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Abstract

Chronic thromboembolic pulmonary hypertension may be cured by pulmo-

nary endarterectomy (PEA). Thromboembolic disease distribution/PEA

success primarily determines prognosis but risk scoring criteria may be

adjunctive. Right ventriculoarterial (RV‐PA) and ventriculoatrial (RV‐right
atrium [RA]) coupling may be evaluated by cardiac MRI (CMR) feature

tracking deformation/strain assessment. We characterized biatrial and

biventricular CMR feature tracking (FT) strain parameters following PEA and

tested the ability of CMR FT to identify REVEAL 2.0 high‐risk status. We

undertook a retrospective single‐center cross‐sectional study of patients

(n= 57) who underwent PEA (2015–2020). All underwent pre and post-

operative catheterization and CMR. Pulmonary arterial hypertension validated

risk scores were calculated. Significant postoperative improvements were

observed in mean pulmonary artery pressure (mPAP) (pre‐op 45 ± 11mmHg

vs. post‐op 26 ± 11mmHg; p< 0.001) and PVR however a large proportion had

residual pulmonary hypertension (45%; mPAP ≥25mmHg). PEA augmented

left heart filling with left ventricular end diastolic volume index and left atrial

volume index increment. Left ventricular ejection fraction was unchanged

postoperatively but LV global longitudinal strain improved (pre‐op median

−14.2% vs. post‐op −16.0%; p< 0.001). Right ventricular (RV) geometry and

function also improved with reduction in RV mass. Most had uncoupled

RV‐PA relationships which recovered (pre‐op right ventricular free wall

longitudinal strain −13.2 ± 4.8%, RV stroke volume/right ventricular end

systolic volume ratio 0.78 ± 0.53 vs. post‐op −16.8 ± 4.2%, 1.32 ± 0.55; both

p< 0.001). Postoperatively, there were six REVEAL 2.0 high‐risk patients, best

predicted by impaired RA strain which was superior to traditional volumetric
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parameters (area under the curve [AUC] 0.99 vs. RVEF AUC 0.88). CMR

deformation/strain evaluation can offer insights into coupling recovery; RA

strain may be an expeditious surrogate for the more laborious REVEAL 2.0

score.
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feature tracking (CMR‐FT), pulmonary endarterectomy, strain, ventriculoarterial coupling,
ventriculoatrial coupling

INTRODUCTION

Chronic thromboembolism is an underrecognized cause
of pulmonary hypertension (PH). Arising as a late
consequence of acute pulmonary embolism (PE) in
approximately 4%,1 chronic thromboembolic pulmonary
hypertension (CTEPH) may occur without prior acute PE
history in up to 25% of patients.2 Classified as “Group
4” in PH guidelines,3 the overall full incidence (including
undiagnosed cases) of CTEPH is estimated at 3–5 cases
per 100,000 population/year.1

CTEPH patients develop progressive pulmonary vascu-
lar remodeling with resultant pulmonary vascular resist-
ance (PVR) elevation.4 Untreated, eventual right ventricu-
lar (RV) failure confers a risk of premature mortality.5

Pulmonary endarterectomy (PEA) is the sole cura-
tive treatment for CTEPH and has excellent success
performed in expert centers.6,7 Appropriate patient
selection is crucial with the central disease most
surgically amenable, while distal disease may be treated
with balloon pulmonary angioplasty or targeted medical
therapy with riociguat.3,7,8

While PEA results are principally favorable in selected
patients, a significant proportion have residual PH (mean
pulmonary artery pressure [mPAP] ≥ 25mmHg)6 and
there is no consensus regarding the optimal investigative
regimen to detect this.3

Unlike pulmonary arterial hypertension (PAH) with
multiple risk scores (namely the REVEAL 2.0,9 French
PH network [FPHN],10 comparative prospective registry
of newly initiated therapies for pulmonary hypertension
(COMPERA)11 and Swedish PAH registry [SPAHR]12

criteria) validated for the prediction of transplant‐free
survival, anatomical distribution of disease still remains
the central consideration in CTPEH.3 However, the
mutual prognostic applicability of these PAH risk criteria
in CTEPH has been suggested by some recent data.13–15

Beyond distribution/nature of the thromboembolic
disease, other clinical features and hemodynamic
findings6,7,16,17 such as functional class, comorbidities,
and notably, an early postoperative (PEA) invasive

mPAP ≥ 38mmHg and PVR ≥ 425 dynes (5.3WU) are
associated with worse survival in CTEPH.6 There are,
however, limited imaging prognostic parameters.

Contemporarily, there is growing interest in strain
imaging with deformation assessment offering additive
diagnostic and prognostic value in various patholo-
gies.18,19 However, most data relate to the echocardio-
graphic (TTE) speckle tracking technique, although
cardiac MRI (CMR) feature tracking (FT) strain appears
reasonably concordant.20 There is a current paucity of
literature specifically examining CMR FT strain in
CTEPH.

The relationship between the right ventricle (RV) and
its load has been described by the paradigm of
“coupling.”21–23 Succinctly, the latter term describes
energy transfer efficiency, and RV‐PA coupling has an
estimated (unitless) normal range of 1.0–2.0 to express
matching of ventricular contractility to arterial after-
load.24 While principally assessed by invasive
pressure–volume catheterization, there are emerging
data for the role of CMR22,25–27 in its evaluation. The
majority of interest has centered on the RV‐PA relation-
ship but there is increasing recognition of the signifi-
cance of the RV‐right atrium (RA) relationship28 which
may be evaluated by RA deformation imaging and have
prognostic importance in pulmonary hypertension.26,29

In this work, we sought to characterize biatrial and
biventricular CMR FT deformation parameters in
CTEPH patients following PEA, and correlate the former
with invasive hemodynamics to examine changes in
ventricular coupling. Various risk scoring criteria were
then applied, to test the ability of CMR FT to identify
REVEAL 2.0 high‐risk status.

METHODS

Design

This was a retrospective cross‐sectional study with all
CTEPH patients from January 1, 2015 to July 31, 2020
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screened for eligibility. Consecutive patients were
included if they underwent PEA at an affiliated expert
institution and had pre‐ and postoperative CMR and
cardiac catheterization performed by our service. Patients
were excluded if there were incomplete/missing paired
(pre‐ and postoperative) investigations.

CMR

All patients underwent CMR on a 1.5 T Siemens Aera
scanner using a 32‐channel phased array surface coil as
part of routine care pre‐ and post‐PEA.

Cine imaging was performed with breath‐held steady‐
state free precession sequences to derive contiguous
parallel short axis slices of the RV and LV from base to
apex, as well as standard long axis slices of the heart.
Slice prescription parameters were 8mm thickness/2 mm
gap for short axis imaging with 1.5–2mm in‐plane spatial
resolution, 33–45ms temporal resolution, and 25–30
reconstructed cardiac phases.

CMR postprocessing and FT strain

CMR studies were analyzed using Circle Cardiovascular
Imaging software (CVI42, version 5.12.1). Volumetric
analysis was performed as per current guidelines.30

Right ventricular mass was determined from the
short axis stack using the end‐diastolic phase, with the
inclusion of papillary muscle mass by blood pool
thresholding.31 The interventricular septal mass was
assigned to the left ventricle.31,32

Although a detailed description of the concepts of
deformation is beyond this work's scope but is available
in various review literature,33,34 strain (ɛ) is a dimension-
less parameter reflecting change in length and given by
ɛ= (L− L0)/L0, with L0 denoting the original and L the
final length. Accordingly, with systolic longitudinal
strain, a negative value indicates myocardial shortening
and a positive value lengthening.

FT strain assessment was also performed using
CVI42. Endocardial contours were traced using auto-
matic detection by “3 clicks” (two at the base, one at
the apex) definition of chamber extent. Minor manual
endocardial adjustment was applied as required.
Epicardial boundaries were traced manually. Chamber
borders were traced at ventricular end‐diastole to
define strain zero baseline (R–R gating), and longitu-
dinal strain quantification was performed automati-
cally by the software using a deformable myocardial
model.20,35–37 LA strain and LV global longitudinal

strain (GLS) were computed using the 4 and 2 chamber
cines while only the 4 chamber cine was used for RA
strain and RV strain.

With regard to the RV, only the free wall endo‐
and epicardial borders were traced to derive the
RV free wall longitudinal strain (RVFWLS), with
tracing and deformation of the septum designated to
the LV.

Three repeat tracings and measurements of peak
biatrial reservoir and peak systolic biventricular strain
were performed, and the average was recorded.

Twenty percent of patients were randomly selected
for atrial and ventricular strain measurement by a second
investigator to determine interobserver variability.
Intraobserver variability was assessed with one investi-
gator re‐measuring atrial and ventricular strain after a
1‐month interval.

Right heart catheterization

Patients were allowed only oral clear fluids before
catheterization. Vascular access was gained via right
internal jugular (ultrasound‐guided) or occasionally
right antecubital venous puncture. A Swan‐Ganz
catheter was used for all pressure measurements.
Pulmonary arterial wedge pressure (PAWP) tracings
were obtained at end‐expiration (mean of three tracings
in sinus rhythm or five in atrial fibrillation/AF).
Cardiac output (CO) measurements were made using
the thermodilution or Fick method. PVR (Wood units/
WU) was calculated by (mPAP−mPAWP)/CO.

Distribution of disease and surgical
clearance success

Surgical notes were reviewed to determine the
Jamieson classification38,39 of thromboembolic disease
for each lung—Type I with central thromboemboli,
Type II with intimal thickening, fibrous webs, and
bands, Type III with segmental and subsegmental
branch occlusions, and Type IV with very distal
thromboemboli/microvascular disease. Subjective
clearance success of each lung (as per the operating
surgeon's opinion) was also recorded and scored with
three clearance grades—1 = excellent, 2 = good, and
3 = limited. A total “CTEPH score” was calculated by
summing bilateral Jamieson grades and surgical
success for each lung so that a score of 4 would
indicate bilateral Type 1 central disease with bilateral
excellent clearance.
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Risk category assessment

To assess the change in risk profiles following PEA, all
patients had pre‐ and postoperative risk scores calculated
using the REVEAL 2.0,9 French PH network (FPHN),10

COMPERA11 and Swedish PAH registry (SPAHR)12

criteria (Supporting Information: Table 1).
Input parameters for risk score calculation were

extracted from discharge summaries and relevant con-
temporaneous investigations of the final preoperative
and first postoperative inpatient workup admissions.

REVEAL 2.0 was chosen as the final risk scoring
system for evaluation against CMR due to its inclusion of
the greatest number of prognostic parameters (Support-
ing Information: Table 1) and its derivation population
being the largest.40

Statistical analysis

Continuous normal data are presented as mean (±1 SD).
Non‐normal data are presented as median (interquartile
range). Continuous data were compared with the
(paired) two‐tailed Student's t‐test or (paired) Wilcoxon
test for normal and non‐normal data respectively.
Categorical variables are displayed as n (%) and differ-
ences were assessed using Fisher's exact test. Correlation
analysis was performed using Pearson's correlation
coefficient or Spearman's rank test where data was
non‐normal. Intraclass correlation coefficient (ICC)
estimates for inter‐ and intraobserver variability in strain
assessment were calculated. Univariate and multivariate
stepwise logistic regression was performed to identify
CMR parameters that predicted REVEAL 2.0 high‐risk
status. Receiver operating characteristic (ROC) curves
with area under the curve (AUC) values were used to
compare the discriminative ability of the various
parameters and the optimal cut‐points were defined by
the Youden index. A p ≤ 0.05 was considered statistically
significant.

RESULTS

CMR FT strain reproducibility: Inter‐ and
intraobserver variability

Measurement of FT biatrial and biventricular strain was
feasible in all patients. There was excellent inter‐ and
intraobserver agreement. Interobserver ICC were 0.98 for
RA (0.89–0.99), 1.0 for LA (0.98–1.0), 0.99 for RV
(0.96–1.0), and 0.97 for LV (0.90–0.99).

Intraobserver ICC for the RA, LA, RV, and LV were
0.99 (0.98–1.0), 0.99 (0.98–1.0), 0.99 (0.97–1.0), and 0.97
(0.89–0.99) respectively.

Patients

A total of 97 patients were identified. Forty were
excluded due to incomplete pre and/or postoperative
investigations with the final cohort comprising 57
patients (Supporting Information: Figure 1).

Patients were aged 56 ± 14 years and balanced
between genders. Nineteen percent of all patients did
not have an acute PE history but all were anticoagulated
with warfarin the most common agent. At the time of
surgery, Jamieson Type I disease was infrequent in
either lung (21% right lung, 14% left lung) with a
median total CTEPH score of 8 (Table 1). CMR was
performed 197 ± 86 days preoperatively and 111
(98–145) days postoperatively. Catheterization was
typically undertaken during the same admission and
performed 199 ± 87 days preoperatively and 111
(97–148) days postoperatively.

Postoperatively, there was significant improvement in
6‐min walk distance (6MWD) and functional class, with
a concurrent reduction in BNP levels. Only five patients
(9%) remained on PDE5i compared to 18 (32%; p= 0.003)
preoperatively (Table 1).

Invasive hemodynamics

There was significant improvement in all hemodynamic
parameters postoperatively however a large proportion of
patients had residual PH (45%; mPAP ≥ 25mmHg) and
elevated PVR (35%; PVR > 3WU) (Table 2).

CMR

Preoperatively, all patients had small underfilled left
hearts relative to the right with reduced LV mass (normal
reference range male LV mass index 74 ± 8.5 g/m2;
female 63 ± 7.5 g/m2).32 Left ventricular ejection fraction
(LVEF) was preserved in all but longitudinal function
assessed by GLS was impaired (Table 3).

All patients had dilated impaired right hearts with
RVFWLS and RVEF commensurately reduced. Using the
volumetric approximation for RV‐PA coupling (RV
stroke volume [SV]/right ventricular end systolic volume
[RVESV] ratio),41,42 most had “uncoupled” relationships.
RV mass index was significantly increased in all (normal
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reference range male RV mass index 34 ± 7 g/m2; female
28 ± 5 g/m2).31

Following pulmonary endarterectomy, enhanced left
heart filling was associated with increased left ventricu-
lar end diastolic volume index and left atrial volume
index (LAVi). No significant change in LVEF was seen
but LV GLS improved postoperatively. Right heart
geometry and function improved with reduction in RV
mass (Table 3).

Please see Figures 1–3 for illustrative case examples.

Correlation analysis

Pre‐ and postoperative CMR and catheterization studies
were analyzed (114 data sets; 57 pre‐op and post‐op
pairs).

All RA peak strain and RVFWLS correlation relation-
ships were highly significant (RA strain‐PVR ρ −0.34
[−0.50 to −0.1], RA strain‐mPAP ρ −0.31 [−0.47 to

TABLE 1 Baseline patient characteristics and postoperative
change in medical therapy

Pre‐op
(n= 57)

Post‐op
(n= 57) p Value

Age (years) 56 ± 14 ‐ ‐

Gender 31M (54%) ‐ ‐

26 F (46%) ‐ ‐

BMI (kg/m2) 29.1
(25.1‐34.4)

‐ ‐

RL Jamieson Type 1 12 (21%) ‐ ‐

LL Jamieson Type 1 8 (14%) ‐ ‐

Total CTEPH score 8 (6‐8.25) ‐ ‐

Acute PE history 46 (81%) ‐ ‐

Functional class

I–II 6 (11%) 41 (72%) <0.001

III–IV 51 (89%) 16 (28%) <0.001

6 MWD (m) 251 ± 115 311 ± 130 0.003

eGFR by CKD‐EPI (ml/
min/1.73 m2)

74 ± 14 76 ± 14 NS

Anticoagulation

Warfarin 27 (47%) 26 (46%) NS

Apixaban 5 (9%) 6 (11%) NS

Rivaroxaban 22 (39%) 19 (33%) NS

Edoxaban 1 (2%) 2 (4%) NS

LMWH 2 (4%) 4 (7%) NS

Medical therapy

Nil else (only
anticoagulation)

25 (44%) 33 (58%) NS

Diuretics 21 (37%) 17 (30%) NS

MRA 9 (16%) 10 (18%) NS

PDE5i 18 (32%) 5 (9%) 0.003

ETRA 3 (5%) 0 NS

Riociguat 1 (2%) 4 (7%) NS

Supplemental oxygen
therapy

6 (11%) 3 (5%) NS

BNP (ng/L) 171 (81‐599) 69 (32‐145) <0.001

CMR‐surgery
interval (days)

197 ± 86 111 (98‐145) ‐

Catheterization‐surgery
interval (days)

199 ± 87 111 (97‐148) ‐

Note: Bold values are statistically significant at p < 0.05.

Abbreviations: 6 MWD, 6‐min walk distance; BNP, B‐type natriuretic
peptide; CMR, cardiac magnetic resonance (study); CKD‐EPI, chronic
kidney disease‐epidemiology collaboration; eGFR, estimated glomerular
filtration rate; ETRA, endothelin receptor antagonist; LL, left lung; LMWH,
low molecular weight heparin; MRA, mineralocorticoid receptor antagonist;
PDE5i, phosphodiesterase type 5 inhibitor; post‐op, postoperative; pre‐op,
preoperative; RL, right lung.

TABLE 2 Postoperative change in invasive hemodynamic
parameters of all patients

Pre‐op
(n= 57)

Post‐op
(n= 57) p Value

mPAP (mmHg) 45 ± 11 26 ± 11 <0.001

Postoperative mPAP (mmHg)

<20 ‐ 14 (25%) ‐

20–24 ‐ 17 (30%) ‐

≥25 ‐ 26 (45%) ‐

mPAWP (mmHg) 11 ± 4 11 ± 4 NS

mRAP (mmHg) 10 ± 5 7 ± 4 <0.001

PVR (WU) 9.1 (6.1–12.4) 2.5 (1.7–3.8) <0.001

Postoperative PVR (WU)

<1.5 ‐ 10 (18%) ‐

1.5–3 ‐ 27 (47%) ‐

>3 ‐ 20 (35%) ‐

Cardiac index
(L/min/m2)

2.1 ± 0.7 2.7 ± 0.7 <0.001

SvO2 (%) 62.8 ± 9.2 70.1 ± 7.8 <0.001

Systolic
BP (mmHg)

126 ± 20 125 ± 18 NS

HR (bpm) 77 ± 14 76 ± 12 NS

Note: All patients underwent catheterization. Bold values are statistically
significant at p < 0.05.

Abbreviations: BP, blood pressure; HR, heart rate; mPAP, mean pulmonary
artery pressure; mPAWP, mean pulmonary arterial wedge pressure; mRAP,
mean right atrial pressure; post‐op, postoperative; pre‐op, preoperative;
PVR, pulmonary vascular resistance; SvO2, mixed venous oxygen saturation.
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−0.14], RVFWLS‐mPAP ρ 0.54 [0.39–0.66], RVFWLS‐
PVR ρ 0.57 [0.43–0.68]; all p< 0.001) (Figures 4 and 5).

The strongest RA strain associations were with mean
right atrial pressure (ρ −0.43 [−0.57 to −0.27]) and RV
SV/RVESV ratio (ρ 0.55 [0.41–0.67]) (Figure 5). RVFWLS
was more closely related to RV SV/RVESV ratio (ρ −0.74
[−0.81 to −0.64]). A similar magnitude correlation was
seen for the RVFWLS‐RVEF relationship (ρ −0.74 [−0.82
to −0.65]) (Figure 4).

In both genders (Supporting Information: Figures 2
and 3), reduction in RV mass index was signifi-
cantly correlated (all p ≤ 0.05) with postoperative

improvements in RVEF (male ρ −0.79 [−0.87 to
−0.68]; female ρ −0.69 [−0.81 to −0.52]), RVFWLS
(male ρ 0.58 [0.39 to 0.72]; female ρ 0.59 [0.38 to 0.74])
and RV SV/RVESV ratio (male ρ −0.79 [−0.87 to −0.68];
female ρ −0.69 [−0.81 to −0.52]). RA strain was also
negatively correlated with RV mass (male ρ −0.39
[−0.58 to −0.15], p= 0.002; female ρ −0.35 [−0.57 to
−0.08], p= 0.011) although the strength of association
was weaker compared to RV parameters.

Lastly, RV mass index was significantly correlated
with PVR in both males (ρ 0.68 [0.52–0.80];
p< 0.001) and females (ρ 0.69 [0.51–0.81]; p< 0.001) with

TABLE 3 Postoperative change in CMR parameters of all patients

Pre‐op (n= 57) Post‐op (n= 57) p Value

LVEDVi (ml/m2), all patients
Male (n= 31)
Females (n= 26)

57 ± 16
62 ± 16
52 ± 14

63 ± 13
68 ± 14
57 ± 9

0.003
0.041
0.034

LVESVi (ml/m2) 21 (16–28) 23 (18–28) NS

LV SVi (ml/m2) 35 ± 10 39 ± 8 0.002

LV mass index (g/m2), all patients
Male (n= 31)
Females (n= 26)

55 (49–66)
63 (55–74)
50 ± 12

61 (54–67)
65 (61–68)
55 ± 11

0.012
NS
0.030

LVEF (%) 60 ± 10 63 ± 9 NS

LV GLS (%) −14.2 (−16.2
to −11.1)

−16.0 (−17.9
to −14.5)

<0.001

LAVi (ml/m2) 32 (23–39) 34 (28–44) <0.001

Peak LA strain (%) 22.3 (15.9–28.5) 25.8 (18.5–30.3) 0.024

RVEDVi (ml/m2) 113 ± 36 78 ± 26 <0.001

RVESVi (ml/m2) 71 ± 34 37 ± 22 <0.001

RV SVi (ml/m2) 42 ± 14 41 ± 9 NS

RV mass index (g/m2), all patients
Male (n= 31)
Female (n= 26)

43 (32–49)
45 ± 13
38 (29–44)

30 (27–33)
34 ± 11
29 (24–32)

<0.001
<0.001
<0.001

RVEF (%) 40 ± 15 55 ± 10 <0.001

RVFWLS (%) −13.2 ± 4.8 −16.8 ± 4.2 <0.001

RAVi (ml/m2) 73 ± 35 49 ± 20 <0.001

Peak RA strain (%) 16.7 (10.1–24.6) 18.3 (15.7–25.3) NS

LA/RA volume ratio 0.56 ± 0.32 0.83 ± 0.36 <0.001

LVEDV/RVEDV ratio 0.56 ± 0.22 0.85 ± 0.20 <0.001

LVESV/RVESV ratio 0.39 ± 0.21 0.73 ± 0.25 <0.001

RV SV/RVESV ratio 0.78 ± 0.53 1.32 ± 0.55 <0.001

MPA diameter index (mm/m2) 17.9 (15.5–19.6) 15.1 (13.8–17.8) <0.001

Note: All patients underwent CMR. Bold values are statistically significant at p < 0.05.

Abbreviations: CMR, cardiac MRI; GLS, global longitudinal strain; LAVi, left atrial volume index; LV, left ventricular; LVEDVi, left ventricular end diastolic
volume index; LVEF, left ventricular ejection fraction; MPA, main pulmonary artery; post‐op, postoperative; pre‐op, preoperative; RA, right atrium; RV, right
ventricular; RVESV, right ventricular end systolic volume; RVFWLS, right ventricular free wall longitudinal strain, SV, stroke volume.
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RV mass increasing with PVR (Supporting Information:
Figure 4).

Risk score assessment

With REVEAL 2.0 as the reference, the FPHN score
overestimated risk with a larger number of patients
classified as high‐risk pre and postoperatively whereas
the COMPERA and SPAHR scores underestimated risk
with fewer patients in the high‐risk category (Figure 6).

In the entire cohort of patients (n= 57), there were
only 6 (11%) classified as REVEAL 2.0 high risk
postoperatively.

Clinical characteristics and key investigations of
postoperative high‐risk patients are summarized in
Table 4. All were male, aged 59 ± 16 years. Postoperative
6 MWD were markedly reduced at 101 ± 19m and BNP
levels significantly elevated at 252 (152–372) ng/L.

Postoperative mPAP and PVR remained substantially
elevated at 39 ± 11mmHg and 5.0 ± 1.6WU, respectively.

RV‐PA relationships were uncoupled as indicated by an
RV SV/RVESV ratio of 0.70 ± 0.37 and RVFWLS of
−9.1 ± 3.3%. Reflecting more advanced dysfunction,
RV‐RA relationships were uncoupled as well with a
peak RA strain of 6.4 ± 3.4%.

Prediction of REVEAL 2.0 high risk

Impaired peak RA strain was the best predictor of a
REVEAL 2.0 high‐risk classification (AUC 0.99;
p< 0.001) with a peak RA strain cut point of ≤14.9%
having 100% sensitivity and 86% specificity (Table 5 and
Figure 7). RVFWLS was also an excellent predictor of
high‐risk status (AUC 0.97) and was superior to RVESVi
(AUC 0.90) and RVEF (AUC 0.88).

Notably, peak LA strain reduction showed very
strong predictive ability (AUC 0.97) for identifying
REVEAL 2.0 high‐risk status as did LV GLS
(AUC 0.90). With multivariate logistic regression,
peak RA strain was the only independent predictor of

FIGURE 1 Thirty‐year‐old female; compensated right heart with right ventriculoarterial (RV‐PA) coupling maintained preoperatively
and augmented right atrium (RA) compliance (preoperative RA strain 53%)
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REVEAL 2.0 high‐risk status (Supporting Informa-
tion: Table 2).

DISCUSSION

In this work, we have characterized biatrial peak
reservoir and biventricular peak systolic strain in CTEPH
patients pre‐ and post‐PEA. Additionally, we have shown
that RA strain best predicted REVEAL 2.0 high‐risk
status and was superior to traditional volumetric
parameters.

Corresponding with prior data,6 a significant
proportion of patients in this study had postoperative
residual PH (mPAP ≥ 25 mmHg). While CTEPH out-
come is mainly determined by thromboembolic
disease distribution/operative success and invasive
hemodynamics remain essential in postoperative risk
assessment, it is accepted that prognostication should
utilize a multi‐parametric approach14 (e.g., REVEAL
2.0) rather than a single criterion (i.e., mPAP or PVR

alone). The main drawback would be the requirement
for an extensive testing panel to derive a risk score.

Postoperatively, six patients in the entire cohort (11%)
were classified as REVEAL 2.0 high risk which confers a
12‐month > 10% mortality risk in PAH patients.9 These
patients were accurately identified by severe RA strain
impairment representing late‐stage RV dysfunction with
ventriculoatrial decoupling. Notably, their corresponding
postoperative invasive hemodynamic parameters showed
significantly elevated mPAP and PVR at 39 ± 11mmHg
and 5.0 ± 1.6WU, respectively. Prior data6 have indicated
this magnitude of postoperative mPAP and PVR eleva-
tion to be associated with mortality risk. This would
suggest prognostic applicability of the REVEAL 2.0 score
in post‐PEA patients and support the routine assessment
of peak RA strain with its excellent REVEAL 2.0 high‐
risk predictive ability although larger prospective studies
are necessary to validate this finding.

Additionally, the majority of patients in the entire
cohort had normal postoperative LA sizes. Similarly,
LVEF was preserved. Marked reductions in peak LA

FIGURE 2 Fifty‐seven‐year‐old male; fully decompensated right heart with uncoupled right ventriculoarterial (RV‐PA) and
ventriculoatrial (RV‐RA) relationships. Postoperative REVEAL 2.0 high‐risk status. Pre‐ and postoperative four chamber cine video clips
with RA strain overlay in animation supplement.
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FIGURE 3 Forty‐eight‐year‐old male; uncoupled right ventriculoarterial (RV‐PA) and ventriculoatrial (RV‐right atrium [RA])
relationships preoperatively with restoration post pulmonary endarterectomy. Pre‐ and postoperative four chamber cine video clips with RA
strain overlay in animation supplement.

FIGURE 4 RV strain correlation (RV SV/RVESV, RVEF, mPAP, PVR) scatter plots. Strong correlation between RV strain‐RVEF and
moderate strength RV strain association with invasive hemodynamics. mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular
resistance; RV, right ventricular; RVESV, right ventricular end systolic volume; SV, stroke volume.
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FIGURE 5 RA strain correlation (PVR, mRAP, mPAP, RV SV/RVESV) scatter plots. Significant but weak strength association between
RA strain and invasive hemodynamics. mPAP, mean pulmonary artery pressure; mRAP, mean right atrial pressure; PVR, pulmonary
vascular resistance; RA, right atrium; RVESV, right ventricular end systolic volume; RV, right ventricular; SV, stroke volume.

FIGURE 6 Different risk category proportions dependent on the scoring criteria used. Using REVEAL 2.0 as the reference, the FPHN
score overestimated risk with a larger number of patients classified as high‐risk pre and postoperatively whereas the COMPERA and SPAHR
scores underestimated risk with fewer patients in the high‐risk category. *Statistically significant difference (p< 0.001) in pre versus
postoperative risk category. COMPERA, comparative prospective registry of newly initiated therapies for pulmonary hypertension; FPHN,
French PH network. SPAHR, Swedish PAH registry.
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strain and LV GLS were able to predict REVEAL 2.0 high
risk status, which reflects the importance of ventricular
interdependence with worsening right ventricular geom-
etry, function, and septal motion negatively impacting
left ventricular filling mechanics.43,44 This adverse
physiology is again not immediately apparent if solely
utilizing volumetric measures (LVEF and LAVi) for left
heart assessment and CMR FT strain may hence present
additive diagnostic and prognostic value.

Current guidelines3 do not suggest a postoperative
imaging strategy but with deformation assessment, CMR
may be valuable as the first line postoperative imaging
modality, offering more precise insights into under-
standing RV‐PA and RV‐RA coupling physiology as
compared to sole utilization of traditional volumetric
imaging.

Using the reference standard of pressure‐volume
catheterization to assess RV‐PA coupling by end‐
systolic elastance/arterial elastance ratio (Ees/Ea),
Tello et al.25 demonstrated that CMR FT RVFWLS
had a good ability for identifying RV‐PA uncoupling
(Ees/Ea < 0.805 mmHg/ml) with a cut‐point of >
−15.29% showing 70% sensitivity and 89% specificity.
In this work, most patients had postoperative restora-
tion of RV‐PA coupling with significant improvements
in their RVFWLS.

With riociguat a therapeutic option for patients with
significant symptomatic residual PH post‐PEA,3,45,46

deformation imaging may be of value in monitoring
early response/improvements in RV‐PA coupling and
be more sensitive than RVEF to subtle change, akin
to the role of LV GLS in assessing for cancer‐therapy
related cardiac dysfunction.47 In a small (n= 27) mixed
PAH/CTEPH cohort with mild PH, Murata et al.48

TABLE 4 Clinical characteristics, invasive hemodynamics,
and CMR parameters of postoperative REVEAL 2.0 high risk
patients

Postoperative REVEAL 2.0
high risk patients (n= 6)

Age (years) 59 ± 16

Gender 6M (100%)

BMI (kg/m2) 31.8 ± 6.2

eGFR by CKD‐EPI (ml/min/
1.73 m2)

67 ± 19

Post‐op BNP (ng/L) 252 (152–372)

6 MWD (m) 101 ± 19

Anticoagulation

Warfarin 3

Rivaroxaban 2

LMWH 1

Medical therapy

Nil else (only
anticoagulation)

0

Diuretics 5

MRA 4

PDE5i 2

Riociguat 1

Supplemental oxygen
therapy

1

Postoperative invasive hemodynamics

mPAP (mmHg) 39 ± 11

mPAWP (mmHg) 13 ± 2

mRAP (mmHg) 12 ± 5

PVR (WU) 5.0 ± 1.6

Cardiac index (L/min/m2) 2.4 ± 0.5

SvO2 (%) 59.5 ± 8.3

Postoperative CMR parameters

LVEDVi (ml/m2) 68 ± 9

LV mass index (g/m2) 67 ± 10

LVEF (%) 48 ± 11

LV GLS (%) −10.0 ± 3.7

LAVi (ml/m2) 52 ± 17

Peak LA strain (%) 8.7 + 6.1

RVEDVi (ml/m2) 115 ± 42

RV mass index (g/m2) 44 ± 16

RVEF (%) 39 ± 14

RVFWLS (%) −9.1 ± 3.3

(Continues)

TABLE 4 (Continued)

Postoperative REVEAL 2.0
high risk patients (n= 6)

RAVi (ml/m2) 85 ± 26

Peak RA strain (%) 6.4 ± 3.4

RV SV/RVESV ratio 0.70 ± 0.37

Abbreviations: 6 MWD, 6‐min walk distance; BNP, B‐type natriuretic
peptide; CKD‐EPI, chronic kidney disease‐epidemiology collaboration;
eGFR, estimated glomerular filtration rate; GLS, global longitudinal strain;
LMWH, low molecular weight heparin; LAVi, left atrial volume index; LV,
left ventricular; LVEDVi, left ventricular end diastolic volume index;
LVEF, left ventricular ejection fraction; mPAP, mean pulmonary artery
pressure; mPAWP, mean pulmonary arterial wedge pressure; mRAP, mean
right atrial pressure; PVR, pulmonary vascular resistance; RA, right atrium;
RV, right ventricular; RVESV, right ventricular end systolic volume;
RVFWLS, right ventricular free wall longitudinal strain; SV, stroke volume.
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showed riociguat improved TTE RV strain in patients
with preserved longitudinal RV function (normal RVS’
and TAPSE pre and post‐riociguat).

There is growing recognition of the importance of RA
function in the pathophysiology of PH.49,50 In a canine
PH model from PA banding, early compensation was
characterized by preserved systolic but impaired RV
diastolic function, and increased RA distensibility
(increased reservoir strain).51 The augmented RA disten-
sibility would be counterpoise to RV diastolic dys-
function and avert clinical heart failure. With increasing
PH chronicity and severity, RV‐PA then RV‐RA uncou-
pling would ensue with diminution of RA reservoir
function resulting in symptoms.23,26

This was illustrated in further work by Tello et al.26

who showed impairment of RA phasic function
correlating mainly with RV lusitropic dysfunction
(RVEDP and end‐diastolic elastance) rather than RV
contractility. This finding was attributed to the majority
of their cohort having uncoupled RV‐PA relationships
indicating the limit of compensatory RV contractile
augmentation (by increased RV mass) had been

TABLE 5 CMR predictors of REVEAL 2.0 high‐risk status

CMR parameter
ROC curve AUC
(95% CI) p Value

Cut point for
REVEAL 2.0 high risk

Sensitivity
(95% CI)

Specificity
(95% CI) +LR −LR

LV SVi (ml/m2) 0.79 (0.66–0.89) <0.001 ≤33 67% (22–96) 82% (69–92) 3.8 0.4

LV GLS (%) 0.90 (0.79–0.96) <0.001 >−14.5 83% (36–100) 82% (69–92) 4.7 0.2

Peak LA strain (%) 0.97 (0.89–1.00) <0.001 ≤16.8 100% (54– 100) 86% (74–94) 7.3 0.0

RVEDVi
(ml/m2)

0.85 (0.73–0.93) <0.001 >85 83% (36–100) 75% (60–86) 3.3 0.2

RVESVi
(ml/m2)

0.90 (0.79–0.96) <0.001 >42 83% (36–100) 80% (67–90) 4.3 0.2

RVEF (%) 0.88 (0.76–0.95) <0.001 ≤49 83% (36–100) 78% (65–89) 3.9 0.2

RVFWLS (%) 0.97 (0.89–1.00) <0.001 >−15 100% (54–100) 82% (69–92) 5.7 0.0

RAVi (ml/m2) 0.94 (0.84–0.99) <0.001 >58 83% (36–100) 82% (69–92) 4.7 0.2

Peak RA strain (%) 0.99 (0.92–1.00) <0.001 ≤14.9 100% (54–100) 86% (74–94) 7.3 0.0

LVEDV/RVEDV
ratio

0.82 (0.70–0.91) 0.003 ≤0.75 67% (22–96) 78% (65–89) 3.1 0.4

RV SV/RVESV
ratio

0.89 (0.78–0.96) <0.001 ≤0.95 83% (36–100) 78% (65–89) 3.9 0.2

Note: Greatest AUC (0.99) of peak RA strain for REVEAL 2.0 high‐risk status, exceeding RVEF (AUC 0.88). Bold values are statistically significant at
p < 0.05.

Abbreviations: AUC, area under the curve; CI, confidence interval; CMR, cardiac magnetic resonance (study); GLS, global longitudinal strain; LV, left
ventricular; ROC, receiver operating characteristic; RA, right atrium; RV, right ventricular; RVESV, right ventricular end systolic volume; RVFWLS, right
ventricular free wall longitudinal strain; SV, stroke volume.

FIGURE 7 ROC curve comparison of CMR predictors
of REVEAL 2.0 high risk status. Largest AUC (0.99) with peak
RA strain and smallest with RVEF (AUC 0.88). AUC, area
under the curve; CMR, cardiac magnetic resonance (study);
RA, right atrium; ROC, receiver operating characteristic.
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exceeded and RA phasic dysfunction represented a later
stage in disease trajectory with worsening RV diastolic
dysfunction.21 This is congruent with our correlation
analyses demonstrating the volumetric approximation
of RV‐PA coupling (RV SV/RVESV ratio) having a
stronger relationship with RVFWLS than RA strain.
This is also reflected in our observations regarding the
stronger correlation between RV mass index, PVR, and
RV SV/RVESV (early increment in RV mass to
augment/match contractility with increased afterload
and maintain coupling) and weaker RV mass correla-
tion with RA strain (later stage disease).

Various RA reservoir strain cut‐points have been
proposed to coincide with different stages of RV
maladaptation26,50 with RV‐RA decoupling occurring at
a RA reservoir strain of approximately <16%. Pre and
postoperatively, a large proportion of patients had
preserved RV‐RA coupling (pre‐op median 16.7%
increasing to a post‐op median 18.3%; p=NS). However,
the six postoperative REVEAL 2.0 high‐risk patients had
a markedly reduced RA strain of 6.4 ± 3.4% suggesting
advanced RV dysfunction/RV‐RA uncoupling despite
endarterectomy and underpins the strong diagnostic
performance of RA strain in predicting REVEAL 2.0
high‐risk status.

CONCLUSION

Significant improvement in cardiac hemodynamics,
geometry, and function may be achieved post pulmonary
endarterectomy, however, a sizeable proportion of
patients have residual pulmonary hypertension and
PVR elevation.

It is accepted that risk assessment is best served by
utilization of multiple criteria. While not fully validated
for application in CTEPH patients, postoperative
REVEAL 2.0 high‐risk status was accurately predicted
by markedly reduced RA strain which corresponds with
late stage right ventricular dysfunction and ventriculoa-
trial decoupling. As such, RA strain may be a more
expeditiously obtained surrogate of REVEAL 2.0 high
risk which requires an extensive battery of tests to
compute. The incorporation of deformation assessment
may enhance the prognostic utility of CMR in CTEPH
and aid in the refinement of risk stratification.

LIMITATIONS

This was a single‐center retrospective study of a
relatively small size (n= 57) with a large number of
patients excluded (n = 40) due to incomplete paired

investigations. All patients were alive at 12 months,
however, no additional clinical/functional data have
been collected at this time point for purposes of this
study. It would be crucial to show mortality association
with postoperative REVEAL 2.0 high‐risk status, thus
validating the utility of RA strain. However, this study
of 57 patients (with only six postoperative REVEAL 2.0
high risk) was underpowered to examine this. Using
the older iteration of REVEAL, Benza et al.14 recorded
only 24 deaths in a much larger cohort of 243 CTEPH
patients, with mortality associated with a higher
REVEAL risk score. Reflecting the retrospective nature
of this study and our current real‐world practice, a
significant time interval existed between preoperative
investigations and PEA with the possibility for
deterioration in hemodynamics and imaging parame-
ters. Catheterization and CMR parameters at first
postoperative follow‐up were used in this study with
the possibility for further improvement with later
testing; however current literature suggests similar-
ity/stability in tested metrics over the medium term.6,52

We acknowledge that deformation assessment by TTE
speckle tracking may be more advantageous than CMR
FT due to TTE ubiquity and ease of access, lower cost,
shorter scan duration, and superior temporal resolu-
tion. However, we sought to highlight the comprehen-
sive utility of CMR in CTEPH, where management is
typically undertaken at tertiary centers with the
routine performance of CMR for (gold standard) RV
evaluation and RA FT strain assessment may be
retrospectively and conveniently measured without
the need for additional MRI sequences. Lastly, atrial
strain was not assessed using a dedicated atrial feature
tracking algorithm but rather by a ventricular algo-
rithm from a specific vendor.
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