested the movement
of a larger amount of blood flow through the left heart
and, consequently, a larger change of left ventricular
volume throughout the cardiac cycle. On the other
hand, the aortic and mitral regurgitations were due to
the absence of normal pressure gradients across val-
vular orifices for properly closing valves in this “non-
physiological” condition. The interaction between two
asynchronous hearts also contributes to the valvular
regurgitation.

SUMMARY

This study demonstrates the feasibility of using
high frequency ultrasound imaging comprehensively
to evaluate heterotopic cardiac grafts in mice. The
morphology, function and flow dynamics of grafts can
be followed in a serial manner using B-mode imaging,
M-mode recording and Doppler flow-velocity sam-
pling. Specific temporal patterns have been found for
coronary blood perfusion, left ventricular dimensions
and function of isografts. The preliminary data from

the rejecting allografts suggest the potential of Dopp-
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ler coronary flow parameters for predicting acute re-
jection.
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