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Abstract

A striking feature of the human pulmonary circulation is that mean (mPAP)
and systolic (SPAP) pulmonary artery pressures (PAPs) are strongly related
and, thus, are essentially redundant. According to the empirical formula
documented under normotensive and hypertensive conditions (mPAP = 0.61
SPAP + 2 mmHg), sPAP matches ~160%mPAP on average. This attests to the
high pulsatility of PAP, as also witnessed by the near equality of PA pulse
pressure and mPAP. Our prospective study tested if pressure redundancy and
high pulsatility also apply in a piglet model of chronic thromboembolic pul-
monary hypertension (CTEPH). At baseline (Week-0, W0), Sham (n =8) and
CTEPH (n=27) had similar mPAP and stroke volume. At W6, mPAP in-
creased in CTEPH only, with a two- to three-fold increase in PA stiffness and
total pulmonary resistance. Seven CTEPH piglets were also studied at W16 at
baseline, after volume loading, and after acute pulmonary embolism asso-
ciated with dobutamine infusion. There was a strong linear relationship
between sPAP and mPAP (1) at W0 and W6 (n = 70 data points, r2 = 0.95); (2)
in the subgroup studied at W16 (n =21, r2=0.97); and (3) when all data were
pooled (n=91, r2=0.97, sPAP range 9-112 mmHg). The PA pulsatility was
lower than that expected based on observations in humans: sPAP matched
~120%mPAP only and PA pulse pressure was markedly lower than mPAP. In
conclusion, the redundancy between mPAP and sPAP seems a characteristic
of the pulmonary circulation independent of the species. However, it is sug-
gested that the sPAP thresholds used to define PH in animals are species- and/
or model-dependent and thus must be validated.
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INTRODUCTION

In pulmonary hypertension (PH), the chronic increase in
pulmonary arterial (PA) pressure leads to progressive
right ventricular (RV) remodeling from compensated
hypertrophy to maladaptive dilatation and failure. Ani-
mal models of PH are increasingly used to gain insight
into the pathophysiology of this devastating disease and
to test new treatments.' * The importance of precisely
characterizing RV afterload has been stressed because
increased RV afterload plays a key role in precipitating
RV failure and death.” The mean PA pressure (mPAP)
reflects the steady pressure component of RV afterload”’
and it is the fundamental metric to define PH and to
calculate pulmonary resistance.” The pulsatile pressure
component of RV afterload may be quantified by the PA
pulse pressure, that is, the difference between systolic
and diastolic PA pressure (PApp =sPAP — dPAP). The
PApp quantifies the oscillation of the PA pressure wa-
veform around mPAP. The PApp is mainly determined
by PA stiffness and RV stroke volume’ and the im-
portance of increased PA stiffness in the pathophysiol-
ogy'”"” and prognosis'*"” of PH has been stressed.

A striking hemodynamic feature of the human
pulmonary circulation is that mPAP and sPAP are
strongly related through a linear relationship
(mPAP =0.61 sPAP +2mmHg) documented over a
wide range of clinical and hemodynamic conditions.
This empirical equation may help improve the
noninvasive estimation of mPAP from the echo-
Doppler-derived sPAP.'®'” The empirical equation
also implies that sPAP is ~160% mPAP, while systolic
aortic pressure is only 120% to 150% mean aortic
pressure.'® This illustrates the fact that the human
pulmonary circulation is much more pulsatile than
the systemic circulation, as also attested by two other
features. First, the oscillatory power is twice as high
in the right ventricle (25%-30% of total power) than in
the left ventricle (10%-15%). Second, the pulse pres-
sure is a higher proportion of mean pressure in the
pulmonary artery than at the aortic level.'*'” It has
been proposed that PApp and mPAP have an almost
1:1 ratio'” and this has been recently confirmed by
our group in patients with pulmonary arterial hy-
pertension and in normotensive subjects."®

Precise documentation of the potential similarities
and differences between animal and human PA pressure

waveform characteristics is lacking. This may be viewed
as an important goal from the viewpoint of comparative
physiology and also to improve the translation of ex-
perimental findings to the human disease pathophysiol-
ogy. Indeed, PH screening in humans is often based on
the indirect estimation of mPAP derived from sPAP as-
suming a fixed sPAP to mPAP relationship, and this re-
mains to be critically evaluated in animal models.

The aim of our invasive study was to document the
pulsatile component of PAP in a large animal model of
CTEPH. In piglets studied both at baseline and following RV
preload/afterload increases and inotropic support, we tested
the following hypotheses: (1) that there was a strong linear
relationship between sPAP and mPAP; (2) that the equation
line was close to that documented in humans; and (3) that
the PA pulsatile pressure approximately matches the mPAP
value. Similarities and differences between our model and
previous observations in humans were documented and the
potential implications were discussed.

METHODS
Animals

Our institutional animal care committee approved all
procedures that were performed according to in-
stitutional guidelines complying with national and
international regulations. We included 6- to 8-week
old, large White piglets (sus scrofa). The CTEPH
model”’ > was documented both at baseline and
following acute volume loading and acute pulmonary
embolism with inotropic support (Figure 1). The first
group (group 1) consisted of 35 piglets, namely,
8 Sham and 27 CTEPH animals. Pulmonary
hypertension was induced (n = 27) by left PA ligation
followed by weekly embolization of right lower lobes
arteries with embucrilate tissue adhesive for 5 weeks
(W) as previously reported.”’ Right heart catheter-
ization was performed in resting conditions at W0 and
W6. The second group (group 2) consisted of 7 piglets
with CTEPH induced similarly as in the first group.
Right heart catheterization was performed at W16
under the three following conditions: (1) at baseline;
(2) after volume loading (saline 60 ml/kg over up
to 2h); and (3) after acute pulmonary embolism
associated with dobutamine infusion (5 pug/kg/min).””
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Study design. (a) In the first group of animals (n = 35), pulmonary hypertension was developed in 27 animals by left

pulmonary artery (PA) ligation at Week 0 and weekly embolization of the right lower lobe (RLL) PA; the eight other animals underwent no
intervention. Right heart catheterization was performed at Weeks 0 and 6 (red squares) in all animals. (b) In the second group of seven
animals, pulmonary hypertension was induced similarly as in the first group. Right heart catheterization was performed at Week 16 under
three conditions (red square) at baseline (rest), after volume loading with 60 ml/kg of saline infusion (VL) and after acute pulmonary

embolism followed by dobutamine infusion at 5 ug/kg/min (PE + D)

Hemodynamic evaluation

All measurements were performed prospectively under
general anesthesia.””** In brief, after a 12-h fasting period,
the animals received an intramuscular injection of Ketamine
hydrochloride (30 mg/kg) for premedication. Then the ani-
mals received an intravenous bolus of fentanyl (0.005 mg/
kg), propofol (2 mg/kg), and cisatracurium (0.3 mg/kg) in-
travenously through an ear vein and were intubate non-
selectively with a 7-French probe. General anesthesia was
maintained with inhaled 2% isoflurane, continuous infusion
of fentanyl (0.004 mg/kg) and propofol (3 mg/kg). After
general anesthesia induction, the animals were positioned on
their backs. An 8-French sheath was placed into the jugular
vein using the Seldinger method. The right heart catheter-
ization was performed with a Swan-Ganz catheter to mea-
sure the pulmonary artery pressures (7F; usable length
110 cm; Edwards Lifescience LLC). The disposable transdu-
cer was placed at the right atrial level (mid-chest) and con-
nected to the workstation (Powerlab 16/35 and LabChart pro
software v7.3.7; AD instrument). Live pressures (1000 Hz)

were recorded on a personal computer. The fluid-filled
catheter was well purged with saline to remove air bubbles
so as to avoid pressure signal damping. The zero level was
verified. The cardiac output (CO) was measured with a
thermodilution technic with the Swan-Ganz catheter fol-
lowing the manufacturer’s instructions (ie., triplicate CO
measurements with boli of 10 ml saline at 4°C). The heart
rate (HR) was measured at the time of CO measurement; the
stroke volume was calculated as the CO over HR ratio. The
mPAP (time-averaged), sPAp, dPAP, and PApp were aver-
aged out over five consecutive cardiac cycles. The time-
averaged mPAP was measured as the time integral of the
pressure versus time curve divided by the overall cycle
length. In a subset of 12 resting piglets (five sham and seven
with CTEPH), the peripheral systemic pressure was mea-
sured simultaneously with fluid-filled catheters. All the
pressure measurements were performed during short peri-
ods of end-expiratory apnea. The total pulmonary resistance
was calculated as mPAP/CO. The total PA compliance was
estimated using the SV/PApp ratio,”” '” and PA stiffness was
defined as 1/PA compliance. To rule out the possibility of an
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underestimation/overestimation of sPAP with fluid-filled
catheters,”” fluid-filled sPAP and high-fidelity right ven-
tricular systolic pressure (Ventricath 207; Millar) were
obtained within a few minutes time interval in a subset of
14 animals under 35 different experimental conditions. The
right ventricular systolic pressure ranged from 21 to
105mmHg. The mean +SD bias between sPAP and the
right ventricular systolic pressure was 0.5+ 1.6 mmHg,
which was deemed negligible (Figure S1).

Analysis of the link between the steady
and pulsatile components of PA pressure

In healthy humans and in patients with precapillary PH,
the steady and pulsatile components of PA pressure are
tightly linked as follows:

« There is a strong linear relationship between mPAP
and sPAP implying that the two measurements are
essentially redundant.'®'%2*¢

« Using a single-pressure model, an accurate and precise
estimate of mPAP may be obtained from sPAP-only
according to the following equation: mPAP =0.61
SPAP +2mmHg (formula F1)."'® This empirical
equation may be used in the echo-Doppler laboratory
to estimate mPAP in humans.”’

« The mPAP may be also estimated using various two-
pressure models. At first approximation, PApp and
mPAP have an almost 1:1 ratioc mPAP =PApp=
SPAP — dPAP (formula F2)."*'” There is also a pro-
portional relationship among sPAP, mPAP and dPAP
such that an accurate and even more precise estimate
of mPAP may be obtained from sPAP and dPAP:
mPAP= /sPAP xdPAP (formula F3).”" mPAP may be
also estimated by adding to dPAP either 0.33 PApp
(mPAP =dPAP +0.33 PApp, formula F4), or 0.41
PApp (mPAP = dPAP + 0.41 PApp, formula F5).”

We tested whether or not these features and various
formulas also applied in our CTEPH model both at
baseline and following RV preload/afterload increases.
The accuracy of F1-F5 was also tested on the largest
hemodynamic fluid-filled pressure database documented
in patients with CTEPH by Madani et al.”*

Statistical analysis

Given the nonnormal distribution of most hemodynamic
data, they were expressed as median (interquartile range
[IQR]). Comparison of paired data was performed using
Wilcoxon signed-rank test. Spearman'’s correlation coefficient

(p) was calculated. Regression lines were drawn using the
least square method. The accuracy of every mPAP estimate
(F1-F5) was quantified by calculating mean the bias, that is,
the difference between the estimate (F) and the measured
mPAP. As a measure of precision, the 95% limits of agree-
ment (LOA) were used. The accuracy was deemed good
(mean bias < 3 mmHg), moderate (3-5mmHg), or mild
(>5 mmHg). The SD of the bias quantified the precision of
every estimate. The high-fidelity right ventricular systolic
pressure and the filled method sPAP were compared using
the Bland-Altman method. We used GraphPad Prism 9
(GraphPad Software, Inc). A p value <0.05 was considered
significant.

RESULTS
Group 1

Sham (n=8) and CTEPH (n=27) had similar hemody-
namics at WO (Table 1). At W6, mPAP increased in CTEPH
and remained unchanged in controls, while SV was un-
changed in the two groups. In CTEPH, there was a three-fold
increase in total pulmonary resistance and a 50% decrease in
PA compliance (ie., a two-fold increase in PA stiffness),
while all remained unchanged in Sham. Pooled data de-
monstrated a strong linear relationship between mPAP and
SPAP (mPAP=0.80 sPAP—1mmHg, n=70; p=0.973;
SPAP ranging from 9 to 64 mmHg) (Table 2 and Figure S2).
The single-pressure model F1 resulted in an accurate and
precise estimation of mPAP under normotensive conditions,
namely, in Sham at W0 and W6 and in CTEPH at W0, while
F1 underestimated mPAP by 3.9 mmHg on average under
hypertensive conditions in CTEPH studied at W6 (Table 3).
Using a two-pressure model, F2 was not verified as PApp
was markedly lower than mPAP in all subgroups (Table 3).
Formulas F3 and F5 consistently gave an accurate and pre-
cise estimation of mPAP in Sham and CTEPH and both at
WO and W6 (Table 3).

Group 2

In the seven piglets studied at W16, mPAP ranged from 23 to
81 mmHg. The median mPAP was 27 mmHg at baseline,
34 mmHg after volume loading, and 74 mmHg after acute
pulmonary embolism associated with dobutamine infusion
(Table 4). The PA compliance remained unchanged after
volume loading and it decreased by 59% (PA stiffness in-
creased by more than twofold) after acute pulmonary em-
bolism plus dobutamine. Pooled data demonstrated a strong
linear relationship between mPAP and sPAP (mPAP =0.74
SPAP + 4 mmHg, n = 21; r2=0.986, SPAP ranging from 31
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TABLE 1 Demographic and hemodynamic characteristics of Sham and CTEPH piglets studied at week 0 and week 6 (group 1)

Weight (kg)
BSA (m?)

SPAP (mmHg)
dPAP (mmHg)
mPAP (mmHg)
Papp (mmHg)
PApp/mPAP (—)
CO (L/min)

CI (L/min/m?)
SV (ml)

SVi (ml/m?)

Sham (n =38)

Week 0
21.9 (20.2; 22.8)

0.58 (0.55; 0.59)
16.5 (14.3; 19.3)
7.5 (6.0; 10.0)
12.5 (9.75; 13.0)
8.0 (5.0; 11.0)
0.74 (0.40; 1.06)
4.05 (2.95; 4.95)
7.2 (5.6; 8.4)
34.5 (28.8; 49.8)
58.0 (55.5; 84.5)

Week 6
26.7 (24.3; 28.6)

0.66 (0.62; 0.69)
17.0 (15.0; 18.75)
7.0 (5.3; 12.0)
12.0 (10.3; 16.0)
9.0 (6.3; 10.1)
0.73 (0.55; 0.92)
3.05 (2.78; 4.25)
6.7 (4.6; 8.5)
35.0 (26.8; 41.5)
55.8 (38.8; 66.1)

HR (bpm) 103.5 (95.5; 119.5) 100.5 (84.0; 113.8)
PAC (ml/mmHg) 4.4 (3.0; 8.2) 4.4 (3.0; 6.6)
TPR (WU) 3.1 (2.5; 4.1) 3.3 (2.7; 4.8)

CTEPH model (n=27)

p Week 0 Week 6 p
0.02 19.9 (17.8; 22.1) 25.8 (22.2; 29.2) <0.01
0.02 0.53 (0.50; 0.58) 0.64 (0.58; 0.70) <0.01
NS 17.0 (15.0; 20.0) 35.0 (31.0; 39.0) <0.01
NS 8.0 (7.0; 10.0) 20.0 (15.0; 24.0) <0.01
NS 13.0 (10.0; 14.0) 27.0 (23.0; 31.0) <0.01
NS 8.0 (6.5; 10.0) 17.0 (12.0; 19.0) <0.01
NS 0.75 (0.50; 1.00) 0.61 (0.52; 0.71) <0.05
NS 3.50 (2.95; 4.05) 2.80 (2.4; 3.4) <0.01
NS 7.6 (6.3; 10.0) 5.3 (4.5; 7.5) <0.01
NS 33.5 (25.5; 36.8) 33.0 (25.0; 40.0) NS
NS 57.0 (50.0; 69.0) 51.0 (40.0; 62.0) <0.01
NS 104.5 (95.8; 116.5) 92.0 (73.0; 105.0) <0.01
NS 3.9 (2.5; 5.7) 1.9 (1.4; 2.7) <0.01
NS 3.5 (2.4; 4.3) 9.5 (7.4; 11.4) <0.01

Note: Values indicated are median (interquartile range).

Abbreviations: BSA, body surface area; bpm, beats per minute; CI, cardiac index; CO, cardiac output; CTEPH, chronic thromboembolic pulmonary

hypertension; dPAP, diastolic pulmonary artery pressure; HR, heart rate; mPAP, time-averaged mean pulmonary artery pressure; NS, not significant;
PAC, total pulmonary arterial compliance estimated by using the SV/PApp ratio; PApp, pulmonary artery pulse pressure; SPAP, systolic pulmonary artery
pressure; SV, stroke volume; SVi, indexed stroke volume; TPR, total pulmonary resistance; WU, wood units.

to 112 mmHg) (Table 2 and Figure S3). The single-pressure
model F1 underestimated mPAP in all conditions and most
importantly after volume loading and after acute pulmonary
embolism plus dobutamine (Table 3). Using a two-pressure
model, F2 was not verified as PApp was markedly lower
than mPAP in all conditions and most importantly after
volume loading and after acute pulmonary embolism (-
Table 3). Formulas F3 and F5 consistently gave an accurate
and precise estimation of mPAP at baseline, after volume
loading, and after acute pulmonary embolism plus dobuta-
mine (Table 3).

Pooled group 1 + group 2

When data from groups 1 and 2 were pooled together,
there was a strong linear relationship between mPAP
and sPAP (n=91; r2 = 0.97; sPAP ranging from 9 to
112 mmHg) (Table 2 and Figure 2). Assuming that the
pressure intercept of the relationship was small
enough to be neglected, the SPAP was 121% mPAP and
mPAP was 83% sPAP and on average (Figure S4).

TABLE 2 Correlation matrix between the various pulmonary
artery pressures for pooled data in group 1, in group 2 and in
groups 1 and 2

mPAP sPAP dPAP

Group 1 (n=70)

SPAP 0.973

dPAP 0.937 0.874

PApp 0.649 0.781 0.379*
Group 2 (n=21)

sPAP 0.986

dPAP 0.985 0.948

PApp 0.776 0.866 0.661
Group 1 and 2 (n=91)

SsPAP 0.987

dPAP 0.981 0.952

PApp 0.737 0.823 0.610

Note: Spearman'’s p is indicated. Systolic (sPAP), diastolic ({PAP) and mean
(mPAP, time-averaged) pulmonary artery (PA) pressures and PA pulse
pressure (PApp). Each p <0.001 except *p < 0.01.
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TABLE 3 A summary of the five empirical formulas for the estimation of mean pulmonary artery pressure (F1-F5), and the

corresponding accuracy (mean bias) and precision (95% LOA) in group 1 and group 2

JVSPAP x dPAP  dPAP +0.33 dPAP +0.41
0.61 sPAP + 2 (F1) PApp (F2) (F3) Papp (F4) Papp (F5)

Group 1

Sham-W0, n =8 0.1 (-3.5; 3.8) —3.5(=12.7; 5.7) —0.6 (—=2.2; 1.0) -1.1(-25;03) —04(-18;1.0)

Sham-W6, n =8 0.1 (-3.8; 4.0) —3.6 (~11.8; 4.6) —0.5 (—4.8; 3.8) —1.0(-5.1;31) —04(—4.1;3.3)

CTEPH model-W0, n =27 0.4 (=3.3; 4.1) —3.3(=11.7; 5.1) —0.4 (—4.1; 3.3) —0.9 (=4.2;24)  —02(=3.1;2.7)

CTEPH model-W6, n=27  —3.9 (=9.4; 1.6) —11.6 (-26.3;3.1)  —1.3 (—4.6; 2.0) —2.6(=5.5;14) —14(—-41;1.3)

Pooled data, n =70 —1.4 (=7.7; 4.9) —6.6 (—20.3; 7.1) —0.8 (=5.1; 3.5) —1.6 (=5.9; 2.7) —0.7 (—4.6; 3.2)
Group 2

Baseline, n=7 —5.1 (—10.2; 0) —15.8 (—30.9; 0.7) —0.8 (—2.8; 1.2) —2.0 (—4.2; 0.2) —1.1 (=2.7; 0.5)

Volume Loading, n =7 —8.6 (—13.3; —3.9) —24.1 (—36.3; —11.9) —0.7 (—2.5; 1.1) —2.2 (-3.8; —0.6) —1.2(-3.0; 0.6)

Acute embolism + —142 (=22.4; 6.0) —40.1 (—=34.9; —=11.3) 1.6 (-=1.7; 4.9) —1.7 (—4.4; 1.0) 0.6 (—2.3; 3.5)

dobutamine, n =7
Pooled data, n =21 —9.3(~18.7;0.1) —26.7 (=52.8; —0.6) 0.0 (=3.1; 3.1) —2.0(=4.2;02)  —0.6(=3.3;2.1)

Note: Mean bias (95% LOA) is indicated. The bias was calculated as the difference between the mean pulmonary artery pressure estimated from each formula

and the reference, time-averaged mean pulmonary artery pressure.

Abbreviations: CTEPH, chronic thromboembolic pulmonary hypertension; dPAP: diastolic pulmonary artery pressure. LOA, limits of agreement;
PApp, pulmonary artery pulse pressure; PH, pulmonary hypertension; sPAP, systolic pulmonary artery pressure; W, Week.

Comparison of systemic and pulmonary
pressure pulsatility

In the subset of 12 resting piglets having their peripheral
systemic pressure simultaneously measured, the systolic
arterial pressure over mean arterial pressure ratio was
1.33 (1.26; 1.40) (median [IQR]) and the sPAP over
mPAP ratio was 1.27 (1.15; 1.40).

Analysis of the human CTEPH data
published by Madani et al.*

The analysis of the 1.500 CTEPH patients investigated by
Madani et al. confirmed that on average the single-pressure
model F1 was reasonably accurate (<5% bias) (Table 5). The
F2 model performed reasonably well such that the PApp/
mPAP approached 1. The two-pressure model F3 was
especially accurate.

DISCUSSION

The present study documented the relationship between the
pulsatile and steady component of PA pressure in a piglet
CTEPH model, both at baseline and following acute volume
loading and acute pulmonary embolism with inotropic
support. We confirmed the major redundancy of sPAP and

mPAP previously documented in humans, but we observed
lesser PA pressure pulsatility around the mean. The study
may have implications regarding the translation of experi-
mental findings into the pathophysiology of human disease.
It is suggested that the sPAP-derived threshold used to di-
agnose PH may be species- and/or model-dependent in an-
imals and, thus, must be validated before applying.

The PA pressure waveform reflects the integrated cou-
pling between the right ventricle and pulmonary circulation.
The contribution of enhanced PA pressure pulsatility to the
pathophysiology and prognosis of PH is increasingly re-
cognized in humans.'”">*> Animal models of PH are useful
to gain insight into the pathophysiology of this devastating
disease.' * The piglet model of CTEPH combines a ligation
of the left PA and weekly embolization of the right lower
pulmonary lobe.”” ** Although this model does not replicate
the origin of the disease just the consequences of chronic
pulmonary vascular obstruction, most aspects of the human
CTEPH disease are reproduced in this model, as docu-
mented previously.” However, previous studies lacked pre-
cise documentation of PA pressure pulsatility.

Species independent characteristics of the
pulmonary pressure and circulation

Some of the hemodynamic features previously docu-
mented in humans were extended to our model under
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FIGURE 2 Linear relationship between mean pulmonary
artery pressure (mPAP) and systolic pulmonary artery pressure
(sPAP) in pooled groups 1 and 2 (n =91 data points)

normotensive and hypertensive conditions, and thus these
similarities may reflect species-independent characteristics of
the pulmonary circulation. There was an unusually strong
linear relationship between mPAP and sPAP with one
pressure explaining 97% of the variability of the other
(pooled data). This pressure redundancy has been first re-
ported at rest in control subjects and in patients with pre-
capillary PH (including CTEPH) or postcapillary PH studied
at rest.'“”® It has been subsequently confirmed'’”* "’ and
it has also been extended to patients with precapillary PH
performing supine exercise.”” This unexpected property is a
landmark feature of pulmonary circulation as it is not
observed at the systemic counterpart in the aorta.®*® Syyed
et al.'” have confirmed such pressure redundancy (12 = 0.99)
in freely moving rats and in horses studied at rest and during
three bouts of exercise of increasing intensity. Overall, our
study and previous literature suggest that the redundancy
between mPAP and sPAP is independent of the species,
loading conditions, and inotropic state.

Some authors have suggested that the mPAP versus
SPAP linear relationship reflects the constancy or near-
constancy of the time constant of the pulmonary Wind-
kessel, as quantified by the pulmonary vascular resistance
times PA compliance product.”®*” This explanation has
been recently ruled out because the value of the time
constant of the pulmonary Windkessel is not constant but
on the contrary more variable than mPAP in patients with
either precapillary or postcapillary PH.”® In other words,
to continue to support the constancy or near-constancy of
the time constant of the pulmonary Windkessel would be
as unrealistic as supporting that mPAP is constant or near-
constant in PH states.”® One hypothesis may be that the
redundancy between mPAP and sPAP is explained by the
fact that changes in PA stiffness are primarily due to
increases in mPAP under both experimental and clinical
conditions.'*'***

Another species-independent finding was that there was
a proportional relationship among sPAP, mPAP, and dPAP.

TABLE 5 Invasive (fluid-filled) pulmonary artery pressures in
patients with CTEPH (data from Madani et al.** and the
corresponding mPAP and bias calculated using empirical
formulas F1-F5

Group 1 Group
(n =1000) 2 (n=500)
SPAP, mmHg 75.7 75.5
dPAP, mmHg 28.4 27.3
mPAP, mmHg 46.1 45.5
0.61 SPAP + 2 (F1) 48.2 48.1
Mean bias, mmHg (%) 2.1 (4.6) 2.6 (5.7)
PApp (F2) 47.6 48.2
Mean bias, mmHg (%) 1.5 (3.3) 2.7 (5.9)
JSPAPxdPAP (F3) 46.4 45.4
Mean bias, mmHg (%) 0.3 (0.7) —0.1 (-0.2)
dPAP +0.33 44.0 43.2
PApp (F4)
Mean bias, mmHg (%) —2.1 (—4.5) —2.3 (-5.0)
dPAP + 0.41 47.8 47.1
PApp (F5)
Mean bias, mmHg (%) 1.7 (3.7) 1.6 (3.5)

Note: All pressures and formulas (F) are means expressed in mmHg. The
bias was calculated as the formula (F) minus mPAP difference and
expressed in mmHg and as a percentage of the reference mPAP.

Group 1: Patients with CTEPH included between March 1999 and October
2006. Group 2: Patients with CTEPH included between October 2006 and
December 2010.

Abbreviations: CTEPH, chronic thromboembolic pulmonary hypertension;
dPAP, diastolic PA pressure; F, empirical formulas; mPAP, time-averaged
mean pulmonary arter (PA) pressure; PApp, PA pulse pressure;

SPAP, systolic PA pressure.

Indeed, an accurate and precise estimate of mPAP was ob-
tained using mPAP = /sPAPxdPAP (F3). This formula
has been initially validated in humans using high-fidelity
pressure data®* and has been subsequently confirmed.”” Our
retrospective analysis of the largest hemodynamic fluid-filled
pressure database in patients with CTEPH by Madani et al.*
here confirmed the high accuracy of F3 to estimate mPAP.
Unlike the mPAP versus sPAP relationship, F3 also applies
at the systemic counterpart in the aorta’ and it may thus
reflect a common biophysical property of central arteries
when pressurized. The F5 formula (mPAP =dPAP + 0.41
PApp) also applied fairly well in our study.

Lesser PA pulsatility in piglet than
in human CTEPH

In contrast, we documented a number of differences
between our experimental findings and previous
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observations made in humans. In normotensive and
hypertensive humans, it is widely recognized that there is
a high PA pulsatility, with the oscillatory power being
twice as high in the right ventricle (25%-30% of total
power) than in the left ventricle (10%-15%)."*" In
practice, the high PA pulsatility is attested to by the fact
that SPAP approximately matches 160% mPAP, and also
that PApp and mPAP have an almost 1:1 ratio.'*'” Pul-
monary circulation was much less pulsatile in our piglet
model both at baseline and in CTEPH animals. Indeed,
the empirical equation F1 used in the echo-Doppler
laboratory to estimate mPAP in humans, namely,
mPAP = 0.61 sPAP + 2 mmHg,'>***”** did not apply and
sPAP approximately matches only 120% mPAP. Fur-
thermore, the F2 formula did not apply: the oscillation of
PA pressure around the mean (PApp) was much lower
than mPAP, and the discrepancy was even more marked
at high prevailing mPAP. In humans, Milnor'’ has re-
ported that PApp was very close to mPAP value on
average.'’ This has been recently confirmed by our group
in 981 incident untreated patients with pulmonary ar-
terial hypertension (PAPp/mPAp=0.95 [0.82-1.10],
median [IQR]) and in 44 normotensive patients (PAPp/
mPAp = 0.88 + 0.23, mean + standard deviation)."® This,
yet poorly referenced concept, seems a specific feature of
the human pulmonary circulation, as it is not observed at
the systemic counterpart, where aortic pulse pressure is
most often markedly lower than mean aortic pres-
sure.'”** The present study suggests that this property is
also species-dependent as it was not observed in our
piglet model. Finally, the possibility of an under-
estimation of sPAP with fluid-filled catheters was ruled
out in a subset of piglets where high-fidelity right ven-
tricular systolic pressure was obtained within a few
minutes time-interval.

These findings are likely to reflect species-dependent
characteristics of pulmonary circulation. It is admitted
that PApp is grossly approximated by the product of RV
stroke volume times PA stiffness (1/PA com-
pliance).””'>*° In humans with precapillary PH includ-
ing CTEPH, normal-to-low RV stroke volume together
with markedly increased PA stiffness account for the
abnormally high PApp.”'**” Increased PA stiffness may
be an underlying condition and a hallmark of patients
with CTEPH which promotes the disease development
and impacts the prognosis.'’'” The lesser PA pulsatility
we documented in piglets as compared to that of humans
may be explained by lower stroke volume, or lower PA
stiffness/higher PA compliance, or both. The higher PA
compliance in piglets may be species-dependent. Al-
though we cannot exclude the role of the young age of
the animals, it is interesting to note that our formula F1
remains accurate in infants and children.*

on Access

Finally, our study suggests that pulsatility of the
systemic circulation in piglets is close to that docu-
mented at the PAP level and is also within the same
range as that documented in the human systemic circu-
lation, but this point remains to be confirmed by other
studies involving a larger sample

Limitations and implications

The present findings apply to animals free of flow ob-
stacles (e.g., pulmonary stenosis). A low sPAP value was
documented in one sham piglet and we cannot exclude
the possibility that this was due to anesthesia (during
which a transient vagal reaction may be observed), to
hypovolemia or both. We studied pulmonary hemody-
namics during short periods of end-expiratory apnea and
it is likely that these conditions are close to the mea-
surements performed in humans at end-expiration, al-
though we cannot exclude the possibility that the study
design may have slightly impacted on the differences
observed between piglets and humans. The zero level
was set at the mid-thoracic level as recommended by
current guidelines.”* However, we cannot exclude the
possibility that 1/3 of the thoracic diameter below the
anterior thorax surface would have been more accurate
for assessment of the right atrial level.”” Our animal
model has used male, young piglets with a maximum of
16-weeks history of chronic PH. We previously showed
that this model is an adaptive model of chronic CTEPH.*”
Therefore, the extension of our findings to symptomatic
CTEPH beyond the “honeymoon” period may be limited.
Conversely, translational aspects of our research to the
early stages of CTEPH could be of interest and remains to
be studied.

It is suggested that the echo-Doppler-derived sPAP
thresholds used to diagnose PH in animals may depend
upon the species under consideration. As an example,
the old hemodynamic definition of PH (mPAP >25
mmHg) will correspond to an sPAP > 38 mmHg sPAP in
humans but only >32 mmHg in piglets. The new hemo-
dynamic definition of PH (mPAP > 20 mmHg)"® will
correspond to a sPAP > 30 mmHg in humans but only
>26 mmHg in piglet. It is thus suggested that the
empirical equation used in the echo-Doppler laboratory
to estimate mPAP from sPAP in humans (F1) must be
validated in other animal species before use. The two-
pressure formulas, and especially the geometric mean F3
and the F5 formulas may be viewed as utilitarian to
cross-check the self-consistency of the echo-derived
database when a full pressure set is sought (sPAP,
dPAP, and mPAP), and this may help individualize major
outliers in the overall pressure database. Finally, the
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potential differences in PA stiffness in some animal
species as compared to humans may have implications
for translating experimental findings to the pathophy-
siology of the human disease.

In conclusion, the redundancy between mPAP and
SsPAP previously documented in human PH states seems
a characteristic of pulmonary circulation which is in-
dependent of the species, loading conditions, and in-
otropic state. However, lesser PA pulsatility was
documented in our piglet model as compared to human
CTEPH, and it is thus suggested that the echo-Doppler
SPAP thresholds used to define PH in animals are
species-dependent and must be validated before apply-
ing. Finally, the F3 and F5 formulas may be viewed as
utilitarian to cross-check the self-consistency of the
SPAP, dPAP, and mPAP estimates obtained in the echo-
Doppler laboratory.
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