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Estrogen Preserves Pulsatile Pulmonary Arterial Hemodynamics
in Pulmonary Arterial Hypertension
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1Department of Biomedical Engineering, University of Wisconsin-Madison, Wisconsin

2Department of Medicine, University of Wisconsin-Madison, Wisconsin

SDepartment of Biostatistics & Medical Informatics, University of Wisconsin-Madison, Wisconsin

Abstract

Pulmonary arterial hypertension (PAH) is caused by extensive pulmonary vascular remodeling that
increases right ventricular (RV) afterload and leads to RV failure. PAH predominantly affects
women; paradoxically, female PAH patients have better outcomes than men. The roles of estrogen
in PAH remain controversial, which is referred to as “the estrogen paradox”. Here, we sought to
determine the role of estrogen in pulsatile pulmonary arterial hemodynamic changes and its impact
on RV functional adaption to PAH. Female mice were ovariectomized and replenished with
estrogen or placebo. PAH was induced with SU5416 and chronic hypoxia (SuHx). In vivo
hemodynamic measurements showed that (1) estrogen prevented loss of pulmonary vascular
compliance with limited effects on the increase of pulmonary vascular resistance in PAH; (2)
estrogen attenuated increases in wave reflections in PAH and limited its adverse effects on PA
systolic and pulse pressures; and (3) estrogen maintained the total hydraulic power and preserved
transpulmonary vascular efficiency in PAH. This study demonstrates that estrogen preserves
pulmonary vascular compliance independent of pulmonary vascular resistance, which provides a
mechanical mechanism for ability of estrogen to delay disease progression without preventing
onset. The estrogenic protection of pulsatile pulmonary hemodynamics underscores the
therapeutic potential of estrogen in PAH.

Keywords

Pulmonary Vascular Compliance; Pulmonary Vascular Resistance; Wave Reflection; Estrogen
Paradox; Transpulmonary Vascular Efficiency

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a rare but rapidly progressing, fatal disease with 3-
year survival rate of 55% 10 characterized by progressive increase in resistance and loss of
compliance that increases right ventricular (RV) afterload. The typical cause of death in PAH
is RV failure; thus the ability of the RV to adapt to increased afterload determines outcomes
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of PAH 27, In contrast to systemic hypertension, PAH preferentially affects women by 4:1 3.
Paradoxically, female PAH patients have better RV function and thus better survival rates
than their male counterparts 1012, Intuitively, these clinical findings suggest that the female
sex hormone estrogen is an important contributor to PAH development. However, animal
studies show that estrogen attenuates the severity of PAH and ovariectomy exacerbates the
disease 1742, The discrepant role of estrogen in PAH is referred to as “the estrogen
paradox”213, As a step toward resolving this paradox, we sought to determine the role of
estrogen in pulmonary vascular hemodynamic changes and their impact on RV functional
adaption.

The protective effects of estrogen on the cardiovascular system are well-studied in the
systemic circulation 2°. In the pulmonary circulation, estrogen has been shown to attenuate
hypoxia- and monocrotaline-induced PAH via vasorelaxation and anti-myogenesis 1741, Our
recent studies on mice exposed to a combination of VEGF receptor inhibitor SU5416 and
chronic hypoxia (SuHx) have shown that estrogen preserves compliance of proximal
pulmonary arteries (PA), which is linked to reduced RV afterload and improved RV function
in PAH 21.22 However, it remains unknown whether the change in PA compliance resulting
from estrogen treatment is dependent on the change in resistance, since pulmonary
circulatory resistance and compliance follow an inverse relationship regardless of disease
severity or treatment 1819, Furthermore, in our previous studies, conduit PAs were isolated
and mechanically tested under the same pressure and frequency ranges ex vivo rather than
under their respective conditions in vivo. Given the nonlinear viscoelastic behavior of
conduit PAs 1239 in vivo differences in pressure and hemodynamics can affect the measured
arterial compliance.

Here we test the hypothesis that estrogen attenuates PA stiffening independent of PA
narrowing in PAH. We also hypothesize that estrogen attenuates pulmonary wave reflection
and enhances ventricular-vascular energy transmission efficiency by preserving artery
compliance in PAH. The objectives of this study are to determine the effect of estrogen on
(@) PA functional remodeling (compliance and resistance); (b) wave reflection; and (c)
transpulmonary vascular efficiency /, a sensitive measure of the ease of blood flow through
pulmonary vasculature. We used a mouse model of angioproliferative PAH, created via
SuHx as done previously 2122, To quantify PA hemodynamics, we measured PA pressure
and flow /n vivo, from which we derived pulmonary vascular impedance, a measure that
provides the most complete characterization of pulmonary vascular functional status and
steady and pulsatile afterload®. Our results demonstrate that estrogen preserves PA
compliance despite increased resistance, attenuates wave reflection and enhances
transpulmonary vascular efficiency in PAH. These findings provide a functional mechanism
by which estrogen protects RV function and shed light on sex disparities in PAH outcomes.

MATERIALS and METHODS

Animal handling

All procedures (Figure 1) were approved by the University of Wisconsin-Madison
Institutional Animal Care and Use Committee. Ovariectomized (OVX) female C57BL/6
mice, 9-10 weeks-old, were purchased from a commercial vendor (Jackson Laboratory) to
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eliminate natural fluctuations in estrogen levels. After 1 week to ensure depletion of
endogenous estrogen store, OV X mice were implanted subcutaneously either with
estradiol-17f pellets (0.1 mg per 21-day-release, Innovation Research of America) to
achieve a plasma estrogen level at or slightly higher than the physiological levels or with
placebo pellets as control for estrogen supplement 21, Immediately after pellet implantation,
half of the mice (n = 10 mice treated with estrogen and n = 10 treated with placebo) were
injected intraperitoneally (i.p.) with SU5416 at 20 mg kg~! weekly and exposed to
normobaric hypoxia (10% O») for 21 days (SuHx). The animals without SuHx were kept at
room air for 21 days. All animals were housed at room temperature with a 12-hour dark/
light cycle and with free access to food and water.

In vivo PA hemodynamic measurement

PA pressure and flow were measured simultaneously /n7 vivo following the procedures
described by Tabima 32, Briefly, after a mouse was deeply anesthetized with an i.p. injection
of urethane at 2 g kg~! to maintain heart rate, the mouse was intubated and ventilated at a
tidal volume of ~225 ul and respiratory rate of ~200 breaths per min while supine on a
heated pad to maintain body temperature at 38°C. To expose the RV, a ventral midline
incision was made. A 1.2F pressure catheter (Millar Instruments, Houston, TX) was then
inserted into the RV apex and advanced to the main PA just distal to the pulmonary valve.

The blood velocity (V) and diameter (D) at the same location in the PA were acquired
simultaneously using echocardiography (Visualsonics, Toronto, and Canada) with a 40 MHz
probe. Doppler angles were set parallel to the blood flow. The Doppler sample window was
chosen sufficiently downstream from the pressure catheter to avoid the jetting around the
catheter; PA diameters were obtained during diastole. A specialized probe holder was used
to replicate the angle and positioning of the probe for each mouse as much as possible. PA
pressure and flow were recorded and analyzed using a customized device (Cardiovascular
Engineering, Norwood, MA). Surgery and data collection were completed within ~60 min.

Pulmonary vascular impedance analysis

The pressure (P) and flow (Q = V*rD?/4) waveforms were analyzed in the time domain to
derive pulmonary vascular impedance 2. Mean PA pressure (mPAP), pulse pressure (PP =
systolic P - diastolic P), stroke volume (SV), cardiac output (CO), and global pulmonary
arterial compliance (SV/PP) were obtained. Total pulmonary vascular resistance Zg (or tPVR
= mPAP/CO) and characteristic impedance (Z¢) were calculated as described previously 3,
except that Z¢ = dP/dQ was taken prior to when Q reaches 45% of its maximum value to
ensure the linearity of P and Q waveforms. The pulse wave reflection (T) was defined as " =
(20— Z20/(Z + Zo), which characterizes impedance mismatch between proximal and distal
beds 38,

Wave separation analysis

The pulse wave velocity (PWV) at the main PA was determined from Z¢, main PA luminal
area (A) and blood density (p):
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Here we assume that p is constant at 1060 kg m~2 as the blood density changes only 1.4%
between a hematocrit of 40 to 70% 37. The forward and backward pressure and flow waves
were determined using wave separation analysis 3240,

Py=(P+Z.,Q)/2
Pb:(P - Z()Q)/2
Qf=Ps/Z.

Qb:Pb/Zc

The index of global wave reflection or reflection magnitude was calculated as the ratio of the
amplitude of P¢ and Py, (Pp/Pf), which captures the wave reflection of the whole vascular

bed 38. The effect of wave reflection on pulmonary hemodynamics was quantified using two
indices : ASP defined as the difference between the systolic pressure of measured and
forward pressure waves, and APP defined as the difference between the PP of measured and
forward pressure waves. To quantify the effect of PAH and estrogen on the timing of wave
reflection, we defined the normalized time between the beginning of systolic to the peak of
the reflected pressure wave (tpeak = AUT), where T is the period of cardiac cycle. This index
allows us to quantify the timing of the return of the predominant reflected wave to the
measuring site in the proximal PA.

Energy analysis

The total hydraulic power (W;) was calculated as the time-average of the product of the
instantaneous pulmonary PA pressure (P(t)) and flow (Q(t)) over the cardiac cycle, ignoring
the small kinetics terms ©. The steady power (W) was calculated as the product of mPAP
and CO, and the oscillatory power (W,) was the difference between W; and W,.

Wt:%fOTP(t) LQ()dt

Ws=mPAP x CO
Wo=W; — W,
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Right ventricular-vascular coupling was assessed by two indices 9, i.e., the oscillatory power

fraction ratio, defined as W,/W; and transpulmonary vascular efficiency defined as CO/W;

(energy cost of maintaining or increasing CO).

Morphology and histological analysis

Immediately after hemodynamic measurement, RV free wall and left ventricle (LV) plus
interventricular septum (S) were dissected and weighed to derive RV hypertrophy indices,
i.e., RV weight normalized by the body weight (BW), or by the tibia bone, or by the weight
of LV+S.

For histology, whole lungs were pressure-perfused with 10% formalin at 15 mmHg. The
formalin-fixed lungs and left extralobar PA were then embedded in paraffin. Tissue sections
(5 pm) were stained with verhoff Van Geisen (VVG) to identify elastin, and picro-sirius red
(SR) to measure collagen. 5 blocks were sequentially selected from the left lung lobe; at
least 100 arteries were analyzed. Arteries were grouped by the outer diameters ranging from
20 to 50 pm, 50 to 100 pm, 100 to 200 pm and 200 to 500 um. Images were captured on an
inverted microscope (TE-2000; Nikon, NY) at 10X using a Spot camera and analyzed using
an imaging analysis software Metavue (Optical Analysis Systems, NH).

Wall thickness and medial wall thickness was measured as the distance between the intima
and the adventitia or the internal and external elastic membranes, respectively, with a line
measurement tool and averaged over 5-6 positions. To quantify the area fraction of collagen
or elastin, the area positive for staining was identified using thresholding and normalized to
the total area of PA wall at the region of interest. The content of the protein of interest was
calculated as the product of area faction and the total wall thickness of the PAs. Presented
values are the mean of 5 fields per mouse lung section and 4 mice per group.

Statistical analysis

RESULTS

The study was powered to detect an effect size of at least 0.75 for the main comparison of
Control/Placebo vs. SuHx/Estrogen groups in the 2 x 2 analysis of variance model with 81%
power at the two-sided 0.05 significance level. The planned sample size for detecting this
difference was 10 per experimental condition. All results are presented as mean + standard
error. The significance of the changes in PA hemodynamics with estrogen treatment and
SuHXx exposure was assessed with two-way analysis of variance followed with Tukey
multiple comparisons at a significance level of 0.05. Statistical analysis was performed using
R software (Foundation for statistical computing, version 2.5.1).

Estrogen restored pulsatile RV load but not steady RV load in early PAH

Representative pulmonary pressure and flow waveforms are plotted against a normalized
cardiac cycle for all the groups (Figure 2A-D). Pulmonary pressures were significantly
higher in the SuHx groups compared to the control groups (Table 1), indicating PAH. No
significant difference in mPAP was detected between the estrogen- and placebo-treated
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SuHx groups. Whereas SV was significantly lower in the placebo-treated SuHx group
compared to the control group, CO and CI were preserved in both SuHx groups.

The resistance (Zg) significantly increased in both SuHx groups compared to the controls; no
difference was found between the estrogen and placebo-treated SuHx groups (Figure 2E). In
contrast, the characteristic impedance (Z¢) increased significantly in the placebo-treated
SuHx group (Figure 2F), indicating proximal PA stiffening with PAH without either
endogenous or exogenous estrogen. Pulse pressure (PP) and the global compliance index
SV/PP also increased in the placebo-treated SuHx group (Table 1 and Figure 2G), which
supports the interpretation of proximal PA stiffening in PAH without either endogenous or
exogenous estrogen. However, exogenous estrogen significantly limited the increase in Z¢,
PP and SV/PP compared to the placebo-treated SuHx group, such that they were not
different from the control levels. Since mPAP was similar between these groups, the
difference in Z¢ was unlikely to be due to the pressure dependence of arterial stiffness 4. The
pulse wave reflection was not altered in the placebo-treated SuHx group (Figure 2H), but
significantly increased in the estrogen-treated SuHx group.

Estrogen attenuates elevated wave reflection in PAH

The pulse wave velocity (PWV) increased in the placebo-treated SuHx group (Figure 3A).
Estrogen restored it to the control level, confirming that estrogen attenuates PAH-induced
proximal arterial stiffening. ASP and APP, indices of the effects of wave reflection on the
systolic pressure and pulse pressure, respectively, were significantly higher in the placebo-
treated SuHx group (Figure 3C and D), indicating that the reflected wave significantly
increased the systolic pressure and the pulse pressure in PAH. No changes in ASP and APP
were found in the estrogen-treated SuHx group, indicating that estrogen limited the effects
of wave reflection on these pressures. The global wave reflection index (Py/Psf) increased in
the placebo-treated SuHx group (Figure 3B) and estrogen attenuated the increase in Py/Ps.
Although estrogen treatment tended to delay the arrival of reflected wave (tpeak), N0
significant difference in the timing of wave reflection was found between the control and
PAH groups or between the estrogen and placebo-treated groups (Figure 3D).

Estrogen protects transpulmonary vascular efficiency

The total hydraulic power (W;) significantly increased in the placebo-treated SuHx group,
and estrogen attenuated the increase and restored it to the control level (Figure 4A).
Although the oscillatory power (W,) was not significantly changed, the oscillatory power
fraction was significantly lower in both SuHx groups and estrogen treatment further
decreased the oscillatory power fraction (Figure 4B and C). The transpulmonary vascular
efficiency was significantly decreased in both SuHx groups compared to the control group
(Figure 4D). Estrogen treatment attenuated this decrease in the PAH group.

Estrogen modified resistance-compliance relationship of the pulmonary circulation

The resistance (R= Zy) and compliance (C= SV/PP) of the placebo-treated SuHx group and
control groups followed an inverse relationship (Figure 5A), suggesting that PAH did not
alter this relationship which previously has been found to be conserved in the pulmonary
circulation 1°. Notably, estrogen-treatment in the SuHx group did alter this relationship by
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changing the exponent from about —1 to about —0.5. The upward shifting of the R-C curve
indicates that at any given resistance, the pulmonary arterial network is more compliant with
estrogen treatment. The RC-time, the product of R and C, was significantly larger in the
estrogen-treated SuHx group compared to the control and the placebo-treated SuHx group
(Figure 5B).

Morphology and structural changes

The RV was significantly hypertrophied in both PAH groups and to a similar degree (Table
2), consistent with the changes in mPAP. The uterine weight in the estrogen-treated mice
(128+6 g) was significantly higher than that in the placebo group (12+1g) and confirmed the
success of OVX and pellet implantation.

SuHx increased collagen and wall thickness in the left PA measured histologically and
estrogen attenuated this increase (Figure 6). Elastin was not significantly altered in the left
PA either by PAH or estrogen treatment (data not shown). We did not find significant
changes in the collagen or elastin area fraction or in the medial wall thickness in distal
pulmonary arteries between the estrogen and placebo-treated SuHx groups (data not shown).

DISCUSSION

In this study, we investigated the effects of estrogen on pulsatile pulmonary hemodynamics
in PAH. The novel findings in this study include (a) that estrogen modifies the inverse
relationship between PA compliance and resistance: estrogen attenuates decrease in PA
compliance independent of PA resistance; and (b) that estrogen attenuates PA wave
reflection and enhances transpulmonary vascular efficiency. The protective effects of
estrogen on PA hemodynamics reduce RV afterload and energy demand, which contribute to
better RV adaption and may be responsible for better outcomes in female PAH patients.

Estrogen attenuates pulmonary arterial compliance independent of pulmonary vascular
resistance in PAH

In the pulmonary circulation, resistance (R) and compliance (C) are coupled such that the
product of R and C (or the RC time) is constant, which has been attributed to the large
number of small distal arteries that are both highly resistant and highly compliant2®. In most
types of PH, the RC time constant does not change with disease severity or treatment 18.19;
however, changes in the distribution of R or C can affect this relationship. For example,
proximal obstruction CTEPH patients have shortened RC-time due to an proximal decrease
in compliance with unchanged PVR 23. Here we found that estrogen altered this relationship
such that at any given resistance, the pulmonary arterial network is more compliant (Figure
4). This is consistent with our finding that estrogen did not significantly affect distal PA
remodeling in hypertensive animals. Instead, estrogen treatment significantly increased the
diameter of main PA (Table 2), which may be mediated through enhanced eNOS expression
and activation 624, Furthermore, our study showed that estrogen significantly attenuated
collagen deposition and wall thickness in conduit PAs, as found previously 22.

The physiological basis for localized effects of estrogen on PAs may be the phenotypical
heterogeneity of smooth muscle and endothelial cells throughout the vascular tree due to
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different regional environment, developmental origin, or vascular functional

requirement 1:33. The possible differential responses of SMCs and ECs in the proximal and
distal PAs to PAH and to estrogen treatment warrant future mechanistic study. The ability of
estrogen to preserve arterial compliance implies that estrogen likely serves a novel therapy
for pulmonary arterial stiffening in PAH, which is a powerful predictor of disease outcome.

It is noteworthy that the finding that estrogen has limited effects on total pulmonary vascular
resistance (tPVVR) does not agree with our previous result that estrogen protects against a
PAH-induced increase in tPVR 2L, In the current study, tPVR was calculated directly from
mPAP and CO measured in the PA (tPVR = mPAP/CO); in the prior study, CO was
computed from SV times HR, which will overestimate CO if significant tricuspid
regurgitation exists. Since tricuspid regurgitation is likely estrogen-dependent 20 and often
observed in PAH patients 30, we anticipate that the SV-method overestimated CO and thus
underestimated tPVR in the estrogen-treated SuHx animals, which accounts for the
discrepancy between these studies.

The impact of estrogen on wave reflection

Wave reflection, in part, contributes to increased burden on the heart by increasing pressure
and reducing blood flow during systole 8. Arterial stiffness and wave reflection are greater in
menopausal women than age-matched men independent of body size and heart rate 31,
Treating postmenopausal women with estrogen significantly decreases aortic wave

reflection 3 and estrogen receptors are linked to increased wave reflection and adverse
cardiac events 28, Here we found that PAH increased PA PWV in the placebo-treated group,
consistent with the clinical findings that male IPAH patients have higher PA-PWV than male
healthy controls 16, Estrogen restored the wave velocity in the SuHx group to the control
level, consistent with the clinical finding that female IPAH patients have lower PA-PWV
than male IPAH patients 16.

As the hemodynamic consequences of wave reflections are highly dependent on their
magnitude and timing relative to the cardiac cycle, we used global reflection index and tpeak
to quantify the magnitude and timing of wave reflection. PAH increased the magnitude of
wave reflection but did not alter the timing of wave reflection despite of increased PWV. The
hemodynamic consequences of increase wave reflection included elevated systolic and pulse
pressures that increase RV afterload and distal blood flow pulsatility, two major contributors
to PAH progression. Estrogen attenuated the increase in the magnitude and tended to delay
the arrival of reflected waves, which likely explain the lower PP and systolic pressure in the
estrogen-treated SuHx group. It is interesting to note that in the estrogen-treated SuHx group
(Table 1), the global wave reflection index, which captures the wave reflection of the whole
pulmonary vasculature, did not reconcile with the higher pulse wave reflection index, which
reflects the mismatch in distal and proximal impedance. These two indexes are usually
consistent when Z, a measure of total pulmonary resistance, and Z¢, a measure of proximal
compliance, are coupled in pulmonary circulation. Here, estrogen preserved Z¢ independent
of increased Z in the PAH group that led to the increase in the pulse wave reflection index
without affecting global wave reflection index.

Ann Biomed Eng. Author manuscript; available in PMC 2018 March 01.
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The impact of estrogen on RV adaptation to PAH

Different types of RV loading result in distinct patterns of RV adaption °. RV wall stress
during RV ejection is the gold standard measure of RV afterload, which depends on RV wall
thickness, chamber dimensions and vascular load. We did not find significant differences in
normalized RV weight, wall thickness or RV inner diameter between estrogen treated and
untreated groups (Table 2), indicating that the vascular load is the determining factor for RV
adaptation. We found that estrogen significantly reduced the pulsatile load (Z¢) with limited
effect on the steady load (Zg). We did not find significant differences in RV hypertrophy
between estrogen-treated and untreated PAH groups, suggesting that steady load Zj is the
dominant contributor to increased RV mass.

Energetically, we found that estrogen attenuated absolute RV total and oscillatory energy.
Oscillatory energy fraction was significantly lower in the estrogen-treated PAH group
compared to both control and placebo-treated PAH groups, suggesting estrogen improves
energy efficiency. Whereas cardiac function (CO and CI) was little influenced (with
compensation of the heart rate) by PAH, despite the marked increase in Z¢ and wave
reflection in the untreated PAH group, the energetic cost to the heart for maintaining
adequate flow was increased. This suggests a mechanism whereby pulmonary arterial
stiffening and wave reflection may yield little functional decrement at baseline but limit
reserve capacity under conditions of increased demand, as observed in our previous study 22.
This finding is also consistent with data from the systemic circulation 14. The ability of
estrogen to protect PA compliance and to attenuate wave reflection that attenuates pulsatile
loading and increase energy efficiency explain the enhanced RV function at baseline and
cardiac reserve under stress in the estrogen treated PAH group 1.

Study limitations

There are several limitations in this study. First, the pressure and flow data were measured in
open-chest animals under anesthesia. To minimize the effect of surgery on the measurement,
we used small diameter (1.2F) pressure catheter and ensured minimal blood loss during the
surgery. Since data from all experimental groups were acquired under the same conditions,
we expect that the conclusions derived in this study are applicable to physiological
conditions. Second, PCWP was not measured due to technical difficulties in rodents. PCWP
is known to affect the RC relationship 36 and estrogen may affect PCWP via its
vasorelaxation property. In addition, we approximated pulmonary vascular resistance using
total pulmonary vascular resistance (Zg), which excluded the effects of PCWP and relied on
an indirect estimate of total pulmonary vascular compliance. Therefore, whether and how
estrogen modulates PWCP needs to be confirmed in large animal and clinical studies. Third,
the resolution of echocardiography (80 m) is considered marginal to discern the difference in
the main PA inner diameter among experimental groups. However the trend of PA inner
diameter is consistent with ex vivo PA outer diameter measured optically in our previous
study using the same animal model?2. Finally, the PAH generated was mild and not
longstanding. To shed light on the estrogen paradox, as well as to test the therapeutic
potential of estrogen, comparable studies on intact female animals with an intrinsic estrous
cycle with severe, longstanding PAH are warranted.
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CONCLUSIONS

Abnormalities in pulmonary arterial pulsatile hemodynamics (i.e., increase in pulmonary
vascular resistance and decrease in compliance) contribute to PAH progression. Our study
demonstrated that estrogen attenuates decreased compliance largely independent of
resistance, which reduces pulsatile RV afterload and attenuates wave reflection in PAH. The
protective effects of estrogen on pulmonary hemodynamics provide a functional mechanism
for improved RV functional adaptation in female PAH patients. The differential modulation
of remodeling of the pulmonary proximal and distal vasculature also sheds light on the
estrogen paradox in PAH in that estrogen does not affect PAH incidence but prevents the
disease progression by modifying PA compliance only. Finally, the ability of estrogen to
attenuate loss of pulmonary arterial compliance constitutes an opportunity for novel
therapeutic intervention in PAH.
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Abbreviations

Cl cardiac index

(6{0) cardiac output

LV left ventricle

mPAP mean pulmonary arterial pressure
OvX ovariectomy

PA pulmonary artery

PAH pulmonary arterial hypertension
PCWP pulmonary capillary wedge pressure
PP pulse pressure

PWV pulse wave velocity

Ps forward pressure

Py backward pressure

Py/Pt index of global wave reflection
PVR pulmonary vascular resistance
RV right ventricle

SuHXx Sugen-hypoxia exposure
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SV stroke volume
SV/PP global arterial compliance
tPVR total pulmonary vascular resistance
W, total hydraulic power
Wq oscillatory hydraulic power
W /Wi oscillatory power fraction
CO/W; transpulmonary vascular efficiency
Zg total vascular resistance
Zc characteristic impedance
I'=(Zo-Zc)(Zo+Z) pulse wave reflection
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Figure 1.
Experimental groups and timeline of experiments. OV X, ovariectomy, CTL_P, placebo-

treated control group; CTL_E, estrogen-treated control group; SuHx_P, placebo-treated
SuHx group; and SuHx_E, estrogen-treated SuHx group.
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Figure 3.
Effects of estrogen on wave reflection in PAH. (A) Pulse wave velocity (PWV), (B) Global

wave reflection index, (C) difference in systolic pressure between measured and forward
pressure waves, (D) difference in pulse pressure between measured and forward pressure
waves, and (E) normalized time between the beginning of systolic pressure wave to the peak
of the reflected pressure wave (tpeak = AUT). *, P<0.05 vs. Control, #, P<0.05 vs. Placebo.
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The effects of estrogen on hydraulic powers and energy transmission in PAH. (A) Total
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Representative conduit PA histology and semi-quantitative analysis in the placebo- and
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PA wall thickness, (F) collagen area fraction and (G) content. *, P<0.05 vs. Control; #,

P<0.05 vs. Placebo.
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Table 1

Pulmonary arterial hemodynamics in control and PAH groups with/without estrogen treatment

Parameters CTL_P(n=10) CTL_E(n=10) SuHx P(n=8) SuHx_E (=9
HR (bpm) 53219 286+14% 57315 519+14
MPAP (mmHg)  16.7+0.8 16.7£1.2 27.140.6 24.4+11%
SPAP (mmHg) 215+1.4 22.3£15 36.4+1.0% 30,5412

PP (mmHg) 11.8+0.5 11.5£0.6 1674117 10.6+0.9%

SV (ul) 20.2+1.2 21.2¢11 15.9+1.3% 17.5+0.1

CO (ml min™1) 10.8+0.6 10.3+0.5 9.1+0.7 8.9+0.8
Cl(mlmin-1g™) 0.48+0.03 0.47+0.02 0.44+0.04 0.41+0.03

Page 20

Data presented as mean£SE. CTL, control; P, placebo; E, estrogen; mPAP and sPAP, mean and systolic pulmonary arterial pressure; PP, pulse
pressure; SV, stroke volume; CO, cardiac output; CI, cardiac index.

*
P<0.05 vs. Control,

#P<0.05 vs. Placebo.
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Table 2

Morphologic parameters in control and PAH groups with/without estrogen treatment

Parameters CTL_P(n=10) CTL_E(n=10) SuHx P(n=8 SuHx_E (=9
BW (g) 22.5£0.3 22.1£05 20.7+03 % 22 040 4%
RV/BW (mg g™) 0.88+0.03 0.85:0.03 1.59+0.10 " 1.51+0.03"
RV/Tibia (mg mm™2) 1.08+0.05 1.08+0.06 1.8440.13% 1.84+0.05
RV/LVS (mg mg™2) 0.28+0.01 0.29+0.01 0.42+002% 0.35+0 01
RV wall thickness (mm)  0.27+0.02 0.28+0.02 0.36+0.02 0.40+0.03 ™

RV ID (mm) 1.45+0.03 1.38+0.03 1.31+0.07 1.38+0.09

Main PA ID (mm) 1.34£0.02 1.31£0.03 1.360.02 1.40+0.02*

BW, body weight; RV, RV weight; LVS, left ventricle and septum weight; PA, pulmonary artery; ID, inner diameter.

*
P<0.05 vs. Control,

#P<0.05 vs. Placebo.
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