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Abstract

Echocardiography, a non-invasive and cost-effective method for monitoring cardiac function, is commonly used for evaluation and pre-
clinical diagnostics of pulmonary hypertension (PH). Previous echocardiographic studies in experimental models of PH are fragmentary
in terms of the evaluation of right ventricle (RV) function. In this study, three rodent models of PH: a mouse model of hypoxia-induced
PH, a rat model of hypoxia+Sugen induced PH and a rat model of monocrotaline-induced PH, were employed to measure RV fractional
area change (RVFAC), RV free wall thickness (RVFWT), pulmonary acceleration time (PAT), pulmonary ejection time (PET), and
tricuspid annular plane systolic excursion (TAPSE). We found that, in these models, RVFWT significantly increased, but RVFAC,
PAT, or PAT/PET ratios and TAPSE values significantly decreased. Accurate and complete TAPSE patterns were demonstrated in the
three rodent models of PH. The RV echocardiography data matched the corresponding invasive hemodynamic and heart histologic data
in each model. This serves as a reference study for real-time and non-invasive evaluation of RV function in rodent models of PH using
echocardiography.
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Introduction

Pulmonary hypertension (PH) is a severe and progressive dis-
ease which results in an increase in pulmonary vascular resist-
ance (PVR), right heart failure (RHF), and eventually death if
left untreated." * Clinically, the mean pulmonary arterial
pressure (mPAP) in normal adults is in the range of 10—
I8mmHg. In patients with PH, mPAP values are
>25mmHg at rest and those >45mmHg at rest are
diagnosed as severe PH.> 7 It has been reported that the sur-
vival rates in patients with mPAP >42.5mmHg are signifi-
cantly lower than a similar group of patients with mPAP
<42.5mmHg,” with reduction in survival being a result of
RHF; therefore assessment of right ventricular (RV) function
is essential for the diagnosis and prognosis of PH.

The RV with its crescentic shape extends from the right
atrium to the apex of the heart and forms the major portion
of the anterior surface of the heart. Initially, it was described
as a passive conduit for the high-volume and low-pressure
pump. Subsequent studies® '° clearly demonstrated that a
thorough understanding of RV systolic and diastolic function
is critical for diagnosis and treatment of RHF and PH. RV
free wall thickness (RVFWT) correlates with RV hypertrophy
(RVH),'"" and RV fractional area change (RVFAC) and
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tricuspid annular plane systolic excursion (TAPSE) are two
parameters of RV systolic function.'*!'* Pulmonary acceler-
ation time (PAT) and ratio of PAT/pulmonary ejection time
(PET) are also two good parameters that reflect the afterload
of RV."* Echocardiography, a non-invasive and cost-effective
approach, is now commonly used in the clinical'> '® and pre-
clinical'® ?* realm for real-time measurement of such param-
eters in patients and experimental models of PH.

RV echocardiography, technically, is still challengeable for
the following reasons: first, the RV is thin-walled and located
immediately behind sternum, so it is difficult to image the
entire RV in a single view; second, it is difficult to estimate
RV volume because of its crescent shape. Despite these limi-
tations and challenges, echocardiography remains the primary
approach for the evaluation of heart functions and serves as
an important predictor of survival in patients with RHF and
PH.3 % As symptoms worsen, the RV increases in size in
response to volume and pressure overload in proportion to
increased PVR and right ventricular systolic pressure (RVSP).
An accurate assessment of the RV function is essential to
perform a complete analysis of PH.

Previous echocardiographic studies in experimen-
tal models of PH are still fragmentary in terms of the
evaluation of RV function. For example, Cheng et al.?!
published RV echocardiographic data including RVFAC,
RV free wall thickness, PA peak velocity, PAT and PAT/
PET in a mouse model of PH mediated by pulmonary
artery constriction; Brittain et al.® reported echocardiog-
raphy data (PAT, PAT/PET, cardiac output (CO), and
estimate of PAP) in a mouse model of PH with a dom-
inant negative BMPRII mutation. In these studies, there
are no TAPSE data or apical four-chamber views. In add-
ition, the animal models they used are still mild PH
models and only in mice.

In this study, we performed an echocardiographic study
of experimental PH, specifically focusing on RV function.
We employed three commonly used rodent models of PH: a
mouse model of hypoxia-mediated PH (HPH); a rat model
of hypoxia-+sugen 5416 (sugen); and monocrotaline
(MCT)-mediated severe PH. The mouse model of HPH
has been widely used to study the pathophysiology of PH
and to investigate potential therapies because of transgenic
features. The rat model of hypoxia + sugen-mediated PH is a
severe PH model with formation of plexiform lesions,?
which is similar to the patients with severe PAH. The rat
model of MCT-mediated PH involves RHF.?’ To study RV
function in these three models, we used a VEVO2100 echo-
cardiography ultrasound system, and assessed parasternal
short axis, long axis, and apical four-chamber views to
examine RV structure and function.

21,23-25

Materials and methods

All the experimental procedures were approved by the
Institutional Animal Care and Use Committee of the
University of Illinois at Chicago.

Rodent models of experimental PH

In the mouse of HPH, eight-week-old male C57BL/6 mice
from Charles River were exposed to hypoxia (10% O,) in a
ventilated chamber for four weeks. In two rat models of hyp-
oxia sugen-mediated severe PH, male Sprague-Dawley rats
(190-200¢g) from Charles River were used. One dose of
sugen (20mg/kg) was injected into the rats subcutaneously
immediately before three-week hypoxia exposure (10% O,).%
After hypoxia exposure, the rats were put back to the room air
for another four weeks. In the MCT-induced rat PH model,
rats received one dose of MCT (60 mg/kg) by intraperitoneal
injection and were studied four weeks later.”® At the end of the
experiments, the animals were used for echocardiography
screening and then hemodynamic measurements.

Rodent echocardiography

RV function of the three models were assessed by functional
rodent echocardiography according to the procedures described
previously. Briefly, the animals were anesthetized using inhaled
isoflurane via a facemask and then subjected to transthoracic
echo wusing VisualSonics Vevo 2100 (VisualSonics Inc.,
Toronto, ON, Canada) and two different transducers (mice:
MS-550D, 22-55MHz; rats: MS-250, 13-24 MHz). RVFAC
was measured via parasternal short-axis view at mid-papillary
level. RVFWT was measured during end-diastole in the para-
sternal short-axis mitral valve level two-dimensional (2D) or
parasternal long-axis RV outflow tract level M-mode. Pulse-
wave Doppler echo was used to record the pulmonary blood
outflow at the level of the aortic valve in the short-axis view to
measure PAT and PET. TAPSE was measured in 2D M-mode
echocardiograms from the apical four-chamber view, position-
ing the cursor on the lateral tricuspid annulus near the free RV
wall and aligning it as close as possible to the apex of the heart.
Stroke volume (SV), fractional shortening (FS), ejection frac-
tion (EF), and CO were measured from the left ventricle (LV).

Hemodynamic measurement and heart tissue histology

RVSP was determined by right heart catheterization (RHC)
using a Millar pressure transducer catheter. A weight ratio of
the right ventricle divided by the sum of left ventricle and
septum (RV/(LV + S)) was measured to determine the extent
of RVH. At the end of the experiments, the hearts were
removed, washed in PBS, and fixed in 10% formalin for 48 h.
The fixed hearts were cut in the short-axis direction at the
middle level from apex to the base and in the same location
between different groups and then processed for paraffiniza-
tion. The paraffinized heart tissue sections were used for hema-
toxylin and eosin (H&E) staining and the images were scanned
and analyzed using an Aperio ImageScope system.

Statistical analysis

Statistical analysis of experimental data was performed
using GraphPad Prism 5.1 (GraphPad Software, Inc., La
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Jolla, CA, USA). Results are expressed as mean =+ SEM
from at least three experiments. Student’s t test and analysis
of variance were used to compare the two or more groups,
respectively. P < 0.05 was considered statistically significant.
The correlation tests were evaluated by Pearson’s test, with
r*>0.75 considered a strong correlation.

Results

In the three different rodent models of PH, VEVO2100 was
used to obtain high-quality images for parasternal long-axis,
short-axis, pulmonary outflow, and apical four-chamber
views. M-mode tracings of LV at parasternal long-axis and
data analysis are shown in Suppl. Fig. 1 and Tables 1 and 2,
which demonstrate that CO significantly decrease in rat
models of PH (control vs. hypoxia sugen: 78.34+1.9mL/
min vs. 61.5+2.6mL/min, P <0.0001; rat control vs. MCT
group: 76.1 £ 3.1 mL/min vs. 63.54+3.5mL/min, P=0.0221)
but not in mice (normoxia vs. hypoxia: 16.1 £0.7mL/min vs.
14.4£3.6mL/min, P=0.38). Stroke volume significantly
decreased in PH mice and rats (mouse normoxia vs. hypoxia:
324+ 1.6uL vs. 28.2+0.8 ul, P=0.0262; rat control vs.
hypoxia sugen: 223+ 7.3 uL vs. 184.2+10.6 uL, P =0.0014;

(a) Mice (b)

Systolic

rat control vs. MCT group: 217.4 £ 5.8 uL vs. 169.2 =11 pL,
P=0.0031). EF and FS did not differ significantly in either
model. All the echocardiographic data were summarized in
Table 1 for mouse HPH model and in Table 2 for rat hypoxia
sugen and MCT PH models.

RVFAC and free wall thickness

Parasternal short-axis images of mice and rats are shown in
Fig. 1a and b. According to parasternal short-axis views, we
measured RVFAC at the end of diastolic and systolic phases.
RVFWT was measured using M-mode of the parasternal long-
axis views. RVFAC values were shown in Fig. lc—e (mouse
normoxia vs. hypoxia: 53.5£3.1 vs. 20943.6, P<0.0001;
rat control vs. hypoxia sugen: 72.8+3.3 vs. 38.943.6,
P <0.0001; rat control vs. MCT: 71.64+4.3 vs. 52.1+6.7,
P=0.0351), with RVFWT in Fig. 1f~h (mouse normoxia vs.
hypoxia: 0.324+0.02mm vs. 0.52+0.0l mm, P <0.0001; rat
control vs. hypoxia sugen: 0.61 +0.02mm vs. 1.51 £ 0.08 mm,
P <0.0001; rat control vs. MCT: 0.57£0.03mm vs.
1.25+£0.06 mm, P < 0.0001. In both mouse and rat models of
PH, RVFAC significantly decreased but RVFWT was signifi-
cantly elevated in hypertensive groups.
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Fig. I. RVFAC and RVYFWT measured by echocardiography in a mouse model of hypoxia-mediated PH and rat model of hypoxia sugen and MCT-
mediated severe PH. Parasternal short-axis views ((a) mice; (b) rats) at mid-PAP level of the left ventricle demonstrate that enlarged RV chamber
at the end systole and diastole phases, decreased RVFAC and increased RVFWT, indicating decreased RV contractility and RV hypertrophy in
these rodent models of PH. n> 6 in each group. **P < 0.001.
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TAPSE

Apical four-chamber views in mice and rats are shown in
Supplementary Echo Cines 1-5; these views allow visualiza-
tion of the tricuspid valve. From these views, the transducer
will be adjusted manually so that the tricuspid can be seen
clearly. M-mode can be used to measure TAPSE. TAPSE
images and quantification in the three rodent models of PH

Table I. Echocardiographic evaluation of mice.

Mouse
Control Hypoxia P

RVFAC (%) 53.5+3.1 20.9 £3.6* <0.0001
TAPSE (mm) 1.07 +£0.06 0.65 £0.02* <0.0001
PAT (ms) 18.554+0.52 [1.77 £0.57* <0.0001
PAT/PET 0.34£0.01 0.25+£0.01* <0.0001
RVFWT (mm) 0.32£0.02 0.52£0.01* <0.0001
EF (%) 642124 57.0+49 0.1785
CO (mL/min) 6.1 £0.7 144106 0.0829
FS (%) 289+0.9 26.6+2.2 0.3290
SV (ub) 324+£1.6 28.2+0.8*% 0.0262
HR (bpm) 422.8+8.1 486.7 &+ 15.2* 0.0012
RVSP (mmHg) 24.62+0.29 3131 £ 1.50% 0.0074
RVH 0.24£0.01 0.37£0.01* <0.0001

*p<0.05, control group compared to hypoxia group.

RVFAC, right ventricle fractional area change; TAPSE, tricuspid annular plane
systolic excursion; PAT, pulmonary acceleration time; PET, pulmonary ejection
time; RVFWT, right ventricle free wall thickness; EF, ejection fraction; CO,
cardio output; FS, fractional shortening; SV, stroke volume; HR, heart rate;
RVSP, right ventricle systolic pressure; RVH, right ventricle hypertrophy.

Table 2. Echocardiographic evaluation of rats.

have been summarized in Fig. 2. A significant decrease of
TAPSE was observed in PH models (mouse normoxia vs.
hypoxia: 1.07 £0.06 mm vs. 0.65+0.02 mm, P <0.0001; rat
control  vs. hypoxia sugen: 2.74+0.10mm vs.
2.094+0.04mm, P <0.0001; rat control vs. MCT:
2.96£0.14mm vs. 1.69+0.08 mm, P < 0.0001.

Pulmonary acceleration time (PAT) and pulmonary
ejection time (PET)

Mouse and rats pulmonary outflow images and quantifica-
tion were shown in Fig. 3. PAT and PET can be measured
via either parasternal long-axis or short-axis views. In mice,
PAT and PAT/PET values (normoxia vs. hypoxia) are
18.55+£0.52ms vs. 11.77£0.57ms, P <0.0001 and 0.34+
0.01 vs. 0.25£0.01, P <0.0001, respectively; in rats, PAT
and PAT/PET values (control vs. hypoxia+sugen are
30.384+0.89ms vs. 17.54+0.65ms, P <0.0001 and 0.44 +
0.02 vs. 0.224+0.01, P <0.0001; control vs. MCT: 27.33 &+
1.61ms vs. 14.17£0.1ms, P <0.0001 and 0.47£0.02 vs.
0.2+0.01, P<0.0001, respectively). Both PAT and PAT/
PET ratios significantly decrease in PH groups in both
mice and rats.

Hemodynamic and histologic data of the heart tissues

In both mouse and rat models of PH, a Millar catheter was
used to measure RVSP after echocardiography (Fig. 4). In
mice, RVSP for normoxia and hypoxia group: 24.62+
0.29mmHg vs. 31.31£1.51 mmHg, P=0.0074; in rats,
RVSP for control and hypoxia sugen group: 2590+
0.64mmHg vs. 65.10+3.92mmHg, P <0.0001; control

Rat

Control Hypoxia + sugen P Control Monocrotaline P
RVFAC (%) 728433 38.9 £3.6* <0.0001 71.6+43 52.1 £6.7* 0.0351
TAPSE (mm) 2.74+0.10 2.09 £0.04* <0.0001 296+0.14 .69 £ 0.08* <0.0001
PAT (ms) 30.38+0.89 17.54 £0.65* <0.0001 27.33 £ 1.61 14.17 £0.10% <0.0001
PAT/PET 0.44+0.02 0.224+0.01* <0.0001 0.47 £0.02 0.20 £ 0.02* <0.0001
RVFWT (mm) 0.61 +£0.02 I.51 +£0.08* <0.0001 0.57+£0.03 [.25 +0.06* <0.0001
EF (%) 795+ 1.3 747+13 0.0547 803+£1.7 774+ 14 0.2296
CO (mL/min) 783+£19 61.5+£2.6% <0.0001 76.1 £3.1 63.5+£3.5% 0.0221
FS (%) 49.7+1.5 465+ 1.8 0.1815 49.5+20 489+3.7 0.8884
SV (pL) 223.0+73 184.2 £ 10.6* 0.0014 2174458 1692+ I 1* 0.0031
HR (bpm) 349.7+7.0 3414+ 4.6 0.082 3735+ 105 365.8+85 0.0618
RVSP (mmHg) 25.09 +0.64 65.10+3.92% <0.0001 24.65+1.24 61.87 +3.92% <0.0001
RVH 0.26 +0.01 0.52 £0.02* <0.0001 0.25+0.01 0.44 £ 0.04* 0.0017

*p<0.05, control group compared to hypoxia sugen or monocrotaline group.
RVFAC, right ventricle fractional area change; TAPSE, tricuspid annular plane systolic excursion; PAT, pulmonary acceleration time; PET, pulmonary ejection time;
RVFWT, right ventricle free wall thickness; EF, ejection fraction; CO, cardio output; FS, fractional shortening; SV, stroke volume; HR, heart rate; RVSP, right ventricle
systolic pressure; RVH, right ventricle hypertrophy.
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Fig. 2. Tricuspid annular plane systolic excursion (TAPSE) tracings and M-mode TAPSE data quantification in a mouse model of hypoxia-mediated
PH and rat models of hypoxia surgen and and MCT mediated PH. (a, d) Mouse TAPSE tracings and TAPSE data quantification under normoxia and
hypoxia exposure; (b, ¢, e, f) TAPSE tracings and TAPSE data quantification in control rats and hypoxia sugen-exposed rats. These data dem-
onstrate that TAPSE decreases in these rodent models of PH, indicating decreased RV contractility in pulmonary hypertensive groups. n>6 in
each group. **P < 0.001.
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Fig. 3. Pulmonary outflow PW Doppler tracings and data quantification in mouse model of hypoxia-mediated PH and rat models of hypoxia
sugen and MCT mediated PH. (a, g) Mouse PW Doppler tracings and PAT and PAT/PET ratios; (b, c, h, i) rat PW Doppler tracings and PAT and
PAT/PET ratios. In both models, PAT and PAT/PET ratios significantly decrease in pulmonary hypertensive groups. n > 6 in each group.

P < 0.001.
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Fig. 4. RV pressure measured using a Millar catheter and RVSP data quantification in mouse and rat models of PH. (b, f) Mouse HPH tracings and
RVSP data quantification; (d, e, g, h) rat HPH tracings and RVSP data quantification. RVSP values were significantly elevated in both pulmonary
hypertensive mice and rats. n > 6 in each group. **P < 0.01; ***P < 0.001.
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Fig. 5. Correlation between RVSP measured using a Millar catheter and PAT or PAT/PET ratios measured by echocardiography in mouse and rat
models of PH. (a, c) Mouse data; (b, d) rat data. Linear correlation between RVSP and PAT or PAT/PET ratios were demonstrated. n > |3 in each

group.

and MCT group: 24.65+124mmHg vs. 6187+
3.92mmHg, P <0.0001. According to the linear regression
data analysis (Fig. 5), a weak and moderated correlation
was observed between RVSP and PAT or PAT/PET ratios
in mouse and rat models of PH.

RVH was measured and demonstrated in Fig. 6. In mice,
the ratios of RV/(LV + S) for normoxia and hypoxia group:

0.24£0.01 vs. 0.374+0.01, P <0.001;
RV/(LV+S) for control

and hypoxia

in rats, the ratios of
sugen group:

0.26+£0.01 vs. 0.52+£0.02, P <0.0001; for rat control and
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Fig. 6. Heart cross-section H&E staining and RVH data in mouse and rat models of PH. (a, d) Mouse images and RVH data; (b, , €, f) rat images
and RVH data. These images and data further confirm RVH in these rodent models of PH. n=6 in each group. ***P < 0.001.

MCT group: 0.25+0.01 vs. 0.44+0.04, P=0.0017. RVH
was further confirmed by heart cross-section H&E-stained
images (Fig. 6). A strong correlation was observed between
RVFWT and RVH in mice (r*=0.896, P <0.001) and in
rats (r>=0.774, P <0.001).

Discussion

In this study, echocardiography was employed to analyze
RV function in three rodent models of PH: the mouse
HPH model and the rat model of hypoxia sugen and
MCT-induced severe PH. These models are widely used to
study mechanisms and develop potential therapeutic strate-
gies for PH. We demonstrated a significant decrease in
RVFAC, PAT, PAT/PET ratios, TAPSE, and SV as well
as dramatic elevation in RVFWT in PH models. To our
understanding, this is the first reference study to examine
RV function by echocardiography, RV pressure and histol-
ogy in three rodent models of PH. We also presented LV
echocardiography data in these models, in which we found
CO significantly decreases in rat hypoxia sugen or MCT
mediated PH model, but not in mouse HPH model. SV
decreased in both mouse and rat models of PH in this
study. Heart rates were kept constant only in rats, but sig-
nificantly increased in the mice with hypoxia exposure, com-
pared to the normoxia group (Tables 1 and 2). This explains
why CO only decreased in rat models of hypoxia sugen or
MCT-mediated PH.

Compared to the previous echocardiographic studies
(Table S1), our echocardiographic data are consistent with
these reports.?’?* 23231 There are two extra unique parts
in this study. First, complete TAPSE patterns were shown in
these three rodent models of PH; these attribute to our cap-
ability to obtain high quality images of apical four-chamber
views. Second, according to our pulmonary outflow

tracings’ patterns (Fig. 3), MCT and hypoxia sugen rat
PH models are very similar in the patients show mid-systolic
flow deceleration and notching, which is different from their
controls, and very similar to patients with severe PH,
whereas hypoxia alone produced tracing close to the nor-
moxia group, only showing a single wave. These data fur-
ther support that mouse HPH is a mild PH model and rat
hypoxia sugen or MCT-mediated PH models are more
severe.”!

As for the possibility of estimating RVSP via echocardi-
ography, a weak correlation between RVSP values and PAT
or PAT/PET ratios were shown in mice or rats in this study
(Fig. 5), although there was a trend showing lower PAT or
PAT/PET values, the more severe of PH phenotypes (Fig.
3). It thus might not be accurate to estimate RVSP using
PAT or PAT/PET ratios. The accurate identification of PH
might be still RV catheterization.

As stated above, RV echocardiography imaging is still
highly demanding. Here we provide high-quality images or
cines for parasternal long-axis, short-axis, and apical four-
chamber views. TAPSE tracings and data quantification
(Fig. 2) have been well presented in both mouse and rat
models of PH. The following important points have been
suggested to ensure accurate and high-quality RV echocar-
diography imaging: (1) the temperature of the animal plat-
form and the control of isoflurane outlet rate are important
to keep consistent heart rate during the echo imaging and
data acquisition. In general, heart rates are main-
tained > 400 for mice and > 300 for rats, and the animal
platform temperature is kept at approximately 37 °C; (2)
do not restrict to the use of the transducer holder and pre-
viously reported imaging positions, which were originally
mostly designed for the hearts in stable condition. In fact,
in many pathological conditions, especially after MI surgery
or in severe RV hypertrophy, the positioning of the heart
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may change; therefore, flexible adjustments of the trans-
ducer positioning are critically important for correct ima-
ging; (3) accurate TAPSE images and M-mode data
acquisition requires a clear apical four-chamber view; (4)
RVFWT is a good parameter to evaluate RV hypertrophy
because it is not affected by its neighboring right atrium and
it can reflect RV diastolic and systolic functions. To accur-
ately measure RVFWT, it is best to use the M-mode at the
parasternal long-axis RV outflow tract level, which was used
in this study (Suppl. Fig. 2). It can also be obtained via
parasternal short-axis at mitral valve B-mode level
(Supplementary Echo Cines 6-10).

There were some limitations of this study. First, in the
hypoxia sugen rat PH model, we used normal healthy rats as
controls for the hypoxia sugen group. To examine how
sugen enhances hypoxia-mediated PH severity, the rats
with hypoxia only could be another good control. Second,
in this study, all mice and rats we studied were males and it
is known that females have increased incidence of PH.**3?
Third, CO and EF values were calculated from LV, not
from RV. Thus, using rats with hypoxia exposure only as
another control for the hypoxia sugen group, studying
female animals and measuring CO and EF values from
RV in these rodent models of PH may warrant our further
echocardiographic studies.

In summary, we conducted a RV echocardiographic
study in three rodent models of PH. RVFAC, RVFWT,
PAT, and TAPSE are good parameters to evaluate RV func-
tion. Complete patterns of TAPSE and pulmonary outflow
tracings were presented in these models. Thus, it can be as a
reference study for the evaluation of RV functions in pre-
clinical models of PH.
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