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New investigations in MRI of a mouse heart showed high-
contrast cardiac images and thereby the possibility of doing func-
tional cardiac studies of in vivo mice. But is MRI, in addition,
capable of visualizing microstructures such as the coronary arter-
ies and the heart valves of a living mouse? To answer this question,
2D and 3D gradient echo sequences with and without flow com-
pensation were used to image the coronary arteries. To increase
signal-to-noise ratio, a birdcage resonator was optimized for
mouse heart imaging. Contrast between blood and myocardium
was achieved through the inflow effect. A segmented three-dimen-
sional FLASH sequence acquired with a multiple overlap thin slab
technique showed the best results. With this technique an isotropic
resolution of 100 mm was achieved. The left coronary artery could
be visualized up to the apex of the heart. This is demonstrated with
short axis views and 3D surface reconstructions of the mouse
heart. The four cardiac valves were also visible with the 3D
method. © 2000 Academic Press

Key Words: mice; coronary angiography; cardiac valves; three-
dimensional; magnetic resonance imaging.

INTRODUCTION

Mouse models have become more and more popul
different fields of basic research. This is due to the cu
possibility of constructing mouse models with distinct gen
modifications such as gene overexpression, mutation,
knockout. Recently, it was shown that MRI is an excellent
for investigating myocardial function and mass in adult (1–5)
and even in newborn mice (6). Cardiac motion artifacts can

inimized with electrocardiographic (ECG)-triggered
uences. Focusing on short echo (TE) and repetition t
TR), segmentedk-space FLASH (fast low angle shot) se-

quences (7, 8) can perform high-quality mouse heart ima
(5) even at a typical murine heart rate (HR) of 500 to 630 b
per minute. The contrast between the big heart structures
as the myocardium, and the heart chambers is sufficie
investigate cardiac function and myocardial mass.

Still up to now no method which could visualize card
microstructures including heart valves and coronary arteri

an in vivo mouse heart has been presented. Several hum
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cardiac studies have shown the advantages and disadva
of two-dimensional (2D) versus three-dimensional (3D) t
niques (9–14). The main advantage of 2D sequences is
short acquisition time, so that one slice can be imaged w
one breathhold. Three-dimensional imaging includes a h
signal-to-noise ratio (SNR) per acquisition time than of
multislice technique (15) and a higher possible resolution in
third dimension. However, due to the long acquisition ti
most ECG-triggered 3D sequences cannot be implemen
combination with a single breathhold technique. There
most ECG-triggered 3D sequences of human coronary ve
suffer under a negative respiratory motion effect (16). It has
been shown that respiratory navigation can reduce this br
ing-dependent motion artifact (17); however any navigatio
technique prolongs the acquisition time. A new approac
human coronary angiography is VCAT (volumecoronaryan-
giography withtargeted scans) (18). The 3D slabs are pos
tioned along the major axis of the coronary vessels. Eac
slab can be acquired during a single breathhold; howev
needs a lot of experience to find these positions in a su
time.

For coronary angiography (CA) of the mouse, the key p
lems are similar to human CA. The fast beating of the m
heart demands ultrafast imaging techniques to minimize
tion artifacts. The small size of the mouse heart with its le
of less than 10 mm requires high-resolution images to d
guish small cardiac structures. To visualize coronary ve
with a proximal diameter of 100–200mm (19), high resolution
must be realized not only in plane but in all three dimensi
Due to the assumed small voxel size, the radio frequency
coil must be optimized with respect to the size of the mo
heart to achieve the highest possible sensitivity. The purpo
this study was to investigate the feasibility of magnetic r
nance imaging to explore murine cardiac microstructures
coronary vessels.

Therefore, an optimized birdcage resonator was constr
to ensure the maximum possible SNR. Different gradient
(GE) sequences were implemented and tested by varying

antrast-specific NMR parameters (TR, flip angle, slice thickness).
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291MRI OF MOUSE HEART
The results of three major sequences—a segmente
FLASH, a conventional 3D GE, and a segmented 3D FLA
sequence—acquired with a multiple thin slap technique15),

re described and the images of the best sequence ar
ented.

MATERIALS AND METHODS

Mouse preparation. Young mice (body weight 14–18
ere anesthetized with 1.5 vol% Isoflurane. Electrocardiog
ires were attached to the front paws which were wrap
ith thin copper foil. The ECG trigger signal was taken fr
homebuilt ECG unit with adjustable trigger level and trig

elay (20). The heart rate of anesthetized mice ranged
30 to 500 beats per minute. During the NMR experimen
ouse was positioned supine on a homebuilt warming p
aintain constant body temperature throughout the MR s

Hardware. We used a 7 TBruker BIOSPEC 70/20 scann
Bruker, Ettlingen, Germany). The system was equipped
BIOSPEC G060 gradient system capable of 870 mT/m

mum gradient strength and 280ms rise time. A laboratory
built eight-rung birdcage (21) was used for both spin excitati

nd signal detection. This birdcage was optimized for m
eart imaging: The coil length of 20 mm at a coil diamete
4 mm guaranteed a good sensitivity in the center of
robehead. Due to the shortness of the birdcage, the sens
rops about 10% within a range of 10 mm in thez direction.

Thus, the filling factor of the coil was optimized for mou
hearts with a typical length of 10 mm or less. In orde
increase the sensitivity by a factor of=2, the coil was quadra
ture driven (22).

MRI sequences.Regarding the ultrasmall size of the str
ures of interest, the following technical requirements mus
ulfilled for all sequences:

The resolution must be below (200mm)3, because the d-
meter of the proximal coronary arteries is 100–200mm (19),
nd the estimated thickness of the valve leaflets is a
00 mm.
The sequences must be ECG triggered and thek-space line

must be acquired during the diastole for two reasons:
heart’s motion is minimal during this heart phase, so that
sampling during diastole prevents heart motion artifacts.
maximal blood volume flow within coronary arteries occ
during diastole and therefore the wanted inflow effect is m
imized.

The upper heart rate of anesthetized mice at rest is abou
bpm, corresponding to an RR interval of 120 ms. Assum
that the duration of the diastole is half a heart cycle,
sampling ofk-space lines must take place within an acquis
window of 60 ms.

Three different types of heart-triggered sequences wer
plemented and optimized: A segmented 2D FLASH sequ

(7, 8), a conventional 3D GE sequence (23), and a segmented
2D
H
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D multiple thin slab FLASH sequence (15). All sequence
ere triggered by the R wave of the ECG signal. Data ac
ition occurred at middle diastole. In order to minimize fl
nd motion-related image artifacts, two different concepts
pplied:

● On one hand, the shortest possible echo time (TE) o
ms was utilized in 2D and 3D sequences. In addition, the
slabs were oriented perpendicular to the proximal left coro
arteries, in order to minimize in plane blood flow. This met
is applicable to mouse CA, because typically the murine
onary artery system, which is different from human anato
lacks a left circumflex (24).

● On the other hand, flow compensation in the read dire
was implemented, which extended TE to 2.4 ms.

The echo center was at the 64th point in a 256-point rea
period. The TR of the segmented sequences was 4.6 ms
flip angle was about 40°. A field-of-view of 253 25 mm was
employed. With a matrix size of 2563 256, the nomina
in-plane resolution was 100mm. To elevate SNR and to furth
reduce motion artifacts the complete images were averag
times (serial averaging) (25). Fat suppression was not nec
sary, as the hearts of the mice studied with 14–18 g
weight did not show any epicardial fat. This was consis
with findings in autopsy. It was shown that respiratory n
gation of MRI of a living mouse is feasible and bears
potential of significant image improvement, particularly
abdominal structures. However navigator-corrected imag
the heart showed only minor improvement of edge defin
and image contrast (26). Thus, respiratory triggering or gati

as not implemented in this study.
Thesegmented 2D FLASH sequencewas realized with sho

E, as described above, and a section thickness of 500mm.
Eight segmented phase steps were acquired over 36
during consecutive diastolic heart phases. The com
k-space was acquired within 32 RR intervals in about 4 s

For theconventional 3D GE sequencea section thickness
.4 mm was excited. The flip angle was 90°. The acquisitio
ne echo per heart cycle leads to TR equal to the time o
eart cycle (1/HR). Thirty-two phase steps in the secon
ection resulted in a resolution of 200mm in the slab direction

The section thickness of thesegmented 3D multiple thin sl
FLASH sequencewas optimized with regard to achieving
largest possible slab thickness without loss of blood ti
contrast. Stepwise increasing the slab thickness from 1
6.4 mm, an excited thickness of 3.2 mm was found to b
ideal compromise. With 16 phase increments in the se
phase direction, a resolution of 200mm in the third dimensio
was achieved. The slab orientation was chosen as a tran
section or as a double-oblique short axis view. The short
view has the advantage that the main left coronary arterie
oriented perpendicular to the slab. This increases inflow
trast and reduces flow artifacts (also from the ventric

blood). A sinc pulse with two loops was used as RF excitation
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292 RUFF ET AL.
pulse. We chose a slab overlap of 9/16 (15), so that 7 of the 1
acquired slices were used for the 3D data set. This overla
necessary due to the low contrast in the slab periphery
approach steady-state conditions and suppress tissue sig
dummy pulses with a flip angle of approximately 30° w
applied immediately prior to the imaging segment. The m
surement timeTslab for each 3D slab was 6–9 min, depend
on TR (which corresponds to the RR interval (RR)) and
number of averaged experiments (NEX5 6). This can b

valuated by

Tslab5 RR3 Nphase 2D/Nechoes3 Nphase 3D3 NEX,

whereNphase 2DandNphase 3Dare the number of phase increme
in the first and second phase direction, respectively.Nechoes is
the number of acquired echoes per RR interval. The com
heart could be imaged with 7 to 8 slabs in approximately
(without image processing). Within this time, the heart rate
vary, which leads to an acquisition of MR data in a slig
different heart phase. This problem was avoided by monito
the ECG signal and phase gradient signal simultaneous
one oscilloscope. When the heart rate increased signific
the trigger delay, which was realized as an hardware trim
was reduced manually to reset the end of the acquis
window to the beginning of the QRS complex.

Postprocessing. Postprocessing of the discrete data
acquired with the multiple thin slab technique was necessa
achieve a composed high-contrast 3D data set. The raw
were filtered with a Gaussian high-pass filter to damp the s
of large structures, especially the myocardium (27). With this
lter, the contrast between coronary arteries and myocar
ould be significantly improved. Zerofilling of the raw data
123 5123 64 (double zerofill in plane and fourfold zero

FIG. 1. Transverse slice acquired with the segmented 3D FLASH se
blood within the LCA is imaged with high signal intensity. (b) The read d
completely. (c) First-order flow compensation in the read direction cann
n the second phase direction) was applied to enhance t
as
o
l, 8

a-

e
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g
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to
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isualization of the small coronary arteries. Data were Fo
ransformed and the overlapping slabs were merged to a
D data set. Short axis slices were chosen directly from
ata set.
Three-dimensional visualization was done with AMI

oftware (ZIP, Berlin, Germany). For a rapid illustration of
oronary course, the mouse heart must be cut out of th
ata set to rid the view of the heart from pulmonary ves
hen a surface visualization of distinct intensity values b
imple threshold algorithm is sufficient. For the surface v
lization we used AMIRA’s automatic threshold segmenta

n three dimensions. The different compartments such a
entricle (LV), right ventricle (RV), left coronary (LCA), an
ight coronary artery (RCA) were manually separated at
onnections and allocated to different colors to enhanc
natomy of the mouse heart.

RESULTS

Respiratory motion artifacts (well known from human h
imaging (28)) were not visible within the images acquired w
he sequences described.

The 2D technique with a section thickness of 500mm was
not able to depict any coronary artery in plane. Only a per
dicular cut through the coronary vessel could visualize
lumen as a highlighted point at the epicardial border of
myocardium.

With the conventional 3D GE sequence, only proxi
coronary vessels could be depicted. The blood signal of
vessels waned within the first half of the slab. Best results
obtained with the segmented 3D FLASH sequence with a
thickness of 3.2 mm.

In most examined mice, the proximal left coronary ar

ence. (a) The phase direction is chosen in the direction of the bifurcatin
tion is set parallel to the proximal LCA. The coronary artery blood signaanishe
completely compensate for the dephasing effect of the read gradient.
qu
irec
hecould be seen within a transverse slab positioned at the place of



na
ag
hi
in

Ho
na
ctio
e
flo
pr
. 1

fro
t a
use
es

righ
eta
Fig

itra

and
mal
fter
as
enti-
t the

set.
such
ures
ortic

dis-
slab
ular
rses
ies.
LCA

ane
ular

A, right
ches. The
One lea
L, anterior

till

293MRI OF MOUSE HEART
the aortic root. However, sometimes the blood of the coro
vessel, which proceeds a few millimeters in plane, was im
as black blood (Fig. 1b), caused by spin dephasing. Switc
the phase gradient parallel to the blood flow direction m
mized this dephasing effect, as demonstrated in Fig. 1a.
ever blood flow in the coronary vessels is not unidirectio
and it is not possible to align the phase gradient in the dire
of all vessels. Gradient moment nulling (29) should reduce th
flow dephasing effects, but the implemented first-order
compensation in the read direction could not completely
vent the flow-dependent dephasing effect, as shown in Fig
To avoid dephasing effects and benefit simultaneously
shortest possible TE, the 3D slabs were oriented as shor
slabs and no flow compensation gradients were further
With this technique we gained high-contrast cardiac imag

Large structures, such as the LV and RV, the left and
atrium, and the aortic root, could be imaged with great d
(Figs. 2a–2c). The four cardiac valves (pulmonary valve (
2a), aortic valve (Fig. 2b), tricuspid valve (Fig. 2c), and m

FIG. 2. Short axis view images acquired with the segmented 3D th
coronary artery; LCA, left coronary artery; M, internal mammary arter
pulmonary valve (PV) separates RV and the pulmonary artery. (b) The
of tricuspid valve (T) between RV and RA. The LCA passes between R
mitral leaflet, PML, posterior mitral leaflet, and the proximal LCA. S is s
valve (Fig. 2d)) were clearly visible in the acquired diastolic
ry
ed
ng
i-
w-
l,
n

w
e-
c.

m
xis
d.
:
t
il
.

l

heart phase. Within the short axis views of Fig. 2, the LCA
RCA were well identifiable: Figure 2a shows the proxi
RCA and its division. In Fig. 2b the LCA is imaged short a
its origin. The LCA is further visible in Figs. 2c and 2d
indicated. In addition, a septal coronary artery (S) was id
fied. This vessel has its origin in the RCA and courses a
border of the septum and the RV (Figs. 2c and 2d).

Any oblique slice can be reconstructed from the 3D data
The coronal oblique slice in Fig. 3a shows large structures
as the LV, RV, and the aortic root, as well as microstruct
such as the proximal LCA and the pulmonary and a
valves. The stripes within this picture are caused by the
crete slab acquisition. The signal intensity variation at the
borders depends on inflow and outflow effects of ventric
blood. Nevertheless, the border line of LV and RV cou
continuously and the LCA is depicted without discontinuit
Figure 3b shows the longest possible representation of the
within one plane. It illustrates the difficulty to find such a pl
with 2D techniques during the MR experiment. The partic

lab technique. RV, right ventricle; RA, right atrium; AR, aortic root; RC
d vein; S, septal coronary artery. (a) The RCA divides into two bran
short after its origin and the three leaflets of the aortic valve (AV). (c)flet

nd the left atrium. S is visible at the border of septum and RV. (d) AM
identifiable.
in s
y an
LCA
V a
oblique orientation also varies from object to object.
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294 RUFF ET AL.
Due to the tortuous course of the coronary arteries, the e
LCA cannot be depicted within one plane. Hereby, 3D sur
visualization can help to show the complete course of det
coronary arteries. Figure 4 illustrates surface renderings o
segmented data set. Figure 4a represents the murine hea
the top. One can view inside the aortic root (dark red). The
RCA branches (yellow) run over the RV (blue). The L
(yellow) is visualized from its origin to the apex of the he
A lateral view (Fig. 4b) of the segmented compartments

FIG. 3. (a) Coronal oblique slice reconstruction with RV, LV, AR, P
of the LCA. The lower image shows a midventricular short axis view w

FIG. 4. Surface visualization of the segmented 3D data set. (a) Vie

(yellow). (b) Lateral view of LV (red), RV (blue), aortic root (dark red), left
ire
e
ed
he
rom
o

.

(red), left atrium (red), aortic root (dark red), RV, and L
illustrates the ellipsoidal shape of the LV and the exact co
of the LCA.

DISCUSSION

In human cardiac studies, respiratory motion causes g
ing and blurring artifacts (28). However mouse heart imag

cquired with GE sequences did not show any respir

nd proximal LCA. (b) Reconstruction of an oblique slice with maximum
LV, apex of RV, and a branch of the LCA.

om the top with RV (blue), LV (red), aortic root (dark red), and corona
V, a
w fr

atrium (red), and left coronary vessel tree (yellow).
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295MRI OF MOUSE HEART
ghosting (26). Respiratory image disturbance could be inc
spicuous in mouse heart imaging due to the low ratio
breathing rate to heart rate for anesthetized mice of 1:830)
typical ratio for man is 1:4). The inspiration phase of an
hetized mice is, in addition, very short with respect to the
reathing cycle. This means that at maximum every
-space line is missregistrated during the acquisition o
ouse heart. Multiple serial averaging (25) has further reduce

espiratory ghosting and pulsating flow artifacts in car
ouse imaging, so that there was no need for respira

riggered or -navigated sequences.
The contrast between myocardium and coronary vess

chieved with inflow effect of the blood. For 3D acquisiti
his inflow effect depends onT1 of tissue in contrast to th
effective T1 of blood, which is related to the ratio of flo
velocity to slab thickness of the stimulated spins.

The 3D GE sequence with a slab thickness of 6.4 mm
shown emphasized blood of a coronary vessel at the uppe
of the excited section, but not at the end of the same v
within this section. We assume that only the upper part o
slab is supplied with unsaturated spins during two excita
pulses due to the inflow of blood, whereas the blood in
distal vessels is replaced with the presaturated blood o
same section and therefore shows no contrast to the surr
ing tissue. The blood flow velocity can be estimated by
division of the length of the enhanced vessel (L vessel) and the
RR interval:

v <
Lvessel

RR
#

4 mm

120 ms
5 3 cm/s.

The 3D GE technique was effectually used in CA of
perfused rat heart, as was demonstrated by Roder an
workers (23). The reasons for the feasibility of conventio
3D GE CA in the perfused heart model are the longer
interval (200–250 ms) and the higher blood flow velocity
these coronary vessels.

With TR equal to one or twoin vivo mouse RR intervals,
is not possible to image the complete coronary vessel tree
sufficient inflow contrast within one single acquisition due
high vessel blood saturation in the lower part of the excited
section.

Thus it was comprehensible that we obtained the best v
tissue contrast for thein vivo mouse heart with the segmen
3D multiple thin slab technique (15). A slab thickness of 3.
mm was just thin enough to take advantage of the inflow e
for the complete section. As we wanted to depict both coro
vessels and microstructures of the heart we sampled the
sets with this slab thickness. For microimaging of heart va
only, thicker slabs can be applied due to the higher
velocities in the heart cavities.

Since the diameter of the coronary vessels is smaller

200 mm (19), partial volume effect and blurring lead to an
-
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overestimated representation of the vessel in the radial d
tion. For the direct investigation of vasoactive drugs suc
adenosine or endothelin 1, a resolution of 50mm in plane an
100 mm in vessel direction should be realized. This nom
resolution can be acquired with TE5 1.5 ms similar to that o
our approach. However, doubling the resolution in three
mensions requires a 64 times longer acquisition time to r
the same SNR. Thus, the measurement time per slab w
increase to 6 h, which is too long forin vivo studies. Suc
studies should be performed with intravascular contrast ag

CONCLUSION

With MRI, murine cardiac microstructures and major co
nary vessels can be visualized. An RF resonator with optim
filling factor is crucial to detect the low signal of coron
vessel blood and to save acquisition time. Two-dimens
techniques have shown that the inflow effect is not sufficie
depict coronary arteries or veins in plane. The conventiona
GE sequence has shown that the inflow of blood during on
interval can only enhance the upper part of the coronary v
tree.

Consequently, the segmented 3D multiple thin slab FLA
sequence achieved the best results. With this techniqu
course of the left coronary arteries was depicted eithe
bifurcating into two major vessels as shown in Fig. 1 or
single major LCA (Fig. 4). This result is in accordance with
findings of Michaelet al. (24), who described these differe
oronary patterns of mice. The nominal resolution of 103

100 3 200 mm3 was enough to visualize the major left a
right coronary arteries, as well as all the four cardiac val

The multiple thin slab technique can further be used for
angiography of any mouse vessel. An interesting applicati
the aortic banding model: The artificial aortic stenosis can
be verified and quantifiedin vivo and can be set in relation
he hypertrophic effect.

Recently apolipoprotein E-deficient mice (31) have bee
hown to develop lesions of atherosclerosis with characte
istribution to those in humans. Sites of predilecions are
ortic root and the lesser curvature of the aortic arch32).
hese mice could be investigated with the present techniq
uantify the developmental changes of atherosclerotic pla
nd their effects on ventricular function.
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