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Zhou, Yu-Qing, F. Stuart Foster, Brian J. Nieman, Lorinda
Davidson, X. Josette Chen, and R. Mark Henkelman. Comprehen-
sive transthoracic cardiac imaging in mice using ultrasound biomi-
croscopy with anatomical confirmation by magnetic resonance imag-
ing. Physiol Genoniics 18: 232-244, 2004. First published April 27,
2004; 10.1152/physiolgenomics.00026.2004.—High-frequency ultra-
sound biomicroscopy (UBM) has recently emerged as a high-resolu-
tion means of phenotyping genetically altered mice and has great
potential to evaluate the cardiac morphology and hemodynamics of
mouse mutants. However, there is no standard procedure of in vivo
transthoracic cardiac imaging using UBM to comprehensively pheno-
type the adult mice. In this paper, the characteristic mouse thoracic
anatomy is elucidated using magnetic resonance (MR) imaging on
fixed mice. Besides the left parasternal and apical windows commonly
used for transthoracic ultrasound cardiac imaging, a very useful right
parasternal window is found. We present strategies for optimal visu-
alization using UBM of key cardiac structures including: /) the right
atrial inflow channels such as the right superior vena cava; 2) the right
ventricular inflow tract via the tricuspid orifice; 3) the right ventricular
outflow tract to the main pulmonary artery; 4) the left atrial inflow
channel, e.g., pulmonary vein; 3) the left ventricular inflow tract via
the mitral orifice; 6) the left ventricular outflow tract to the ascending
aorta; 7) the left coronary artery; and &) the aortic arch and associated
branches. Two-dimensional ultrasound images of these cardiac re-
gions are correlated to similar sections in the three-dimensional MR
data set to verify anatomical details of the in vivo UBM imaging.
Dimensions of the left ventricle and ascending aorta are measured by
M-mode. Flow velocities are recorded using Doppler at six represen-
tative intracardiac locations: right superior vena cava, tricuspid ori-
fice, main pulmonary artery, pulmonary vein, mitral orifice, and
ascending aorta. The methodologies and baseline measurements of
inbred mice provide a useful guide for investigators applying the
high-frequency ultrasound imaging to mouse cardiac phenotyping.

cardiovascular morphology; hemodynamics: M-mode; Doppler; phe-
notyping

A VARIETY OF NONINVASIVE IMAGING technologies have been
developed for phenotyping the genetically engineered adult
mice created to model human diseases (1, 14, 16, 17, 24). Of
these technologies, ultrasound imaging is increasingly being
used for characterizing phenotypes of the cardiovascular sys-
tem in mutant and transgenic mouse models, because of its
inherent advantages such as quick and real-time imaging, low
cost, and most importantly the possibility of obtaining the
structural, functional, and hemodynamic information (5, 7).
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Conventional clinical ultrasound systems with imaging fre-
quency up to 15 MHz have been used for cardiac observation
on mice, With two-dimensional (2D) and M-mode imaging, the
left ventricular dimensions have been measured. Following the
formulas established in human echocardiography, the lefi ven-
tricular systolic function parameters and left ventricular mass
have been calculated (6, 15, 21, 25, 31, 34). Aortic flow
velocity measured using Doppler, along with the aortic diam-
eter measured by 2D imaging or M-mode, has been used for
assessing the cardiac output (34). The Doppler mitral inflow
pattern has been recorded for evaluating left ventricular dia-
stolic function (15, 25, 31). However, the limited spatial
resolution of the 2D imaging (~250 pm laterally and ~100
pm axially at 15 MHz) is not ideal for visualizing the small
cardiac structures of mice (35). For this reason, many impor-
tant regions of the mouse heart other than the left ventricle and
aortic root have not yet been explored. Considering that phe-
notypes caused by gene manipulation may involve all elements
of the heart, it is essential to study the entire heart in order to
fully characterize cardiac phenotypes in any newly created
mutant mice.

Recent advances in high-frequency ultrasound imaging,
commonly referred to as ultrasound biomicroscopy (UBM),
provide great potential for more extensive exploration on the
mouse heart (11, 12, 22). In a previous study, the frequency
range from 20 to 40 MHz was found suitable for the cardiac
imaging in adult mice with good spatial resolution and ade-
quate penetration (35). However, a systematic methodology for
in vivo transthoracic cardiac imaging using UBM in the adult
mouse is still lacking.

To establish such a methodology for the first time on mice,
the thoracic gross anatomy has to be evaluated. and more
importantly the individual structures in the ultrasound 2D
images need to be identified. Whole body three-dimensional
(3D) magnetic resonance (MR) imaging of a fixed mouse
provides excellent visualization of internal anatomy (18, 19)
and clearly delineates the morphology of the thoracic organs
such as lung lobes, heart, vessels, and their in situ spatial
relations (37). The 3D MR data set can be used for the
observation of structural continuity, and selected MR sections
provide comparative anatomy for the corresponding UBM
images.

Using a newly developed UBM with a transducer frequency
of 30 MHz, this study was conducted on inbred C57BL/6 adult
mice for the following purposes: /) to explore all possible
acoustical windows for transthoracic cardiac ultrasound imag-
ing; 2) to define ultrasound imaging sections suitable for
cardiac structural, functional, and Doppler hemodynamic eval-
uations; 3) to identify the individual anatomtical structures in
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ultrasound 2D images with comparative MR images; and 4) to
measure the dimensions of key cardiac structures and the
Doppler flow parameters at representative intracardiac sites by
in vivo ultrasound imaging.

MATERIALS AND METHODS

Experimental protocol was approved by the Animal Care Commit-
tee of the Hospital for Sick Children in Toronto, and the study was
conducted in accordance with guidelines established by the Canadian
Council on Animal Care.

In Vive Transthoracic Cardiac Imaging Using UBM

Mice. Seventeen inbred C57BL/6 adult mice were studied (5 males
and 12 females; age range, 5-9 wk; body wt, 20 £ | g) (Charles River
Laboratories, Wilmington, MA).

UBM specifications. A newly developed UBM (Vevo 660; Visu-
alSonics, Toronto, Ontario) was used in the current study. The
single-crystal mechanical transducer has a central frequency of 30
MHz, a focal length of 12.7 mm, and a frame rate of 30 Hz. The
maximum field of view of 2D imaging is 20 X 20 mm with spatial
resolution of ~115 pm (lateral) by —55 pm (axial). In M-mode, the
repetition rate is 1,000 Hz, with 512 depth samples for an 8§-mm
sampling window. The Doppler pulse repetition frequency is up to 96
kHz, corresponding to a maximum unaliased velocity of 120 cm/s

A

UBM

I Iransducer

30 MHz

Mask lor

Toolbox
233

(with incidence angle being zero). This range of velocity measurement
can be doubled by shifting the baseline. In this study the axial
dimension of Doppler sample volume was ~0.5 mm.

Animal preparation. Mice were anesthetized using 1.5% isoflurane
and laid supine on a platform with all legs taped to ECG electrodes for
heart rate monitoring. Body temperature was monitored via a rectal
thermometer (Indus Instruments, Houston, TX) and maintained at
36-38°C using a heating pad and lamp (Fig. 1). All hair was removed
from the chest using a chemical hair remover (Nair; Carter-Horner,
Mississauga, Ontario). The inlet and inferior boundary of the thorax
were marked, and the midline of the chest was drawn and divided into
three equal segments. We define the terms for the transducer orien-
tation relative to mouse as superior, inferior, anterior, and posterior,
which correspond to the cranial, caudal, ventral, and dorsal aspects of
the mouse body, respectively (Fig. 14). The configuration of the 2D
imaging plane is shown in Fig. 18. Three orthogonal planes of the
mouse body are illustrated in Fig. 1C. To provide a coupling medium
for the transducer, a prewarmed ultrasound gel (Aquasonic 100;
Parker Laboratories, Orange, NJ) was spread over the chest wall.
Imaging commenced after waiting ~1-2 min for the mouse to
stabilize.

At first, a pilot observation was conducted in the first five mice to
explore possible acoustic windows by sweeping the exploring image
plane across the whole chest. Three major windows were found in the
right parasternal, left parasternal, and apical regions. Afier establish-
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Fig. |. Sketches of the experimental setup. 4: the mouse orientation and its spatial relation with the ultrasound biomicroscopy
(UBM) transducer. The terms superior, inferior, anterior, and posterior sides correspond to the cranial, caudal, ventral, and dorsal
aspects of the mouse body, respectively. The inlet and inferior border of the thorax are marked. The midline of the chest is drawn
and divided into three equal parts: the upper, middle and lower one-thirds. 8: the configuration of two-dimensional (2D) imaging
plane of UBM transducer. C: the three orthogonal planes of the mouse body.
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ing the window, the transducer was carefully oriented for 2D imaging
section to visualize specific structures. With the experience from the
preliminary study on the first 5 mice, systematic study was conducted
in the remaining 12 mice. In each mouse, cardiac imaging was
initiated in the upper right parasternal region and went down through
the entire right parasternal window to the xiphoid level. Then the left
parasternal window and finally the apical window were explored.
From each window, the longitudinal and transverse imaging sections
were applied. At first, the structure of interest was selected by
sweeping the imaging plane within each window. For best visualiza-
tion of each targeted cardiac structure, the imaging section was
optimized by carefully adjusting the transducer location, the direction

of its central axis, and the orientation of the imaging plane. The
orientation of the finally optimized 2D imaging section was carefully
evaluated relative to the three orthogonal planes of the mouse body.
M-mode recording was made with the targeted structures such as left
ventricular or aortic wall perpendicular to the ultrasound beam.
Doppler sampling was made with the smallest incidence angle be-
tween the Doppler beam and the assumed blood flow direction in the
targeted flow channel. Therefore, for each specific part of the heart,
several imaging sections [rom different windows were identified and
used for either M-mode or Doppler recording. The Doppler flow
veloeity sampling was started in the upper right parasternal region for
the aortic flow: continued downward in the right parasternal window

Table 1. Summary of the representative sections of transthoracic cardiac imaging using UBM in mice

Caode of Location of
Section Transducer Dircction of Transducer Central Axis Orientation of Imaging Plane Targeted Structures and Imaging Modality
Right parasternal longitudinal sections
RL1 Upper 1/3 of Mainly inferior and posterior, slightly Almost parallel to central axis of mouse AAo
chest lefiward, ~40” with coronal plane body Doppler flow velocity (Fig. 6, D and £)
RL2 Upper 1/3 of Mainly posterior, slightly inferior and Parallel to central axis of mouse body RSVC
chest leftward, ~70° with coronal plane 20 imaging and Doppler flow velocity (Fig.
3. 4 and B)
RL3 Middle 1/3 of Posterior and slightly leftward, —70° Parallel 1o central axis of mouse body Ado, 1A, and RCCA
chest with coronal plane 2D imaging (Fig. 9C)
RL4 Middle 1/3 of Lefiward and posterior, —40° with Parallel 1o central axis of mouse body Entire AAr and the origins of three branches
chest coronal plane 2D imaging (Fig. 94)
RLS Lower 1/3 of Posterior and leftward, ~707 with Parallel to central axis of mouse body MO, AD, and AAo
chest coranal plane 2D imaging and M-mode recording of MV,
and AV and AAo walls (Fig. 5, 4 and B;
Fig. 7.0-(7)
Right parasternal transverse section
RTI Lower 1/3 of Mainly posterior, slightly superior Rotated counterclockwise from transverse RVIT
chest and leftward, ~707 with coronal plane by 307 2D imaging of RA and RV; Doppler flow
plane velocity of TO (Fig. 4. 4 and 8)
Left parasternal longitudinal sections
LL1a Upper 1/3 of Mainly posterior, slightly rightward, Parallel to central axis of mouse body LCCA (long axis) and AAr (short axis)
chest 707 with coronal plane 2D imaging (Fig. 90)
LLIb Upper 1/3 of Parallel to LLIa, moved lefiward in Parallel to LL1a, moved leftward in Proximal LSCA, AAr (short axis), and LSVC
chest parallel parallel 20 imaging (Fig. 9E)
LL2 Middle 1/3 of Rightward and posterior, —407 with Parallel to central axis of mouse body LVOT, AD, AAo, with RA, RV, RVOT
chest coronal plane 2D imaging and M-maode recording (Fig. 7, 4
and £)
LL3 Middle 1/3 of Posterior and rightward, 65" with Almost parallel to central axis of mouse PO and MPA
chest coronal plane body 20 imaging and Doppler flow velocity (Fig.
6, 4 and 8)
LL4 Middle to Mainly posterior and rightward, Rotated counterclockwise by ~ 157 LVIT
lower 173 slightly inferior, ~70” with 20D imaging of LA, MO, LV; M-mode
of chest coronal plane recording of LV; Doppler flow velocity of
PV (Fig. 3. D and E)
Left parasternal fransverse sections
LTI Upper 1/3 of Mainly posterior, slightly rightward, Parallel to transverse plane RSVC, 1A, LCCA, LSCA, and LSVC in short
chest 607 with coronal plane axes behind thymus
2D imaging
LT2 Middle 1/3 of Mainly posterior, slightly rightward, Rotated counterclockwise from transverse MPA (long axis) and AO (short axis)
chest ~60% with coronal plane plane by —15% 2D imaging and Doppler flow velocity of
MPA
LT3 Middle 1/3 of Mainly posterior, slightly rightward, Rotated clockwise from transverse plane LCA
chest ~70 degrees with coronal plane by —15° 20 imaging and Doppler flow velocity (Fig.
8, 4 and B)
LT4 Lower 1/3 of Mainly posterior, slightly rightward Rotated counterclockwise from transverse LV in short axis
chest and inferior, —70° with coronal plane by 15° 2D imaging and M-mode recording (Fig. 5, C
plane and )
Apical section
Apl Apical region Superior, rightward and posterior, ~45 degrees with coronal plane LA, LV, RA, and RV

~45% with coronal plane

2D imaging and Doppler flow velocity of MO
and TO (Fig. 4.0 ahd £)

UBM, ultrasound biomicroscopy; AAo, ascending aorta; AAr, aortic arch; AQ, aortic orifice; AV, aortic valve; TA, innominate artery; LA, left atrium; LCA,
left coronary artery; LCCA, left common carotid artery; LSCA, left subclavian artery; LSVC. left superior vena cava; LV, left ventricle; LVIT, left ventricular
inflow tract; LVOT, left ventricular outflow tract; MO, mitral valvular orifice; MPA, main pulmonary artery; MV, mitral valve; PO, pulmonary orifice: PV,
pulmonary vein: RA, right atrium; RCCA, right common carotid artery; RSCA, right subelavian artery: RSVC, right superior vena cava: RV, right ventricle:

RVIT, night ventricular inflow tract; RVOT, right ventricular outflow tract; and TO. tricuspid valvular orifice.
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for the right superior vena cava flow and tricuspid flow; then con-
ducted in the left parasternal window for the pulmonary arterial flow
and pulmonary venous flow; and finally made in the apical window
for the mitral flow. The complete examination for each mouse lasted
forabout 45-60 min. All representative 2D imaging planes, associated
transducer orientations, targeted structures, and applied ultrasound
imaging modalities are summarized in Table 1.

Measurements and statistical analysis. M-mode recording and
Doppler flow velocity spectrum were quantified in the last 12 mice (5
males and 7 females, ages 6-7 wk: body wt = 21 = | g). All measure-
ments were made according to the standards established in human
echocardiography (26, 28). The M-mode recordings of the left ventricle
in both long-axis view (LL4) and short-axis view (LT4) were analyzed
for the ventricular wall thicknesses and chamber diameters. The M-mode
recordings of the ascending aorta from the right (RL5) and left (LL2)
parasternal longitudinal sections were analyzed for the aortic diameter.
The M-mode measurements from three cardiac cycles were averaged. In
analyzing the Doppler flow spectra of the right superior vena cava and
pulmonary vein, the reverse wave caused by atrial contraction (A wave)
was first identified, then the early diastolic wave (D wave, an forward
waveform preceding A wave) and the systolic wave (S wave, another
forward waveform following A wave) were determined. Because the flow
pattern of right superior vena cava changed dramatically with respiration,
the cardiac beats at the end of inspiration were excluded from analysis.
The peak flow velocity and time-velocity integral were quantified and
averaged for five consecutive cardiac cycles. The paired student r-tests
were used to compare the Doppler parameters between the right and lefi
sides of the heart at the similar anatomical levels. All data is expressed as
means * SE, and statistical significance was chosen as P < 0.05.

Toolbox
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Whole Body Mouse MR Imaging for Anatomic Confirmation of
Ultrasound Imaging

Four mice (2 males and 2 females) [rom the study group were
perfused with gadopentetate dimeglumine (Magnevist, Berlex Can-
ada, Quebec) and fixed by infusing formalin for whole body MR
imaging (37). Under the guidance of real-time UBM 2D imaging, a
catheter was introduced into the left ventricle of the anesthetized
mouse for the perfusion of gadopentetate dimeglumine and formalin.
The jugular and femoral veins were cut for draining the blood and
perfusate.

MR images were obtained from a 40-cm bore, 7-T magnet (Mag-
nex Scientific, Oxford, UK) controlled by a Unitylnova console
(Varian NMR Instruments, Palo Alto, CA) as previously described
(2). The fixed whole mouse was placed in a 3-cm diameter radio-
frequency millipede coil (Varian NMR Instruments) (33). We used a
conventional spin echo with the following imaging parameters:
200-ms repetition time, 10-ms echo time, 2.8 X 2.8 X 12-cm field of
view, and 420 x 420 x 1,800 imaging matrix providing isotropic
voxels of 67 pum. This acquisition required a total imaging time of 9 h,
48 min and achieved a signal-to-noise ratio of ~15 per voxel. Afier
the reconstruction of the raw data, the 3D data set was visualized.
processed, and analyzed with Amira software (TGS, San Diego. CA).
A series of 2D MR images were selected from the 3D data set
approximating the orientation of the UBM in vivo cardiac images.
Continuity of the cardiac structures and vascular lumens were inves-
tigated by scanning the selected section through the 3D data set to
provide definitive identification of the individual structures seen in the
corresponding 2D ultrasound images.

FLsve

Fig. 2. Magnetic resonance (MR) images of a fixed mouse. 4: midline sagittal section of the mouse thorax with the horizantal lines
indicating the levels of the transverse sections in B-F. B: the transverse section at the level of the sortic arch (AAr), ' the

transver
E: the tr
the left (LV) and right ventricles (RV). AAo, ascending aor

tion at the level of the main pulmonary artery (MPA). D: the transverse section at the level of the aortic orifice (AO).
sverse section at the level of the mitral orifice (MO) and tricuspid orifice (TO). F: the transverse section at the level of
1: AV, azygos vein; Es, esophagus; DA, descending aorta; IVC, inferior

vena cava; LA, left atrium; Li, liver; LLu, left lung; LSVC, left superior vena cava; RA, right atrium; RILu, inferior lobe of the
right lung; RMLu, middle lobe of the right lung; RPCLu, postcaval lobe of the right lung: RSLu, superior lobe of the right lung;

RSVC, right superior vena cava; St, sternum; Th. thymus: Tr, trachea.
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RESULTS

Based on the 3D MR data, the following anatomical charac-
teristics of mouse thorax were identified (Fig. 2) as follows. /)
The lung lobes are located posteriorly and inferiorly relative to the
heart. The top of the right superior lung lobe is below the level
of the aortic arch, and the top of left lung is at the level of the
main pulmonary artery (Fig. 2, B-D). The right lung lobes
surround the right heart on the lateral and posterior sides, but the
left lung mainly presents on the posterior side of the left heart (Fig.
2, D-F). 2) The sternum is narrow in the transverse section. 3) A
large thymus is located between the sternum and the cardiac base
and great vessels and extends laterally far beyond the margins
of sternum (Fig. 2, A-C). 4) The aortic orifice and ascending
aorta are on the right side of the midline with the mitral orifice
located relatively leftward and posteriorly (Fig. 2, C and D).
(5) There is no lung tissue in front of the right and left superior
vena cavae, but the inferior vena cava is surrounded by the

MOUSE CARDIAC IMAGING USING ULTRASOUND BIOMICROSCOPY

middle, inferior, and postcaval lobes of the right lung before it
enters into the right atrium (Fig. 2, B, C, and F).

All UBM image data are presented in a sequence following
the route of the blood flow in the cardiovascular system. The
atrial inflow channels are first described, followed by the
ventricular inflow tracts via atrioventricular orifices, and then
the ventricular outflow tracts to the great arteries. Finally, the
coronary artery, the aortic arch, and the associated branches are
described. The right and left sides of the heart are compared
with each other by placing the 2D images and Doppler flow
waveforms obtained at the similar anatomical levels of both
sides in the same figure. The representative UBM images are
demonstrated in Figs. 3-9. To confirm 2D ultrasound images,
MR images of similar sections are shown with the identified
individual structures.

The right atrial inflow channels include three vena cavae.
The right superior vena cava was most readily visualized by a

Fig. 3. UBM imaging of the right and lefi atrial inflow
channels, with anatomical confirmation by MR imaging. A:
UBM image of a right parasternal longitudinal section
(RL2) showing the RSVC in its long axis. with Doppler
sampling volume at its entrance to RA. B: Doppler flow
spectrum of RSVC, showing a small retrograde wave
caused by atrial contraction during late diastole (A wave), a
medium antegrade wave during early diastole (D wave)
preceding the A wave, and a relatively higher antegrade
wave during systole (S wave) following the A wave. Arrow
marks large S wave at the end of inspiration. C: MR image
of the similar section as for the UBM image in A, showing
the vascular continuity from RSVC to RA and the surround-
ing organs such as Th, right subclavian artery (RSCA), right
pulmonary artery (RPA), and right pulmonary vein (RPV).
D: UBM image of a lefi parasternal longitudinal section
(LL4) showing the right pulmonary vein (RPV), LA, and
LV, with the Doppler sample volume in the entrance of the
RPV to LA, Arrow indicates the bright reverberations at the
interface exiting the myocardium into the lung, £: the
Doppler flow spectrum from the pulmonary vein showing a
small retrograde A wave, a higher D wave, and a lower §
wave. The arrows indicate heart beats at the end of inspi-
ration. F: MR image of the similar section as for UBM
image in . Refer to the legends of Figs. 1 and 2 for
definitions of other abbreviations.
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right parasternal longitudinal section (RL2) (Fig. 34). Its
Doppler flow spectrum (Fig. 38) showed a small retrograde A
wave, a medium D wave preceding the A wave, and a rela-
tively larger S wave following the A wave. Dramatic increases
in the amplitude and change in the shape of the waveforms
were observed around the end of inspiration (Fig. 3B8). The left
superior vena cava was also visible in a left parasternal longi-
tudinal section (LL1b), and the Doppler flow spectrum was
recordable. The inferior vena cava was viewed in the hepatic
segment and below, but its entrance to the right atrium could
not be properly imaged because of the acoustical shadowing
from the lung lobes.

The left atrial inflow channel, e.g., the pulmonary vein, was
readily visible in a left parasternal longitudinal section (LL4)
(Fig. 3D). The recorded Doppler flow spectrum showed a small
retrograde A wave, a considerably higher D wave, and a lower
S wave, with slight decrease in D wave during inspiration
(Fig. 3E).
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The right ventricular inflow tract was visible in three sec-
tions. In the right parasternal transverse section (RT1), the right
atrium, tricuspid orifice, and right ventricle were visualized.
often along with the right ventricular outflow tract (Fig. 44).
The tricuspid Doppler flow spectrum was readily recordable
and showed a lower early diastolic ventricular filling wave (E
wave), a higher late diastolic ventricular filling wave due to the
atrial contraction (A wave), and considerable increase in the
amplitude of waveform during inspiration (Fig. 4B). The apical
four-chamber view (Apl) (Fig. 40) provides another option for
recording the tricuspid flow. In the longitudinal section from
the left parasternal window (LL2), the right atrium and right
ventricle were well demonstrated in contrast to the left ven-
tricular outflow tract and ascending aorta (Fig. 74).

The left ventricular inflow tract was well observed in a left
parasternal longitudinal section (LL4). The left atrium and
ventricle were clearly demonstrated in 2D imaging (Fig. 3D).
For measuring the left ventricular chamber dimension, wall

Fig. 4. UBM imaging of the right and left ventricular
inflow tracts, with anatomical confirmation by MR imaging.
A: UBM image of a right parasternal transverse section
(RT1) showing the right ventricle inflow tract with the
Doppler sample volume at TO. B: tricuspid Doppler flow
spectrum, showing lower early diastolic ventricular filling
waves (E wave) and higher late diastolic ventricular filling
waves caused by atrial contraction (A wave), The arrows
indicate heart beats at the end of inspiration. C: MR image
of the similar section as for the UBM image in 4. D: UBM
image of a apical four-chamber section (Apl) showing the
left ventricular inflow tract, with Doppler sample volume at
MO. E: mitral Doppler flow spectrum showing higher E
wave and lower A wave, The arrows indicate the heart beats
at end of inspiration. £ MR image at the similar section as
for UBM image in 2. MV, mitral valve; RLu, right lung;
RVOT, right ventricular outflow tract; TV, tricuspid valve.
Refer to the legends of Figs. 1-3 for definitions of other
abbreviations.
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thickness, and systolic function, M-mode was recorded at the
tip of the papillary muscle in this view. In the apical four-
chamber view (Apl) (Fig. 40), the mitral Doppler flow spectra
was recorded and showed higher E wave and lower A wave,
with slight decrease in the amplitude of the waveform during
inspiration (Fig. 4£). The mitral valve was most easily ob-
served in a longitudinal section from the right parasternal
window (RL3), and M-mode trace of the valve movement was
recorded (Fig. 5. 4 and B). M-mode recording was also made
in the short-axis view of the left ventricle from the left
parasternal window (LT4) for the ventricular dimension and
systolic function (Fig. 5, C and D).

The right ventricular outflow tract to the main pulmonary
artery was observed mainly in two sections, The left paraster-
nal longitudinal section (LL3) visualized the main pulmonary
artery located between the left atrium and aortic arch (Fig. 64),
and Doppler flow spectrum was recorded with a small inci-
dence angle (Fig. 68). The left parasternal transverse section at
the level of the cardiac base (LT2) showed the long-axis view
of the main pulmonary artery and two branches, along with the
short-axis view of the aortic orifice (data not shown).

The left ventricular outflow tract was followed up to the
ascending aorta via aortic orifice. From the upper right
parasternal approach (RL1), the Doppler flow spectrum of the
ascending aorta was recorded with a small incidence angle
(Fig. 6, D and E). From a left parasternal longitudinal section
(LL2), the left ventricular outflow tract and ascending aorta
were well visualized in their long axes, along with the right
atrium and ventricle located in the far field (Fig. 74). M-mode
recording was made for aortic diameter measurement in this
view (Fig. 7B). The aortic orifice and ascending aorta were
more clearly imaged from the right parasternal approach (RL35)
(Fig. 7, D and F). M-mode recording demonstrated the move-
ment of the aortic cusps (Fig. 7E) and the changing diameter of
the ascending aorta through the cardiac cycle (Fig. 7G).

The left coronary artery was imaged in a left parasternal
transverse section (LT3) (Fig. 84). The Doppler flow spectrum
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recorded from the proximal part of the left coronary artery
revealed a continuous and pulsatile flow pattern through the
cardiac cycle (Fig. 885).

The entire aortic arch and its three branches were well
visualized only in a right parasternal longitudinal section
pointed leftward and with sharp angle to the coronal plane
(RL4) (Fig. 94). The innominate artery and the succeeding
right common carotid artery were imaged by a right parasternal
longitudinal section (RL3) (Fig. 9C). The left common carotid
artery was imaged in its long axis by a left parasternal longi-
tudinal section (LL1a) (Fig. 90). Both common carotid arteries
could be followed up to their bifurcations. The proximal left
subclavian artery and left superior vena cava were visualized in
another left parasternal longitudinal section parallel to LL1a
(LL1b) (Fig. 9E).

M-mode cardiac dimension measurements are presented in
Table 2. No significant difference was found in the measured
left ventricular dimension between the long-axis view and
short-axis view nor in the measured aortic diameter between
the left and right parasternal longitudinal sections. The end-
systolic aortic diameter is larger than the end-diastolic diameter
by, on average, 15% in left parasternal section and 18% in right
parasternal section. The cardiac Doppler flow measurements
are presented in Table 3, and significant differences in the
Doppler flow patterns were found between the right and lefi
sides of the heart at all three anatomical levels.

DISCUSSION

This study presents a comprehensive protocol for transtho-
racic cardiac imaging in adult mice using 30 MHz ultrasound.
The thoracic gross anatomy related to ultrasound cardiac im-
aging was verified with MR imaging. Three important acoustic
windows, the right parasternal, left parasternal, and apical
windows, are identified. From each window, a series of ultra-
sound imaging sections were employed for observing the
cardiac structures using 2D imaging, the ventricular dimension

Fig. 5. M-mode recordings of the MV and LV, 4:
2D image of a right parasternal longitudinal section
(RL35) showing the MO and MV, as well as the AO
and AAo. The M-mode cursor line is located over
the MV. 8: M-mode recording of the anterior leaflet
of MV showing the double peaks during diastolic
opening. C: 2D image of a left parasternal transverse
section (LT4) showing the LV in short axis, with
M-mode cursor line through its largest dimension,
£; M-mode recording of the LV, AW, anterior wall
of left ventricle; EDD, end-diastolic diameter; ESD,
end-systolic diameter; 1VS, inter-ventricular sep-
tum: PM, papillary muscle; PW. posterior wall of
left ventricle. Refer to the legends of Figs. 1-4 for
definitions of other abbreviations.
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and function by M-mode recording, and the hemodynamics by
Doppler flow sampling. Observation was focused on the most
important parts of the mouse heart as follows: 7) the right atrial
inflow channels, 2) the right ventricular inflow tract, 3) the
right ventricular outflow tract, 4) the left atrial inflow channel,
5) the left ventricular inflow tract, 6) the left ventricular
outflow tract, 7) the left coronary artery, and &) the aortic arch
and its three branches. Left ventricular and aortic dimensions
were measured. Doppler flow velocity spectra were recorded
from six intracardiac locations: right superior vena cava, tri-
cuspid orifice, main pulmonary artery, pulmonary vein, mitral
orifice, and ascending aorta.

Characteristics of Transthoracic Acoustic Windows and
Ultrasound Cardiac Imaging Sections in Mice

MR data shows that mouse thoracic anatomy is very
different from humans. In human adults, the lung lobes
present from the top of the thoracic cavity (close to the level
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Fig. 6. UBM imaging of the right and left ventricular
outflow tracts, with anatomical confirmation by MR imag-
ing. 4: UBM image of a left parasternal longitudinal section
(LL3) showing the MPA, with the Doppler sample volume
distal to the pulmonary orifice (PO). Arrow indicates the
bright reverberations at the interface exiting the myocar-
dium into lung. B: Doppler spectrum recorded from MPA.
C: MR image at the similar section as for UBM image in A,
showing the MPA and its spatial relation with surrounding
structures such as LA, Th, and AAr. D: UBM image of an
upper right parasternal longitudinal section (RL1) showing
the AAo in its longitudinal axis with Doppler sample
volume at the level just distal to AO. E: Doppler flow
velocity spectrum recorded from AAo. @ MR image of a
similar section as for the UBM image in D. LCCA, left
common carotid artery. Refer to the legends of Figs. 1-5 for
definitions of other abbreviations.

of the clavicle) to the diaphragm on both sides. Most of the
human heart (especially the right side) and the associated
great vessels are encompassed by the lung lobes. The
sternum of human adult is flat and relatively wide, and the
thymus is small with the remnants in the anterior mediasti-
nal fat (10). For all these reasons, an acoustical window is
not available at all on the right side of the sternum in
humans (32). In mice, the posto-inferior location of the lung
lobes relative to heart (8), the narrow sternum, and the
relatively large thymus (which is hypoechogenic in ultra-
sound imaging) result in large parasternal acoustic windows
on both right and left sides of the sternum for transthoracic
cardiac imaging.

One of the benefits of these anatomical features in mice is
that all ascending aorta, entire aortic arch, and its three
branches can be visualized from both right and left paraster-
nal windows. Both left and right commen carotid arteries
can be followed up to their bifurcations (35). This advantage

Physiol Genomics » VOL 18 - www,physiolgenomics.org
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Fig. 7. UBM imaging of the left ventricular outflow tract
and AAo, with anatomical confirmation from MR imaging.
A: UBM image of a left parasternal longitudinal section
(LLZ2) showing the left ventricular outflow tract and AAo,
as well as the RA and RV in the far field and the RVOT in
the near field. B: M-mode recording simultaneously dem-
onstrates the dimensional changes of RVOT, AAo, and RA
through cardiac cycles. C: MR image of the similar section

MOUSE CARDIAC IMAGING USING ULTRASOUND BIOMICROSCOPY

as for the UBM image in 4. [ UBM image of a right
parasternal longitudinal section (RL5) showing the AO and
AAo, with M-mode cursor line across the aortic cusps. £:
M-mode recording at the level of the AQ showing the
movement of the aortic cusps. The amow indicates the
opening of the aortic cusps during systole. £ UBM image
of a right parasternal longitudinal section (RL5) showing
the AO and AAo, but with the M-mode cursor line at the
level of AAo. (: M-mode recording of the AAo showing
the overall excursion and dimension changes through car-
diac cycle. IA, innominate artery. RCCA, right common
carotid artery. Refer to the legends of Figs. 1-6 for defini-
tions of other abbreviations.

is very important for phenotyping the atherosclerotic models
such as LDLR and ApoE knockout mice in which the
atherosclerotic plaques often occur in aortic sinuses, along
the lesser curvature of the aortic arch, and in innominate
artery and the proximal part of common carotid arteries (9,
27). The morphology, distribution, of the atherosclerotic
plaques and their effect on flow dynamics can be observed
longitudinally with the progress of disease.

The MR data also demonstrate that the mouse aortic
orifice and ascending aorta are located on the right side of
the midline of the chest. and the mitral orifice is located
relatively leftward and posteriorly. Therefore, the right
parasternal window is the only approach to simultaneously
visualize both aortic and mitral orifices in a single imaging
section. In this right parasternal longitudinal section, the
mitral leaflets are clearer than in any other sections and the
M-mode tracing of the valvular movement is optimal, prob-
ably due to the perpendicular relation between the ultra-
sound beam and the surface of mitral leaflets (Fig. 5. A4 and
B). In this aspect, mice are different from humans, where a
left parasternal longitudinal section is needed to visualize
both the left ventricular inflow tract and outflow tract in the

same view (32), because these structures are mostly on the
left side of the midline in humans (10). In mice, however,
the similar section from the left parasternal window used to
view the left ventricular outflow tract and the ascending
aorta simultaneously demonstrates the right atrium and
ventricle in the far field of the image (rather than the lefi
atrium and ventricle as in humans). We recommend that this
section (LL2) be used as a standard view for evaluating the
relative chamber size of right heart compared with that of
left heart, in 2D imaging and M-mode recording (Fig. 7,
A-C).

The right parasternal window also provides the shortest
approach for observing the aortic orifice and ascending
aorta. The recording of aortic valvular movement is helpful
in characterizing mouse models with aortic valvular abnor-
malities (20). Aortic diameters measured from the left and
right parasternal windows are not significantly different.
However, averaging the results from these two almost or-
thogonal planes will further improve the accuracy of aortic
diameter measurement for flow volume calculation, without
any need of assuming the circular shape of the ascending
aorta.
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Cardiovascular Phenotyping Using High-Frequency
Ultrasound Imaging in Mice

Comprehensive cardiovascular phenotyping in mice should
include observations of morphology, function, and hemody-
namics throughout the whole cardiovascular system but not
just be limited to the left ventricle and aorta as in most previous
studies. Mice with hypoxia and pulmonary hypertension de-
velop right ventricular hypertrophy (29), whereas others with
congenital cardiac malformations such as Tbx5 mutants (4)
demonstrate morphological abnormalities of right cardiac
chambers. In atherosclerotic mice the lesions involve in the
great arteries and coronary artery and result in myocardial
infarction, abnormal ventricular wall motion, and systolic dys-
function (3, 9, 27).

The mouse cardiac gross morphology can observed with
much higher spatial resolution than ever before. Because of the
irregular shape of the left and right atria and right ventricle,
certain imaging sections have to be selected as standard for
dimension measurement so that the data obtained from differ-
ent mouse groups or from different time points in a serial study
are comparable. The size of the left atrium can be evaluated in
the left parasternal longitudinal view of the left ventricular
inflow tract (Fig. 3D) and the apical four-chamber view (Fig.
4D). The dimensions of the right atrium and right ventricle can
be evaluated in the left parasternal longitudinal view in which
the right heart is demonstrated in contrast to the left ventricular
outflow tract and ascending aorta (Fig. 74).

This study presents a systematic methodology for in vivo
functional evaluation. The left ventricular systolic function can
be evaluated based on the parameters derived from M-mode
dimension measurements (7). Doppler flow spectra obtained
from the ascending aorta can be used for measuring the
parameters such as the peak flow velocity, rising time, peak
acceleration rate, and ejection time to assess the left ventricular
systolic function (13). Accordingly, the pulmonary arterial
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Fig. 8. UBM imaging of the left coronary
artery (LCA), with anatomical confirmation
by MR imaging. A: UBM image of a lefi
parasternal transverse section (LT3) show-
ing the proximal part of LCA. 8: Doppler
flow spectrum recorded from LCA showing
the continuous and pulsatile waveforms. C:
MR image of the similar section as for the
UBM image in 4. Refer to the legends of
Figs. 1-7 for definitions of other abbrevia-
tions.

Doppler flow spectrum as obtained in this study can be used to
evaluate the right ventricular systolic function in a similar way.

We also demonstrate a novel way of measuring the aortic
flow velocity in mice. From the upper right parasternal win-
dow, the entire ascending aorta can be visualized with a small
intercept angle between the Doppler beam and the long axis of
aorta, and the aortic velocity can be measured exactly from any
desired site. The aortic peak velocity in our study is higher than
those (50—75 cm/s) measured from apical four-chamber view
in previous studies (15, 25, 31) but similar to those measured
with a small pure Doppler probe from the suprasternal notch
(90 = 11 cm/s), where the incidence angle between the
ultrasound beam and ascending aorta was assumed to be close
to zero (13).

We have further confirmed the specific flow patterns in the
mitral and tricuspid orifices as previously found in mice of a
different strain (36). Doppler ventricular inflow pattern is used
to evaluate the ventricular diastolic function in humans, and it
has been suggested that the ventricular diastolic dysfunction
precedes the systolic dysfunction in various cardiac diseases
(23). Abnormal left ventricular diastolic filling patterns were
also observed in phospholamban-deficient mice (15) and hy-
perthyroid mice (30). However, in a situation called “pseudo-
normalization” of the left ventricular inflow pattern in humans,
the mitral Doppler flow pattern becomes normal when the left
atrial pressure gradually increases with the progress of disease,
then the left ventricular diastolic dysfunction can only be
reflected in the pattern of the pulmonary venous flow (26). The
abnormal flow patlern in vena cava and pulmonary vein can
also be detected in many disease conditions with elevated atrial
pressure in humans (23, 26). Therefore, simultaneous observa-
tion on the atrial inflow and ventricular inflow will provide
much more insight into the dynamics of ventricular filling in
mice modeling human diseases such as constrictive pericarditis
and tamponade.
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Fig. 9. UBM imaging of the entire AAr and its associate
branches, with anatomical confirmation by MR imaging. 4:
UBM image of a right parasternal longitudinal section
(RL4) showing the AAo, entire AAr, and the proximal parts
of its three branches, i.e., 1A, LCCA, and left subclavian
artery (LSCA). B: MR image of the similar section as for
the UBM image in 4. C: UBM image of a right parasternal
longitudinal section (RL3) showing the AAo, 1A, and
RCCA. D: UBM image of a left parasternal longitudinal
section (LL1la) showing the AAr in short axis and the
LCCA in longitudinal axis. E: UBM image of a left
parasternal longitudinal section (LL1b) showing the AAr in
short axis and the proximal LSCA and LSVC. Refer to the
legends of Figs. 1-8 for definitions of other abbreviations.

The present study for the first time presents reliable methods
of recording Doppler flow spectra from the superior vena cava
and pulmonary vein in mice. The lower D wave in the superior
vena cava corresponds well to the lower E wave in the tricuspid
orifice, and the higher D wave in the pulmonary vein is
consistent with the higher E wave in the mitral orifice. These
results suggest that during diastole the right ventricular active
relaxation makes less contribution to ventricular filling,
whereas the left ventricular active relaxation plays a dominant
role in ventricular filling. These findings in mice are different
from those in adult humans where the inflow patterns are
similar on both sides of the heart. In humans, the S wave is
usually higher than the D wave in both vena cava and pulmo-
nary vein, and the E wave is always higher than the A wave in
both tricuspid and mitral orifices (23). The underlying mech-
anisms responsible for the difference in ventricular diastolic
filling pattern between right and left sides of the heart in mice,
and the differences between mice and humans, need to be
further explored.

Although UBM has greatly advanced cardiac evaluation in
mice, there are still limitations in the present implementations.
Reduction in transducer size and increase in sector angle will
allow for additional transthoracic approaches and imaging
sections. The frame rate of 2D imaging was not high enough
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Table 2. Cardiac dimensions measured
from M-mode recording

Parameters Units Measurements
LT LAV LV (84V)

Heart rate beats/min 429+ 19 429+ 18
End-diastole

AW mm 0.86=0.03 0.84+0.03

EDD mm 3.84+0.09 3RB0+0.07

PW mm 0.74+0.02 0.75%0.03
End-systole

AW mm 1.36=0.07 1.34+0.06

ESD mm 2452009 2.44+0.08

PW mm 1.0820.04 1.07+0.04
PW velocity mm/s 186210 17.9+1.0

Ade (left parasternal)  Ado (right parasternal)

Heart rate beats/min 404 =16 40720
ESD mm 1.37+0.02 1.36+0.04
EDD mm 1.18+0.01 1.14+0.04

Values are means = SE; n = 12; AW, anterior wall of left ventricle; EDD,
end-diastolic diameter; ESD, end-systolic diameter; LAV, long-axis view; PW,
posterior wall of left ventricle; SAV, short-axis view. Refer to legend of Table
1 for definitions of other acronyms. No significant difference was found in the
corresponding parameters of left ventricular dimensions between the long- and
short-axis views nor in the aortic diameter between the left and right paraster-
nal longitudinal views. The paired Student’s r-test was used for comparison,
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Table 3. Cardiac hemodynamic parameters measured by
pulsed Doppler and the comparison of flow patterns between
the right and left sides of the heart

Right Side Left Side P Value
Parameters Units of Heart of Heart {paired f-test)
RSVC fn=12) PI'in = 12)
Incidence angle degree 333 213
Heart rate beats/min 38111 441+16
Doppler waveform
Peak § cm/s 19+2 20=1 NS
Peak D cm/s 12+1 544 <0.01
Peak A cm’s 6*l 4=1 NS
O m= 8% MO @n = 8%
Intercept angle degree let4 g2
Heart rate beats/min 33922 405=18
Doppler waveform
Peak E cm/s 28+ 60=2 <001
Peak A cm/s k). 5l 39+2 NS
Peak ElA ratio (0,73 =0.04 1.58=0.07 =0.01
MPA (n=12) Ado n=12)
Intercept angle degree 12+2 3342
Heart rate beats/min 435+16 8116
Doppler waveform
PFV cm/s 66+2 105=2 <0.01
T™VI cm 2.9+0.1 4.4+0.1 =0.01

Values are means + SE. Peak A is the peak velocity of the late diastolic
filling wave (A wave) of mitral and tricuspid Doppler flow spectra, or the peak
velocity of the late diastolic retrograde wave (A wave) due to the atrial
contraction in the Doppler flow spectra of superior vena cava and pulmonary
vein, Peak £ is the peak velocity of the early diastolic filling wave (E wave)
of mitral and tricuspid Doppler flow spectra, Peak £/4 is the ratio of peak E
to peak A of mitral or tricuspid Doppler flow spectrum. Peak § is the peak
velocity of the systolic wave (S wave) of the Doppler flow spectrum of the
superior vena cava or pulmonary vein. Peak D is the peak velocity of the early
diastolic wave (D wave) of the Doppler flow spectrum of the superior vena
cava or pulmonary vein. PFV, peak flow velocity: TVI. time-velocity integral
of Doppler spectrum. Refer to the legend of Table 1 for definitions of other
acronyms. *In the Doppler flow measurement of tricuspid and mitral orifices,
four cases were excluded from analysis because the E and A waves did not
separate due to high heart rate, NS, not significantly different,

relative to the heart rate of adult mice. Given an average heart
rate of 400 beats/min in present data, there were just 4.5 frames
per cardiac cycle, and it was thus inaccurate in identifying the
image frames of end-systole and end-diastole for functional
evaluation. Therefore, in this study we used the 2D imaging
just for observing the cardiac gross morphology and individual
structures and for guiding the M-mode recording and Doppler
flow velocity sampling. All quantitative dimension measure-
ments were obtained from M-mode recording. In the 30-MHz
frequency range, it is not yet technologically feasible to em-
ploy a linear array transducer to achieve the required 100-500
[1z frame rate for the quantitative 2D imaging of the mouse
heart. In addition, simultaneous ECG recording needs to be
integrated with M-mode and Doppler mode for more compre-
hensive analysis.

Anesthesia may cause the decrease of heart rate and depres-
sion of cardiac function, but it is needed to immobilize mice for
data acquisition. Compared with other commonly used anes-
thetics, isoflurane has the least effect on heart rate and cardiac
function (15, 25, 38). This issue has been discussed in details
in our previous study (36). In this study, mice were under
anesthesia for relatively long time (45-60 min), and the de-
crease and variation in the heart rate (range 380-440 beats/
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min) were observed throughout the experiment. Therefore, the
quantitative M-mode and Doppler measurements presented in
this paper should not be simply taken as normal physiological
values, Once more experience has been obtained in mouse
cardiac imaging, future studies with more limited objectives
will take shorter time, and such limitations can be minimized.
Although the results in this study were from young adult
mice, the established methodology was also applied to a group
of relatively older mice (17 wk, body wt 25-27 g) in a recent
study in our laboratory. MR images of those mice demon-
strated very similar thoracic anatomy, e.g., the posto-inferior
location of the lung lobes relative to the heart and the narrow
sternum. The thymus in the older mice looked smaller than that
of the younger mice in the present paper, but it was still
laterally wider than the sternum. In ultrasound imaging of
those older adult mice, all acoustic windows and imaging
sections were available, and the functional and hemodynamic
measurements were feasible as described in this paper.

Conelusions

This study for the first time presents a systematic protocol
for comprehensive in vivo trans-thoracic cardiac imaging using
high-frequency ultrasound on mice. Three major acoustical
windows are located. A series of sections are identified for
evaluating the cardiac morphology using 2D imaging, the
ventricular function using M-mode recording. and the hemo-
dynamics using Doppler flow sampling. The thoracic gross
anatomy related to trans-thoracic ultrasound cardiac imaging is
elucidated based on the whole body MR imaging, and the
individual cardiac structures in 2D ultrasound images are
verified by comparing with the similar sections of the 3D MR
data set. Critical measurements such as ventricular and aortic
dimensions and the flow velocities at the representative intra-
cardiac locations are provided. All these fundamental method-
ologies and preliminary data are very important for the exten-
sive applications of high-frequency ultrasound imaging in the
cardiovascular morphological and functional phenotyping of
mutant mice in the future.
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