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ABSTRACT

BACKGROUND Precapillary pulmonary hypertension (precPH) patients have altered right atrial (RA) function and right
ventricular (RV) diastolic stiffness.

OBJECTIVES This study aimed to investigate RA function using pressure-volume (PV) loops, isolated cardiomyocyte,
and histological analyses.

METHODS RA PV loops were constructed in control subjects (n = 9) and precPH patients (n = 27) using magnetic
resonance and catheterization data. RA stiffness (pressure rise during atrial filling) and right atrioventricular coupling
index (RA minimal volume / RV end-diastolic volume) were compared in a larger cohort of patients with moderate

(n = 39) or severe (n = 41) RV diastolic stiffness. Cardiomyocytes were isolated from RA tissue collected from control
subjects (n = 6) and precPH patients (n = 9) undergoing surgery. Autopsy material was collected from control subjects
(n = 6) and precPH patients (n = 4) to study RA hypertrophy, capillarization, and fibrosis.

RESULTS RA PV loops showed 3 RA cardiac phases (reservoir, passive emptying, and contraction) with dilatation and
elevated pressure in precPH. PrecPH patients with severe RV diastolic stiffness had increased RA stiffness and worse right
atrioventricular coupling index. Cardiomyocyte cross-sectional area was increased 2- to 3-fold in precPH, but active

tension generated by the sarcomeres was unaltered. There was no increase in passive tension of the cardiomyocytes, but
end-stage precPH showed reduced number of capillaries per mm? accompanied by interstitial and perivascular fibrosis.

CONCLUSIONS RA PV loops show increased RA stiffness and suggest atrioventricular uncoupling in patients with
severe RV diastolic stiffness. Isolated RA cardiomyocytes of precPH patients are hypertrophied, without intrinsic sarco-
meric changes. In end-stage precPH, reduced capillary density is accompanied by interstitial and perivascular fibrosis.
(J Am Coll Cardiol 2023;82:704-717) © 2023 The Authors. Published by Elsevier on behalf of the American College of
Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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he right atrium (RA) in precapillary pulmo-

nary hypertension (precPH) has been recog-

nized as a key clinical parameter.”” The
predictive value of RA pressure and volume for pul-
monary arterial hypertension (PAH) mortality is
confirmed in multiple studies, and both are essential
in the current risk stratification of PAH patients.> The
RA must cope with an increased pressure load due to
right ventricular (RV) diastolic stiffness and an
increased volume load because of tricuspid regurgita-
tion in PAH.* Previous studies have indicated that RA
stroke work is enhanced in precPH but does not result
in increased RV filling because of RV diastolic stiff-
ness.” Higher filling pressures cause vena cava back-
flow during atrial contraction, further increasing RA
volume overload.>® This may suggest a mismatch be-
tween atrial and ventricular adaptation, or altered
atrioventricular coupling.

SEE PAGE 718

In-depth analysis of RA function is challenging
because of the difficult physiology of the atrial
cardiac cycle, which consists of 3 phases: 1) the
reservoir phase, atrial filling during ventricular
contraction; 2) passive emptying, during -early
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ventricular diastole (also called conduit);
and 3) atrial contraction, at the end of
ventricular diastole.”® In contrast to the
square or triangular shape of pressure-
volume (PV) loops describing ventricular
function, atrial PV loops have a distinct
shape.'®'® Currently, no data are available
on RA PV loops in precPH, only in animal
models.'**® Also, analysis of RA tissue
morphology and cardiomyocyte function in
precPH is lacking. Therefore, the aim of this
study was to fully characterize changes in
the RA in precPH at 3 different levels: 1)
in vivo assessment of RA function using PV
loops; 2) ex vivo assessment of RA function
using single-cardiomyocyte analysis; and 3)
histological assessment of changes in RA
hypertrophy, fibrosis, and capillary density.

METHODS

ABBREVIATIONS
AND ACRONYMS

CMR = cardiac magnetic
resonance

CTEPH = chronic

thromt p y

hypertension

E.q = end-diastolic elastance
LA = left atrium/atrial

PAH = pulmonary arterial
hypertension

precPH = precapillary
pulmonary hypertension

PV = pressure-volume
RA = right atrium/atrial

RACI = right atrioventricular
coupling index

RV =right ventricle/ventricular

Additional information on the Methods is provided in

the Supplemental Appendix.

STUDY SUBJECTS. Figure 1 shows the 4 patient co-
horts examined in this study. RA PV loops were

FIGURE 1 Overview of the 4 Patient Cohorts Used in This Study
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hypertension; PEA = pulmonary endarterectomy.

Cardiac magnetic resonance (CMR) transverse stack throughout the right atrium (RA) was available in bone morphogenic protein receptor 2 (BMPR2) mutation carriers
and precapillary pulmonary hypertension patients. Pressure-volume (PV) loop parameters were estimated in a larger cohort of pulmonary arterial hypertension pa-

tients and control subjects. Cardiomyocytes were isolated from RA tissue obtained during surgery in chronic thromboembolic pulmonary hypertension (CTEPH) and

coronary artery bypass grafting (CABG) patients. Histological analysis was performed in autopsy material from pulmonary arterial hypertension patients and control

subjects. *A poor-quality RA pressure curve was a reason for exclusion. HPAH = hereditary pulmonary arterial hypertension; IPAH = idiopathic pulmonary arterial
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FIGURE 2 RA Volume Measurement and Example RA PV Loops
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ventricle during diastole; other abbreviations as in Figure 1.

(A) Endocardial contours were drawn in a transverse stack of cine images to determine RA volume in all 30 CMR phases. The superior and
inferior vena cava were carefully excluded in slices in which they were clearly separated from the atrium or when there was no wall motion
during atrial contraction. Three examples of RA PV loops are given for a healthy control subject (B), a precapillary pulmonary hypertension
(precPH) patient (C), and the only patient with significant tricuspid regurgitation (D). In some control subjects, a diastasis phase can be
identified during which atrial volume increases due to inflow from the vena cava. In the patient with tricuspid regurgitation, a marked
c-wave can be seen (closure of the tricuspid valve). a-wave = atrial contraction at ventricular end-diastole; c-wave = a pressure increase due
to tricuspid bulging into the atrium as a result of isovolumic ventricular contraction; x-descent = a drop in atrial pressure during ventricular
systole caused by atrial relaxation; v-wave = atrial filling during ventricular contraction; y-descent = atrial pressure drop as blood enters the
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FIGURE 3 RA PV Loops in PrecPH Patients and Control Subjects
Averaged RA PV Loops
14 1 a-wave
12 -
~ 10 - v-wave
[=)]
=
£ Start of
E 8 - contraction
()]
5 A \
v Start of contraction
& 67 -
=
x-descent
41 X
Controls precPH patients
2
(0] T T T T T T
o 20 40 60 80 100 120
RA Volume (mL)
Phases: — Reservoir — Passive Emptying — Contraction
RA pressure and volume signals for the control (n = 9) and patient (n = 27) groups were averaged and subsequently plotted. The reservoir
phase in blue depicts the filling of the atrium. Passive emptying in red reflects the early diastolic phase, and atrial contraction is depicted in
purple. Abbreviations as in Figures 1 and 2.

constructed from a prospective cohort of PAH or
chronic thromboembolic pulmonary hypertension
(CTEPH) patients (n = 27) using RA volume deter-
mined on a cardiac magnetic resonance (CMR) trans-
verse stack of slices. Patients were diagnosed
according to European Society of Cardiology/Euro-
pean Respiratory Society guidelines between
September 2017 and April 2021 (medical ethics review
committee approval number 2017.161).° Healthy
BMPR2 (bone morphogenic protein receptor 2) mu-
tation carriers (n = 9) were included as control sub-
jects (approval number 2017.318). In a larger,
previously published cohort of incident PAH patients
(n = 80) and control subjects (n = 20), RA PV loop
parameters were derived using RA volume measured
on the CMR cine 4-chamber view (approval number
2012.288).> Although the 4-chamber
derestimates true axial stack volumes, they corre-
lated excellently (Pearson r correlation coefficients

view un-

0.86-0.91). RA tissue was collected from control
subjects (n = 6) undergoing coronary artery bypass
grafting and CTEPH patients (n = 9) undergoing pul-
monary endarterectomy (approval number 2017.161).
All subjects gave written informed consent for data
and tissue collection. Control subjects did not show
any signs of RV/RA dysfunction/dilatation or moder-
ate/severe tricuspid regurgitation on echocardiogra-
phy. During the surgical procedure, a small piece of
RA tissue was obtained and put in a cardioplegic so-
lution on ice for transportation, after which it was
snap-frozen in liquid nitrogen until further analysis.
In addition, for histological assessment we obtained
RA tissue from deceased control subjects (n = 6) and
either deceased or transplanted PAH patients (n = 4).
On autopsy, no cardiac abnormalities were observed
in the hearts of control subjects. For 3 of 6 control
subjects and 2 of 4 PAH patients, histological analysis
of RV tissue has been described before."”
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TABLE 1 Characteristics and PV Loop Parameters in Control Subjects and Low vs High RV E.4 Patients

Control (n = 20)

Low Eq4 (n = 39)

High E¢q4 (n = 41)

Female 12 (60)
Age, y 46.6 +15.5
NYHA functional class I/11/11l/IV 10/8/2/0
NT-proBNP, pg/mL 44 (31-95)
Reverse log-transformed, mean (95% Cl) 40 (31-52)
Catheterization
mPAP, mm Hg 15.8 + 3.6
PAWP, mm Hg 89+24
Cardiac index, L/min/m? 35+ 0.9
PVR, WU 11+ 0.5
Svoy, % 76 £5
mRAP, mm Hg 5(3-6)
Reverse log-transformed, mean (95% ClI) 4 (4-5)

RV function
RV Eeq, mm Hg/mL
Reverse log-transformed, mean (95% CI)

0.21 (0.14-0.25)
0.17 (0.13-0.23)

RVEDVi, mL/m? 65+ 13
RVESVi, mL/m? 26 +7
RVEF, % 61+7
RV mass, g 40 +13
SVi, mL/m? 43+7
RA function
RA v-wave pressure, mm Hg 5.5 (4.0-6.9)
Reverse log-transformed, mean (95% CI) 5.3 (4.8-5.8)
RA p-wave pressure, mm Hg 5.4 (4.1-6.1]
RA a-wave pressure, mm Hg 8.0 (7.3-9.7]
RA x-descent pressure, mm Hg 2.0 (0.4-3.5]
RA v-wave volume, mL 82 (74-110)
Reverse log-transformed, mean (95% CI) 90 (78-104)
RA p-wave volume, mL 58 (50-77)
Reverse log-transformed, mean (95% CI) 64 (59-69)
RA minimum volume, mL 40 (35-48)
Reverse log-transformed, mean (95% Cl) 43 (40-47)
RA passive emptying, mL 24 (22-32)
Reverse log-transformed, mean (95% CI) 25 (21-29)
RA active emptying, mL 18 (15-28)

RA stiffness, mm Hg/mL

Reverse log-transformed, mean (95% CI)
RASW, mm Hg-mL

Reverse log-transformed, mean (95% ClI)
Contractile pressure rise, mm Hg

Reverse log-transformed, mean (95% CI)
RACI

Reverse log-transformed, mean (95% ClI)

0.076 (0.060-0.098)
0.077 (0.065-0.090)
175 (109-222)
164 (133-202)

2.8 (2.4-3.5)

2.9 (2.5-3.4)
0.36 (0.33-0.39)
0.37 (0.33-0.41)

25 (64)
55.6 +£17.6
2/16/19/2°
433 (182-1363)
534 (434-656)

45.7 +£11.0°
9.4 +£26
2.7+ 0.8°
7.7 +£35°

65 + 7°
5 (4-7.5)
5 (5-6)

0.42 (0.27-0.53)°
0.37 (0.32-0.43)
80 + 20°
48 + 20°
42 +£12°
85 + 25°
R2+7

6.4 (4.1-8.6)
6.2 (5.6-6.8)
5.6 (3.4-7.6]
9.1(7.2-11.8]
2.5(0.2-3.9]
129 (104-154)°
128 (118-138)
96 (85-127)*
104 (99-108)
59 (48-80)
63 (60-67)
21 (18-31)

23 (20-26)
39 (18-60)°
0.062 (0.044-0.086)
0.058 (0.048-0.071)
350 (250-487)"
354 (302-416)
3.6 (2.9-5.4)
3.7 3.1-4.4)
0.43 (0.36-0.53)
0.43 (0.40-0.47)

29 (71)

57.8 £17.6
1/11/25/4°
1999 (901-3361)*°
1525 (1265-1839)

55.4 + 16.0™°
9.0 +32
2.4 +0.9°

1.5 + 5120
61 + 117
8 (5-12)*°
7 (6-8)

0.90 (0.78-1.12)*°
0.95 (0.87-1.04)
84 + 22°
58 + 20"

32 £10%°
101 + 340
27 + 9°P

8.6 (5.7-13.2)°
7.8 (6.7-9.0)
7.1 (4.4-9.3]
13.6 (8.6-17.3]*°
3.5 (1.1-9.4]
140 (114-180)°
143 (125-161)
119 (95-165)*°
19 (111-127)
77 (57-119)*°

81 (74-88)

20 (15-26)

20 (17-23)

38 (5-72)°
0.080 (0.059-0.127)°
0.084 (0.070-0.100)

375 (250-746)
392 (311-488)
5.4 (3.7-7.8)*"
5.2 (4.4-6.2)
0.52 (0.40-0.73)™"
0.53 (0.47-0.61)

Values are n (%), mean £ SD, n, or median (IQR), unless otherwise indicated. Non-normally distributed parameters were log-transformed prior to testing. °P < 0.05 in

comparison with control group. °P < 0.05 in comparison with low Eeq.

Eed = end-diastolic elastance; mPAP = mean pulmonary artery pressure; mRAP = mean right atrial pressure; NT-proBNP = N-terminal pro-B-type natriuretic peptide;
PAWP = pulmonary arterial wedge pressure; PVR = pulmonary vascular resistance; RA = right atrial; RACI = right atrioventricular coupling index; RASW = right atrial stroke
work; RV = right ventricular; RVEDVi = right ventricular end-diastolic volume index; RVEF = right ventricular ejection fraction; RVESVi = right ventricular end-systolic volume

index; SVi = stroke volume index; Svo, = mixed venous oxygen saturation.

RIGHT HEART CATHETERIZATION. Hemodynamic
assessment was performed using a balloon-tipped,
flow-directed 7.5-F triple lumen Swan-Ganz catheter
(Edwards Lifesciences). Pressures were recorded at
rest, in sinus rhythm, during spontaneous breathing.

CARDIAC MAGNETIC RESONANCE. CMR scans were
made using a Siemens 1.5-T Sonata, Avanto, or Sola
scanner (Siemens Medical Solutions). Acquisition of
scans and postprocessing was performed as described
before.'® A transverse stack of cine images
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throughout the RA was acquired with a slice thickness
of 6 mm and an interslice gap of 4 mm. Endocardial
contours were drawn in applicable slices using
commercially available software (cvi42, Circle Car-
diovascular Imaging). The superior and inferior vena
cava were carefully excluded in slices in which they
were clearly separated from the atrium or when there
was no wall motion during atrial contraction
(Figure 2A). Vena cava backflow was determined as
described before.” In the larger cohort, RA volume
was measured on the 4-chamber view using the
area-length method. The right atrioventricular
coupling index (RACI), a volumetric coupling ratio,
was measured at: ventricular end-diastole (RA mini-
mal volume / RV end-diastolic volume)."®

RA PV LOOP ANALYSIS. A detailed description of the
derivation of RA PV loops is given in the Supplemental
Methods. The atrial phases of the PV loop (reservoir,
passive emptying, and active emptying) were identi-
fied (Figures 2B to 2D). RA stroke work was measured
as the area under the PV loop during atrial contraction.
The pressure development during atrial contraction
was called contractile pressure rise. Stiffness of the
atrium and large veins was measured by fitting an
exponential curve with the following equation:
P = a(efV - 1) through 3 PV points (intercept [0,0], the
x-descent and v-wave). The slope of this curve at the
v-wave was called RA stiffness, analogous to RV end-
diastolic elastance (E.q), a measure of RV diastolic
stiffness.”® In the larger cohort in which RA volume
was measured on the 4-chamber view, we estimated
several PV loop parameters. RA stroke work was esti-
mated through multiplying RA active emptying by
a-wave pressure. Furthermore, RA stiffness was
estimated with a linear formula: (v-wave pressure —
x-descent pressure) / (v-wave volume — minimal
volume). Both estimates of RA stroke work and RA
stiffness correlated excellently with the original PV
loop parameters (Supplemental Figure 1).

SINGLE CARDIOMYOCYTE AND HISTOLOGICAL
ANALYSIS. Single RA cardiomyocytes were isolated
and analyzed as described before for RV car-
diomyocytes.**' Details on the cardiomyocyte and
histological analyses are provided in the
Supplemental Methods.

STATISTICAL ANALYSIS. Statistical analyses were
performed using R version 4.0.3 (R Foundation for
Statistical Computing). Normality of data was
checked prior to analysis. Non-normally distributed
variables were normalized by logarithmic trans-
formation (natural logarithm, base e) if possible. Data
are presented as mean + SD when normally

Atrial Adaptation to Pulmonary

distributed or median (IQR) plus reverse-transformed
mean (95% CI) when non-normally distributed. Cat-
egorical variables are reported as number and per-
centage. Data in the figures are presented as mean +
SEM when normally distributed or reverse-
transformed mean (95% CI) when non-normally
distributed. Comparisons between groups were done
with Fisher exact test, unpaired Student’s t-test, or
Wilcoxon’s rank sum test. Comparison of multiple
groups was done with analysis of variance and post
hoc Tukey’s test to correct for the familywise error
rate. The homogeneity assumption was checked
before testing by visually assessing the variance in all
groups. Because the hypertrophy and capillary den-
sity analysis consisted of multiple observations per
subject, we performed a multilevel analysis to assess
differences between PAH patients and control sub-
jects. All statistical tests were done with rstatix and
visualization of data with ggplot2.

RESULTS

DISTINCT RA PV LOOP SHAPE IN precPH. We pro-
spectively included idiopathic PAH (n =13), hereditary
PAH (n = 9), and CTEPH (n = 5) patients and healthy
BMPR2 mutation carriers as control subjects (n = 9),
who had a transverse RA stack of CMR images avail-
able, to construct PV loops (Figure 1). Characteristics
and RA PV loop parameters in this cohort are shown in
Supplemental Table 1. PV loops were averaged for the
patient and control groups (Figure 3). The reservoir
phase (atrial filling during ventricular contraction) is
depicted in blue, passive emptying (early diastole) in
red, and atrial contraction in purple. Three pressure
points are labeled as the following: v-wave, end of
ventricular contraction; a-wave, maximal pressure
during atrial contraction; and x-descent, RA minimal
pressure. Extensive RA dilatation was evident in
precPH patients. RAP was higher in patients at the v-
wave (9.5 mm Hg [IQR: 6.3-12.2 mm Hg] vs 6.5 mm Hg
[IQR: 5.8-6.9 mm Hgl; P = 0.002) and a-wave
(12.9 mm Hg [IQR: 10.0-16.2 mm Hg] vs 8.7 mm Hg
[IQR: 8.1-9.3 mm Hg]J; P < 0.001) but not at the x-
descent (5.5 mm Hg [IQR:1.8-6.6 mm Hg] vs 3.5 mm Hg
[IQR: 2.1-4.2 mm Hg]; P = 0.39). Supplemental Figure 2
shows the mean pressure and the mean volume signal
with a 95% CI. As there was only 1 patient with mod-
erate tricuspid regurgitation (Figure 2) and no patients
with severe regurgitation, this did not seem to impact
the PV loop analysis. In all control subjects and pa-
tients, a-wave pressure was higher than v-wave pres-
sure. RA active emptying and contractile pressure rise
were higher in patients, resulting in a profound

Wessels et al
Hypertension
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FIGURE 4 Comparison of Patients With Moderate or Severe RV Diastolic Stiffness
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(A) RA stiffness was measured as the slope between the minimal pressure and volume point and v-wave. Contractile pressure rise is the
pressure generated by atrial contraction. RA stiffness and contractile pressure rise were higher in severe right ventricular (RV) diastolic
stiffness patients. (B) The right atrioventricular coupling index was calculated as follows: RA minimal volume / right ventricular end-diastolic
volume (RVEDV). It was increased in patients with severe RV diastolic stiffness. Control group: n = 20; low end-diastolic elastance (Ecq)
group: n = 39; high Ec4 group: n = 41. Reverse log-transformed means and 95% Cls are presented, except for RVEDV for which the mean +

increasein RA stroke work (493 + 253 mm HgemL vs 171
+ 50 mm HgemL; P < 0.001). We did not find differ-
ences in RA stiffness between patients and control
subjects (0.33 mm Hg/mL [IQR: 0.24-0.64 mm Hg/mL]
vs 0.26 mm Hg/mL [IQR: 0.23-0.37 mm Hg/mL];
P =0.22).

ALTERED ATRIOVENTRICULAR COUPLING IN HIGH
RV DIASTOLIC STIFFNESS PATIENTS. To better un-
derstand the relation between RV diastolic stiffness
and atrioventricular coupling, we determined RA PV
loop parameters in a larger cohort (Figure 1) of treat-
ment-naive PAH patients (n = 80) and control sub-
jects (n = 20). The PAH cohort predominantly
consisted of female patients (68%), 57 + 18 years of

age, in NYHA functional class II/III. Similar to the PV
loop cohort, mean RA, v-wave, and a-wave pressure
were higher in precPH than in control subjects, while
the x-descent pressure was not. Patients were equally
distributed in either low RV E.q (n = 39) or high RV
Eeq (0 = 41) according to a cutoff of 0.63 mm Hg/mL as
previously described (Table 1).° Although RA stiffness
was comparable in patients and control subjects
(Figure 4A), high E.q patients had slightly increased
RA stiffness. A weak correlation between RA stiffness
and RV E.4 was observed (Pearson r = 0.28; P = 0.011)
(Supplemental Figure 3). Despite a larger pressure
rise during RA contraction in high E.q patients
(Figure 4A), this did not result in enhanced RA active
emptying (Table 1). To assess how well the RA was
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FIGURE 5 Single Cardiomyocyte Measurements in Control Subjects and PrecPH Patients
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(A) Cardiomyocyte cross-sectional area (CSA) was increased in precapillary pulmonary hypertension (precPH) patients. (B) No difference in
maximal active force generation was observed between control subjects and precPH patients. (C) The calcium concentration at which 50% of
maximal force is generated (EC50) was not different between control subjects and precPH patients. (D) No difference in passive tension at
increasing sarcomere length was found between control subjects and precPH patients. Control group: n = 6; precPH group: n = 9.

pCa = inverse logarithmic calcium concentration.
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adapted to the ventricle, we calculated the RACI, a
volumetric coupling ratio measured at ventricular
end-diastole (RA minimal volume / RV end-diastolic
volume)."” Although the RV end-diastolic volume
was similar in low and high E.q patients, in high E.q
patients this was accompanied by a larger RA minimal
volume and therefore increased RACI (Figure 4B).
This indicates that both the RA and ventricle are
dilated but that the dilatation of the atrium is more
severe in high E.4 patients. These data may further
suggest that the adaptive capacity of the RA may be
limited, resulting in altered atrioventricular coupling
in patients with severe RV diastolic stiffness.

RA CARDIOMYOCYTE HYPERTROPHY IN precPH.
Next, to study whether there are intrinsic changes in
RA contractility and stiffness associated with
pressure and volume overload, we isolated car-
diomyocytes from 9 CTEPH and 6 age- and sex-
matched control subjects (Figure 1, Supplemental
Table 2). Hemodynamics and RV function of the
CTEPH patients were comparable to the PAH cohort
with mean pulmonary artery pressure of 49 =+
11 mm Hg, pulmonary vascular resistance of 8.6 + 4.4
WU, and RV ejection fraction of 36% =+ 16%. The RA
cardiomyocyte cross-sectional area was significantly
increased in precPH patients (Figure 5A). No differ-
ence was observed in maximal active force with or
without correction of cross-sectional area (Figure 5B,
Supplemental Figure 4). However, the force-
generating capacity over the whole calcium concen-
tration range was significantly different between the
precPH and control groups (P interaction < 0.05)
(Figure 5B). Relative force at different calcium con-
centrations was not different, indicating no differ-
ence in calcium sensitivity (Figure 5C). Last, passive
force was similar in both groups at all sarcomere
lengths, meaning that there was no difference in
sarcomere stiffness, in line with the findings on RA
stiffness in the PV loop analysis. These findings
indicate that the sole adaptive feature of the RA at the
cardiomyocyte level is hypertrophy. No intrinsic
changes were seen in the sarcomeres themselves.

RA HYPERTROPHY AND FIBROSIS IN precPH. To
confirm alterations in the RA at the histological
level, we collected RA tissue postmortem or from
transplanted PAH patients (Figure 1, Supplemental
Table 3). We compared RA hypertrophy, capillary
density, and fibrosis between end-stage disease
patients and control subjects (Figure 6). In line with
the increase in RA stroke work and single car-
diomyocyte size, histology showed hypertrophy in
precPH patients compared with control subjects.
This was accompanied by an increase in the number

JACC VOL. 82, NO. 8, 2023
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of capillaries per cardiomyocyte (Figures 6A to 6C).
When corrected for cardiomyocyte thickness, the
number of capillaries per mm? was much lower in
PAH (1,546 + 384 vs 3,095 + 889; P < 0.01). Both
perivascular and interstitial fibrosis were signifi-
cantly increased in RA tissue of PAH patients
compared with control subjects (Figures 6D to 6F).
These results show that in end-stage disease, the
RA of PAH patients is affected by histological al-
terations including increased RA hypertrophy, a
reduced number of capillaries per mm?, and fibrosis.

DISCUSSION

Using PV loop, cardiomyocyte, and histopathological
analysis, we provided an in-depth analysis of RA
function in precPH (Central Illustration), which showed
that: 1) RA stiffness, contractile pressure rise, and RACI
were increased in patients with high RV E.4, which
may suggest altered atrioventricular coupling in pa-
tients with severe RV diastolic stiffness; 2) RA car-
diomyocytes of precPH patients are hypertrophied but
do not display
including changes in active force, passive force, or
calcium sensitivity; and 3) in end-stage disease, there
is pronounced RA cardiomyocyte hypertrophy and
both interstitial and perivascular fibrosis, and
although the ratio of capillaries to cardiomyocytes is

intrinsic sarcomeric alterations

increased, the number of capillaries per mm? is
reduced.

ATRIAL PV RELATION IN HEALTH AND DISEASE.
Several studies have shown that RA pressure and
volume are increased in precPH."?*?*>?* To study RA
function in more detail, we constructed RA PV loops
in both health and disease. Several animal studies
have generated RA PV loops.**® They have shown
that contractility of the RA increases acutely after
volume exposure, calcium or epinephrine infusion,
and ischemia induction. Chronic increase in pressure
overload and RV stiffening also results in increased
RV contractility in animal models. Therefore, both an
acute change in preload or sympathetic activity and
chronically increased afterload lead to enhanced RA
contraction to preserve RV filling. This is in line with
our findings in precPH patients, who showed
increased RA stroke work compared with control
subjects. Interestingly, the RA PV loop shape in
precPH patients is similar to RA PV loops generated in
pressure overloaded dogs.”” There is marked RA
dilatation and increased pressure, mainly during the
v-wave (ventricular contraction) and a-wave (atrial
contraction). Passive emptying is diminished, while
contractile pressure
are increased.

rise and active emptying
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increased in precPH. Control group: n = 6; precPH group: n = 4. Abbreviations as in Figures 1 and 2.

(A to C) Hypertrophy and capillarization was measured using DAPI, CD31, wheat germ agglutinin (WGA) staining. The cardiomyocyte size and number of vessels per
cardiomyocyte were higher in precPH. (D-F) Fibrosis was assessed using Masson's trichrome staining. Perivascular (asterisk) and interstitial (black arrows) fibrosis were

DISTINCT RA PV LOOP PHENOTYPE. In contrast to
previous descriptions of the left atrial (LA) PV loops,
the RA PV loop does not have a closed v-loop and
a-loop, but rather has a distinct shape.'®'® There is
only a small drop in pressure during early diastole.
The pressure during passive emptying (orange phase
in Figure 3) remains higher than during the reservoir
phase. The larger drop in pressure in the LA may be a
consequence of left ventricular early diastolic suc-
tion.?* In healthy control subjects, LA v-wave and
a-wave pressure show similarities to our findings in
the RA.""'® a-wave pressure is higher than v-wave
pressure and a-loop area larger than v-loop area. In
diseased patients, however, differences between RA
and LA PV loops become more evident. We observed
higher RA a-wave than v-wave pressure in all precPH
patients, also when a moderate-to-severe tricuspid
regurgitation is present (Figure 2). This is in line with
a previous report on atrial septal defect, providing 2
example RA PV loops.”” In contrast, in congestive
heart failure, a relatively larger increase in LA v-wave

pressure compared with pressure is
observed.''? Furthermore, LA stiffness was signifi-
cantly increased in congestive heart failure, heart
failure with preserved ejection fraction, and persis-
tent atrial fibrillation patients.?®?” In our study, we
did not find a difference in RA stiffness or car-
diomyocyte stiffness between precPH patients and
control subjects.?® Therefore, the response of the RA
to pressure and/or volume overload may be different
from the LA.

ATRIOVENTRICULAR INTERACTION AND ALTERED
COUPLING IN PATIENTS WITH SEVERE RV DIASTOLIC
STIFFNESS. Reduced forward flow and RV diastolic
stiffening lead to increased filling pressures and
afterload for the RA. Tricuspid regurgitation leads to a
volume overload on both the ventricle and atrium. In
addition, a large amount of backflow to the vena cava
induces a further volume overload on the atrium.>°®
This volume overload is probably the main cause of
RA dilatation. To better understand whether changes
in RA parameters reflect the failing and stiff RV or

a-wave
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CENTRAL ILLUSTRATION Right Atrial Adaptation in Pulmonary Hypertension
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This figure summarizes findings of the study. Right atrial (RA) pressure-volume loops were constructed using cardiac magnetic resonance (CMR) volume and pressure
data and showed 3 distinct RA phases. Single cardiomyocyte force measurements showed no differences in sarcomere function between precapillary pulmonary
hypertension (precPH) and control subjects. Histology showed hypertrophy and both interstitial and perivascular fibrosis in precPH. RV = right ventricular.
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whether these are independent contributors to the
clinical right heart failure syndrome, we assessed the
interaction between the RA and RV. Signs of RA
adaptation include hypertrophy and increased stroke
work. The resulting increase in RA active emptying
may preserve RV filling in low E.q4 patients but is not
sufficient in high E.q patients.” Furthermore, the
RACI is worse in high vs low E.q patients. There is
relatively more dilatation of the atrium than of the
ventricle. This can be explained by the larger volume
overload on the atrium because of vena cava backflow
in high E.q patients. Tricuspid regurgitation may add
to the volume overload but is similar in low and high
E.q patients.” Although these findings may suggest
altered atrioventricular coupling, it remains unclear
whether a further augmentation of RA stroke work
would lead to better RV filling or whether it would
result in more vena cava backflow.

RA HYPERTROPHY AND CONTRACTILITY IN precPH.
We previously reported a large increase in RA stroke
work in precPH patients, also shown by the RA PV
loop in this study.” Augmented stroke work can be the
result of increased cardiomyocyte contractility and/or
hypertrophy. Indeed, both single RA cardiomyocyte
and histological analysis showed an up to 3-fold in-
crease in cross-sectional area compared with control
subjects. Interestingly, maximal force was not higher
in precPH. Force-generating capacity across the range
of calcium concentrations was even slightly dimin-
ished. This is in line with previous RA cardiomyocyte
measurements of patients with atrial fibrillation.?® It
could be hypothesized that the hypertrophy may
compensate for the subtle loss of force-generating
capacity at the cellular level. However, future longi-
tudinal analyses of RA adaptation and diastolic stiff-
ness should reveal whether RA cardiomyocytes are
unable to intrinsically increase contractility or
whether hypertrophy obviates the need for increased
sarcomere contractility.

RA CAPILLARIZATION AND FIBROSIS IN precPH.The
observation of substantial hypertrophy of RA car-
diomyocytes raises the question of whether capillari-
zation is also augmented. Although the number of
vessels per cardiomyocyte was increased in end-stage
disease patients, the number of vessels per mm? was
decreased to about one-half the value in control sub-
jects. Reduction to a similar degree was observed in
the RV, in which hypertrophy of RV cardiomyocytes
was associated with reduced capillary density.”® In
addition, both interstitial and perivascular RA fibrosis
were observed. This may suggest that in end-stage
disease RA compensation is insufficient and
increased RA stiffness is expected in end-stage

Atrial Adaptation to Pulmonary

disease. Unfortunately, no RA functional data were
available at end-stage disease to assess the functional
relevance of this increase in RA fibrosis. Future lon-
gitudinal analyses should reveal the timing of RA hy-
pertrophy, capillary rarefaction, fibrosis, and
RA stiffness.*3°

CLINICAL RELEVANCE. Because RA pressure and
volume are associated with mortality, they are
incorporated in the risk stratification model in PAH.>
A mean RAP of 8 to 14 mm Hg is associated with in-
termediate risk and a mean RAP >14 mm Hg is asso-
ciated with high risk of 1-year mortality. Our PV loop
analysis shows that RA pressure in precPH is mainly
elevated at the v-wave and a-wave. These pressure
points can be identified automatically during cathe-
terization and may entail better prognostic value than
mean RAP. For RA area, the guideline also provides
mortality risk cutoffs at baseline and in a recent
study, RA dilatation had predictive value at first
follow-up in addition to functional class, 6-minute
walking distance, and N-terminal pro-B-type natri-
uretic peptide levels.”® The current data show that RA
dilatation is relatively greater than RV dilatation in
patients with severe RV diastolic stiffness. It should
be further investigated whether assessment of RA-RV
coupling may provide additional prognostic infor-
mation than RA area alone.

Atrioventricular uncoupling in patients with severe
RV diastolic stiffness results in vena cava backflow
and congestion, which may be worsened by tricuspid
regurgitation. This can have serious consequences
such as hepatic fibrosis and cirrhosis, congestive ne-
phropathy, ascites, leaky bowel syndrome, and pe-
ripheral edema. There is therefore an unmet need for
the development of medication targeting RV diastolic
stiffening to restore RA-RV interaction.

STUDY LIMITATIONS. This was a single-center study
that consisted of 4 different cohorts, both prospective
and retrospective. One-half of the patients in the RA
PV loop cohort received treatment, whereas all pa-
tients in the 4-chamber cohort were treatment naive.
Cardiomyocytes were isolated from CTEPH patients
and not from PAH patients. Cardiomyocyte analyses
are best performed in freshly collected tissue samples
which could only be obtained from CTEPH patients
undergoing pulmonary endarterectomy. Neverthe-
less, we expect that potential bias of differences in the
patient cohort is negligible, as the patient character-
istics were similar, and a previous comparison be-
tween cardiac adaptation of CTEPH and PAH patients
showed no large differences.>° Finally, the RA tissue
sample size (used for cardiomyocyte and histopatho-
logical analyses) was small due to the limited access to
fresh tissue. Nevertheless, we observed clear
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differences in RA hypertrophy, capillarization, and
fibrosis. The histopathological analysis was per-
formed on autopsy material because the RA tissue
samples that were collected during pulmonary end-
arterectomy were too small for both cardiomyocyte
and histopathological analysis. Therefore, it is unclear
whether fibrosis is already present in incident
precPH patients.

CONCLUSIONS

RA PV loops show increased RA stiffness and suggest
atrioventricular uncoupling in patients with severe
RV diastolic stiffness. Isolated RA cardiomyocytes of
precPH patients are hypertrophied but do not display
intrinsic sarcomeric changes in active or passive
force. In end-stage pulmonary hypertension, reduced
capillary density as well as interstitial and peri-
vascular fibrosis are observed.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Se-
vere RV diastolic stiffness is associated with atrio-
ventricular uncoupling, RA stiffness, hypertrophy,
fibrosis, and reduced capillary density without atrial
sarcomere dysfunction.

TRANSLATIONAL OUTLOOK: Because RA
dysfunction is a consequence of RV stiffening rather
than of atrial sarcomeric dysfunction in patients with
precPH, treatment strategies should focus on
improving RV diastolic function.
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