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Abstract

Aims Chronic pressure overload and right ventricular (RV) dysfunction can lead to RV–pulmonary artery (PA) uncoupling in
patients with heart failure. The evolution and prognostic values of RV–PA coupling assessed by echocardiography in patients
undergoing cardiac resynchronization therapy (CRT) have not been thoroughly investigated. The aim of this study was to
evaluate the evolution and prognostic value of tricuspid annular plane systolic excursion (TAPSE)/pulmonary artery systolic
pressure (PASP) ratio in CRT recipients.
Methods and results The RV–PA coupling was measured non-invasively with echocardiography using the TAPSE/PASP ratio
at baseline and 6 month follow-up in CRT recipients. The cut-off value for TAPSE/PASP uncoupling was derived from spline
curve analysis (i.e.<0.45 mm/mmHg). The primary endpoint was all-cause mortality. A total of 807 patients (age 66 ± 11 years,
76% men) were analysed. During a median follow-up of 97 (54–143) months, 483 (60%) patients died. Survival rates at 3 and
5 year follow-up were significantly lower for patients with a TAPSE/PASP ratio <0.45 mm/mmHg (76% and 58%, respectively),
compared with those with a TAPSE/PASP ratio ≥0.45 mm/mmHg (91% and 82%, respectively) (P < 0.001). On multivariable
analysis, TAPSE/PASP ratio <0.45 mm/mmHg (hazard ratio 1.437; 95% confidence interval: 1.145–1.805; P = 0.002) was
independently associated with all-cause mortality, whereas TAPSE <17 mm (hazard ratio 1.237; 95% confidence interval:
0.990–1.546; P = 0.061) was not. In addition, no improvement of the TAPSE/PASP ratio after CRT implantation was indepen-
dently associated with worse survival.
Conclusions The TAPSE/PASP ratio at baseline is independently associated with long-term outcomes in CRT recipients. The
baseline TAPSE/PASP ratio has incremental value over TAPSE, which does not take account of RV afterload. A lack of improve-
ment in the TAPSE/PASP ratio after CRT implantation is associated with worse survival.
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Introduction

Cardiac resynchronization therapy (CRT) is an effective
treatment for selected patients with heart failure (HF), who
are already receiving optimal guideline-directed medical
therapy.1 Both right ventricular (RV) dysfunction and pulmo-
nary hypertension are major determinants of outcomes in
patients with HF and reduced left ventricular ejection fraction

(LVEF), including those eligible for CRT.2–5 Increased RV
afterload is frequently associated with HF as a result of LV
diastolic dysfunction and secondary mitral regurgitation,
which leads to retrograde transmission of elevated
left-sided filling pressures, pulmonary hypertension, and
pulmonary vascular remodelling.6 Because the RV adapts less
well to pressure overload than to volume overload, an
increase in RV afterload may lead to RV dilatation and
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dysfunction. Despite the fact that an intimate relationship
exists between the pulmonary circulation and RV function,
most CRT studies have characterized these parameters as
separate entities.

The RV to pulmonary artery (PA) coupling refers to the
degree of functional matching between RV contractility and
the afterload imposed by the pulmonary vascular bed. The
gold standard for evaluating RV–PA coupling is the RV
end-systolic elastance (Ees) to pulmonary arterial elastance
(Es) ratio, derived from invasively-measured pressure–volume
loops.7 Catheter-based measurement of this ratio though
is impractical for routine clinical use. RV–PA coupling can be
reliably estimated non-invasively by using the
echocardiographically calculated ratio of the tricuspid annular
plane systolic excursion (TAPSE) to pulmonary artery
systolic pressure (PASP).8 The prognostic significance of the
pre-implant TAPSE/PASP ratio, as well its impact on the
evolution of non-invasively measured RV-PA coupling after
CRT, has not been thoroughly investigated. The aim of the
current study was therefore to (i) establish the prevalence
and prognostic value of echocardiographically estimated
RV–PA uncoupling by using the TAPSE/PASP ratio before CRT
implantation and (ii) characterize the evolution of the
TAPSE/PASP ratio following CRT, as well as its prognostic
impact, in a large cohort of CRT recipients.

Methods

Patient population and clinical data collection

Patients with HF undergoing CRT implantation in a single
tertiary care center (Leiden University Medical Center, the
Netherlands) were included from an ongoing registry.
CRT implantation was performed in accordance with the
European Society of Cardiology guidelines on HF.1 All patients
underwent complete clinical and echocardiographic evalua-
tion before CRT implantation, and patient information was
prospectively collected in the departmental cardiology infor-
mation system (EPD-vision; Leiden University Medical Center,
Leiden, the Netherlands). Clinical data included demographic
characteristics, cardiovascular risk factors, comorbidities, and
functional status (New York Heart Association (NYHA) func-
tional class). An ischaemic aetiology of HF was diagnosed by
the presence of significant coronary artery disease on invasive
coronary angiography. Quality of life was evaluated with the
Minnesota Living with Heart Failure Questionnaire, and if
feasible, a 6 min walk test was performed. Renal function
was quantified by estimating the glomerular filtration rate
with the Modification of Diet in Renal Disease Study equation.
The study complied with the Declaration of Helsinki and was
approved by the Institutional Review Board. Due to the retro-

spective study design, the Medical Ethical Committee waived
the need for written informed consent.

Echocardiographic data acquisition and analysis

All patients underwent transthoracic echocardiography be-
fore CRT implantation in the left lateral decubitus position
with commercially available ultrasound equipment (Vivid 7
and E9, GE-Vingmed, Horten, Norway). The same protocol
was repeated at 6 months follow-up, and electrocardio-
gram-triggered echocardiographic data were stored digitally
in a cine-loop format for offline analysis using EchoPAC ver-
sion 203 (GE Medical Systems, Horten, Norway). To account
for interbeat variability, echocardiographic measurements in
patients with atrial fibrillation were calculated and averaged
over five cardiac cycles.9 LV volumes, LVEF, and left atrial
volumes were measured using the Simpson’s biplane
method.9 RV end-systolic and end-diastolic areas were traced
in a focused RV apical view.9 TAPSE was measured on
M-mode recordings of the lateral tricuspid annulus in an
RV-focused view.9 PASP was derived from the peak velocity
of the tricuspid regurgitant jet according to the Bernoulli
equation, subsequently adding the right atrial pressure
(estimated by the inspiratory collapse and diameter of the
inferior vena cava).9 RV–PA coupling was non-invasively
assessed using the ratio between TAPSE and PASP, which is
a surrogate for the ratio between RV Ees and pulmonary Ea,
when derived from invasively measured pressure–volume
loops.7 The TAPSE/PASP ratio has been shown to be the only
reliable echocardiographic index that is independently associ-
ated with Ees/Ea (i.e. the gold standard for quantifying RV–PA
coupling).8 The severity of mitral and tricuspid regurgitation
was graded using a multiparametric approach, as recom-
mended by current guidelines.10

Cardiac resynchronization therapy implantation

Cardiac resynchronization therapy implantation was per-
formed according to a standard approach, that is, insertion
of the right atrial and ventricular leads via the subclavian or
cephalic veins. Before insertion of the LV lead, coronary sinus
venography was performed. The LV pacing lead was then
introduced into the coronary sinus through an 8 Fr guiding
catheter, and positioned in a posterior or posterolateral vein,
if possible. Defibrillator functionality was included in most
(96%) of the implanted devices. CRT recipients were followed
up at regular intervals at the HF outpatient clinic, at which
time the device was interrogated. Atrioventricular and inter-
ventricular delays were empirically set at 120–140 ms and
0 ms, respectively. CRT optimization was performed during
follow-up visits at the discretion of the treating physician.
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Clinical endpoints

Patients were followed up for the occurrence of all-cause
mortality. Data on mortality were obtained from the depart-
mental cardiology information system (EPD Vision, Leiden
University Medical Center, Leiden, the Netherlands), which
is linked to the governmental death registry database.
Follow-up data were complete for all patients.

Statistical analysis

Continuous data are presented as mean ± standard deviation
when normally distributed and as median and interquartile
range when not normally distributed. Categorical data are
presented as frequencies and percentages. Continuous
variables were compared using the independent samples
Student’s t test when normally distributed, whereas the
Mann–Whitney U test was used to compare continuous
variables that did not follow a normal distribution. Categori-
cal variables were compared using the Pearson χ2 test. A
spline curve analysis was performed to assess the hazard ra-
tio (HR) for all-cause mortality across a range of TAPSE/PASP
values. A threshold of 0.45 mm/mmHg was used to
dichotomize the study population, based on mortality excess
(i.e. where the predicted HR was ≥1) (Figure 1). Event-free
survival curves were generated using the Kaplan–Meier

method, and differences between groups were analysed
using the log-rank test. To assess the association of TAPSE/
PASP ratio at baseline and follow-up with all-cause mortality,
univariable and multivariable Cox proportional hazard models
were constructed. Variables that were statistically significant
(P < 0.05) in the univariable analysis were included in the
multivariable model. HRs with 95% confidence intervals
(CIs) were calculated. To investigate the incremental value
of TAPSE/PASP ratio over clinical and conventional echocar-
diographic parameters to predict outcome, a likelihood ratio
test was performed. The change in global χ2 values was
calculated and reported. A two-sided P value <0.05 was
considered statistically significant. Statistical analysis was
performed using SPSS for Windows, version 25.0 (IBM,
Armonk, New York, USA) and R version 4.0.1 (R Foundation
for Statistical Computing, Vienna, Austria).

Results

Clinical and echocardiographic characteristics at
baseline

A total of 807 patients (age 66 ± 11 years; 76% men) were
included (Figure S1). Baseline clinical characteristics are
shown in Table 1. An ischaemic aetiology of HF was present
in 471 (58%) patients and 522 (65%) patients had NYHA
functional Class III–IV before CRT implantation. Baseline
echocardiographic data are shown in Table 2. The mean
pre-implantation LVEF was 28 ± 8%, while the mean TAPSE
and PASP pre-CRT were 16 ± 5 mm and 35 ± 14 mmHg,
respectively.

There were 360 (45%) patients with a TAPSE/PASP ratio
<0.45 mm/mmHg. Patients with a TAPSE/PASP ratio
<0.45 mm/mmHg more frequently had diabetes mellitus, a
lower body mass index, more impaired renal function, worse
quality of life score, lower performance on 6 min walk test
and were more likely to have NYHA functional Class III–IV
(Table 1). CRT recipients with a TAPSE/PASP ratio
<0.45 mm/mmHg had larger LV end-systolic volumes, lower
LVEF, larger left atrial volumes, larger RV dimensions, and
more severe mitral and tricuspid regurgitation at baseline
(Table 2).

Baseline tricuspid annular plane systolic
excursion/pulmonary artery systolic pressure
ratio and all-cause mortality

During a median follow-up of 97 (54–143) months, 483 (60%)
patients died. Individuals with a more impaired TAPSE/PASP
ratio had significantly worse survival rates when compared
with patients with a more preserved TAPSE/PASP ratio.

Figure 1 Association between TAPSE/PASP ratio and the risk of all-cause
mortality among cardiac resynchronization therapy (CRT) recipients. The
curve represents the hazard ratio change for all-cause mortality with
overlaid 95% confidence intervals (blue) across TAPSE/PASP ratio as a
continuous variable before CRT implantation. PASP, pulmonary artery
systolic pressure; TAPSE, tricuspid annular plane systolic excursion.
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Survival rates at 1, 3, and 5 years were 91%, 76%, and 58%,
respectively, in patients with a TAPSE/PASP ratio
<0.45 mm/mmHg vs. 98%, 91%, 82%, respectively, in those
with TAPSE/PASP ratio ≥0.45 mm/mmHg (P < 0.001)
(Figure 2). To further investigate the association between
TAPSE/PASP ratio and all-cause mortality, univariable and
multivariable Cox proportional hazards models were
performed (Table 3). On multivariable analysis, TAPSE/PASP
ratio, analysed as a continuous variable (HR 0.602; 95% CI
0.394–0.919; P = 0.019), as well as a categorical variable

(i.e. TAPSE/PASP ratio <0.45 mm/mmHg) (HR 1.437; 95% CI
1.145–1.805; P = 0.002), was independently associated with
all-cause mortality. Interestingly, TAPSE/PASP ratio and LV
end-systolic volume were the only two echocardiographic
variables that remained significantly associated with
all-cause mortality on multivariable analysis. TAPSE
<17 mm (instead of TAPSE/PASP <0.45 mm/mmHg) did
not remain independently associated with all-cause mortality
(HR 1.237; 95% CI 0.990–1.546; P = 0.061) on multivariable
analysis. The addition of TAPSE/PASP ratio <0.45 mm/mmHg

Table 1 Baseline clinical characteristics

Overall population
(n = 807)

TAPSE/PASP ratio
<0.45 mm/mmHg

(n = 360)

TAPSE/PASP ratio
≥0.45 mm/mmHg

(n = 447) P value

Age, years 65.5 (±10.5) 65.7 (±10.9) 65.4 (±10.2) 0.618
Male sex (%) 613 (76.0%) 281 (78.1%) 332 (74.3%) 0.211
Arterial hypertension (%) 377 (46.9%) 163 (45.8%) 214 (47.9%) 0.556
Diabetes mellitus (%) 165 (20.4%) 87 (24.2%) 78 (17.4%) 0.019
Dyslipidaemia (%) 346 (43.1%) 146 (41.0%) 200 (44.8%) 0.276
Current smoker (%) 116 (14.4%) 43 (11.9%) 73 (16.3%) 0.177
BMI, kg/m2 26.4 (±4.3) 25.9 (±4.1) 26.8 (±4.3) 0.002
Ischaemic aetiology (%) 471 (58.4%) 223 (61.9%) 248 (55.5%) 0.064
QoL score 31.2 (±19.2) 34.4 (±19.3) 28.6 (±18.7) <0.001
6MWT, m 335.9 (±119.0) 310.1 (±116.4) 356.7 (±117.2) <0.001
NYHA III–IV (%) 522 (65.0%) 261 (73.5%) 261 (59.9%) <0.001
Sinus rhythm (%) 559 (69.3%) 219 (60.8%) 340 (76.1%) <0.001
QRS duration, ms 153.0 (±35.2) 154.2 (±36.5) 152.0 (±34.0) 0.396
Beta-blocker (%) 602 (74.6%) 257 (71.4%) 345(77.2%) 0.060
ACE-i/ARB (%) 709 (87.9%) 307 (85.3%) 402 (89.9%) 0.044
MRA (%) 362 (44.9%) 176 (48.9%) 186 (41.6%) 0.039
Diuretics (%) 641 (79.4%) 310 (86.1%) 331 (74.0%) <0.001
Statin (%) 514 (63.7%) 216 (60.0%) 298 (66.7%) 0.050
eGFR, mL/min/1.73 m2 67.2 (±23.5) 63.3 (±23.9) 70.4 (±22.8) <0.001
Haemoglobin, g/dL 13.4 (±1.6) 13.2 (±1.8) 13.5 (±1.6) 0.001

ACE-i, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; eGFR, estimated glomerular
filtration rate; MRA, mineralocorticoid receptor antagonist; MWT, minute walking test; NYHA, New York Heart Association; PASP, pulmo-
nary artery systolic pressure; QoL, quality of life; TAPSE, tricuspid annular plane systolic excursion.

Table 2 Baseline echocardiographic characteristics

Overall population
(n = 807)

TAPSE/PASP ratio
<0.45 mm/mmHg

(n = 360)

TAPSE/PASP ratio
≥0.45 mm/mmHg

(n = 447) P value

LVEDV, mL 187 (146–243) 196 (150–245) 183 (144–243) 0.086
LVESV, mL 137 (99–178) 144 (105–187) 129 (96–172) 0.004
LVEF, % 27.8 (±8.3) 26.1 (±8.0) 29.2 (±8.3) <0.001
LAVi, mL/m2 44.2 (±20.2) 49.8 (±20.2) 39.7 (±19.1) <0.001
Moderate to severe MR (%) 314 (42.7%) 176 (56.6%) 138 (32.5%) <0.001
RVEDA, cm2 22.5 (±7.1) 24.5 (±7.9) 20.9 (±5.8) <0.001
RVESA, cm2 14.6 (±6.3) 17.0 (±7.0) 12.7 (±4.9) <0.001
RVFAC, % 36.6 (±12.9) 31.8 (±12.4) 40.6 (±11.9) <0.001
RA area, cm2 18.5 (14.6–23.9) 20.7 (16.7–25.9) 16.8 (13.6–21.7) <0.001
TAPSE, mm 16.1 (±4.8) 13 (±4.0) 18 (±4.0) <0.001
TR velocity, m/s 2.58 (±0.58) 2.93 (±0.52) 2.29 (±0.45) <0.001
PASP, mmHg 35 (± 14) 44 (±14) 27 (± 8) <0.001
Moderate to severe TR (%) 212 (28.0%) 154 (45.8%) 58 (13.8%) <0.001

EDA, end-diastolic area; EDV, end-diastolic volume; EF, ejection fraction; ESA, end-systolic area; ESV, end-systolic volume; FAC, fractional
area change; LAVi, left atrial volume index; LV, left ventricular; MR, mitral regurgitation; PASP, pulmonary artery systolic pressure; RA, right
atrial; RV, right ventricular; TAPSE, tricuspid annular plane systolic excursion; TR, tricuspid regurgitation.
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to a baseline model (including all covariables used in the
multivariable Cox regression analysis) yielded a significantly
greater incremental prognostic value, compared with the
addition of TAPSE (using the guideline-recommended cut-
off value of <17 mm9) (Figure 3).

Evolution of tricuspid annular plane systolic
excursion/pulmonary artery systolic pressure
ratio following cardiac resynchronization therapy
and prognostic implications

The TAPSE/PASP ratio was measurable in 663/807 (82%)
patients at 6 month follow-up. Of the 299 individuals
with impaired baseline TAPSE/PASP ratio (TAPSE/PASP
<0.45 mm/mmHg) who were re-evaluated at 6 months after
CRT implantation, 110 (37%) showed significant improvement
in this parameter (mean TAPSE/PASP ratio increased to
≥0.45 mm/mmHg). Among 364 individuals with a preserved
baseline TAPSE/PASP ratio (TAPSE/PASP ≥0.45 mm/mmHg),
81 (22%) worsened, with a follow-up TAPSE/PASP ratio which
had decreased to <0.45 mm/mmHg. CRT recipients with an
impaired TAPSE/PASP ratio, which had improved to
≥0.45 mm/mmHg at 6 months’ follow-up, displayed signifi-
cantly higher survival rates than those whose 6 month
TAPSE/PASP ratio remained <0.45 mm/mmHg (P < 0.001)
(Figure 4). On multivariable analysis, baseline CRT TAPSE/
PASP ratio ≥0.45 mm/mmHg, which worsened to TAPSE/
PASP ratio <0.45 mm/mmHg at 6 months (HR 1.853; 95%

CI 1.274–2.696; P = 0.001), and baseline CRT TAPSE/PASP
ratio <0.45 mm/mmHg, which remained <0.45 mm/mmHg
at 6 months (HR 1.836; 95% CI 1.340–2.515; P < 0.001), were
independently associated with higher all-cause mortality
(Table 4).

Discussion

The main findings of the current study can be summarized as
follows: (i) TAPSE/PASP ratio at baseline is independently
associated with long-term survival in CRT recipients,
(ii) baseline TAPSE/PASP ratio has incremental prognostic
value over TAPSE, and (iii) no improvement in TAPSE/PASP ra-
tio after CRT implantation is associated with worse survival.

Rationale for assessment of right
ventricular–pulmonary artery coupling in cardiac
resynchronization therapy recipients

Pulmonary hypertension is frequently observed in patients
with HF and reduced LVEF, including those eligible for CRT.6

It is most often the consequence of LV diastolic dysfunction
and secondary mitral regurgitation, which leads to retrograde
transmission of elevated left-sided filling pressures to the
pulmonary vascular bed.6,11 RV adaptation to increased
afterload is initially characterized by a hypertrophic response,

Figure 2 Kaplan–Meier curve for all-cause mortality, according to TAPSE/PASP ratio. The Kaplan–Meier survival curve demonstrates lower survival
rates for patients with a TAPSE/PASP ratio <0.45 mm/mmHg (blue), compared with patients with TAPSE/PASP ratio ≥0.45 mm/mmHg (red). PASP,
pulmonary artery systolic pressure; TAPSE, tricuspid annular plane systolic excursion.

RV–PA coupling in CRT 5

ESC Heart Failure (2022)
DOI: 10.1002/ehf2.13857



Ta
b
le

3
U
ni
va
ri
ab

le
an

d
m
ul
ti
va
ri
ab

le
C
ox

re
gr
es
si
on

an
al
ys
is
to

as
se
ss

th
e
as
so
ci
at
io
n
be

tw
ee

n
TA

PS
E/
PA

SP
ra
ti
o
an

d
al
l-c

au
se

m
or
ta
lit
y

U
ni
va
ri
ab

le
an

al
ys
is

M
ul
ti
va
ri
ab

le
an

al
ys
is
a

M
ul
ti
va
ri
ab

le
an

al
ys
is
b

H
R
(9
5%

C
I)

P
va
lu
e

H
R
(9
5%

C
I)

P
va
lu
e

H
R
(9
5%

C
I)

P
va
lu
e

A
ge

,y
ea

rs
1.
04

4
(1
.0
34

–
1.
05

5)
<
0.
00

1
1.
02

1
(1
.0
07

–
1.
03

5)
0.
00

4
1.
02

1
(1
.0
07

–
1.
03

6)
0.
00

3
M
al
e
se
x

1.
30

5
(1
.0
48

–
1.
62

4)
0.
01

7
1.
07

1
(0
.8
07

–
1.
42

1)
0.
63

3
1.
05

5
(0
.7
94

–
1.
40

1)
0.
71

2
A
rt
er
ia
lh

yp
er
te
ns
io
n

1.
10

2
(0
.9
21

–
1.
31

8)
0.
29

1
D
ia
be

te
s
m
el
lit
us

1.
68

0
(1
.3
65

–
2.
06

7)
<
0.
00

1
1.
53

9
(1
.1
99

–
1.
97

6)
0.
00

1
1.
56

6
(1
.2
19

–
2.
01

1)
<
0.
00

1
D
ys
lip

id
ae

m
ia

1.
29

4
(1
.0
82

–
1.
54

9)
0.
00

5
1.
10

5
(0
.8
91

–
1.
37

1)
0.
36

4
1.
12

5
(0
.9
06

–
1.
39

6)
0.
28

8
Sm

ok
in
g

0.
95

8
(0
.8
47

–
1.
08

4)
0.
49

7
Bo

dy
m
as
s
in
de

x,
kg

/m
2

0.
98

2
(0
.9
61

–
1.
00

3)
0.
09

5
Is
ch

ae
m
ic

ae
ti
ol
og

y
of

he
ar
t
fa
ilu

re
1.
58

7
(1
.3
15

–
1.
91

6)
<
0.
00

1
1.
37

8
(1
.0
90

–
1.
74

3)
0.
00

7
1.
33

9
(1
.0
57

–
1.
69

7)
0.
01

6
N
YH

A
III
–
IV

1.
77

9
(1
.4
49

–
2.
18

6)
<
0.
00

1
1.
38

1
(1
.0
95

–
1.
74

3)
0.
00

6
1.
34

6
(1
.0
67

–
1.
69

9)
0.
01

2
Si
nu

s
rh
yt
hm

0.
62

5
(0
.2
29

–
1.
71

0)
0.
36

1
Q
RS

du
ra
ti
on

be
fo
re

im
pl
an

ta
ti
on

,m
s

1.
00

1
(0
.9
99

–
1.
00

4)
0.
33

3
H
ae

m
og

lo
bi
n,

g/
dL

0.
79

0
(0
.7
24

–
0.
86

2)
<
0.
00

1
0.
99

2
(0
.8
90

–
1.
10

5)
0.
87

8
0.
99

2
(0
.8
90

–
1.
10

6)
0.
88

1
eG

FR
,m

L/
m
in
/1
.7
3
m

2
0.
98

1
(0
.9
77

–
0.
98

4)
<
0.
00

1
0.
98

3
(0
.9
78

–
0.
98

8)
<
0.
00

1
0.
98

4
(0
.9
79

–
0.
98

9)
<
0.
00

1
LV

ES
V
,m

L
1.
00

3
(1
.0
01

–
1.
00

4)
<
0.
00

1
1.
00

3
(1
.0
00

–
1.
00

5)
0.
01

8
1.
00

3
(1
.0
00

–
1.
00

5)
0.
01

8
LV

EF
,%

0.
98

5
(0
.9
74

–
0.
99

5)
0.
00

5
1.
00

1
(0
.9
84

–
1.
01

7)
0.
94

4
1.
00

2
(0
.9
85

–
1.
01

8)
0.
85

6
LA

V
i,
m
L/
m

2
1.
01

3
(1
.0
10

–
1.
01

7)
<
0.
00

1
1.
00

5
(1
.0
00

–
1.
01

0)
0.
05

3
1.
00

5
(1
.0
00

–
1.
01

0)
0.
06

3
M
od

er
at
e
to

se
ve
re

M
R

1.
46

2
(1
.2
11

–
1.
76

5)
<
0.
00

1
1.
04

3
(0
.8
40

–
1.
29

5)
0.
70

4
1.
02

7
(0
.8
26

–
1.
27

6)
0.
81

2
RV

ED
A
,c

m
2

1.
02

6
(1
.0
14

–
1.
03

8)
<
0.
00

1
1.
01

6
(0
.9
98

–
1.
03

5)
0.
08

6
1.
01

5
(0
.9
97

–
1.
03

3)
0.
11

1
RA

ar
ea

,c
m

2
1.
02

2
(1
.0
14

–
1.
03

0)
<
0.
00

1
1.
00

8
(0
.9
95

–
1.
02

2)
0.
23

4
1.
00

7
(0
.9
94

–
1.
02

1)
0.
29

0
PA

SP
,m

m
H
g

1.
02

4
(1
.0
18

–
1.
03

0)
<
0.
00

1
TA

PS
E,

m
m

0.
95

0
(0
.9
32

–
0.
96

8)
<
0.
00

1
TA

PS
E
<
17

m
m

1.
45

7
(1
.2
06

–
1.
76

1)
<
0.
00

1
TA

PS
E/
PA

SP
ra
ti
o,

m
m
/m

m
H
g
(c
on

ti
nu

ou
s)

0.
29

9
(0
.2
05

–
0.
43

4)
<
0.
00

1
0.
60

2
(0
.3
94

–
0.
91

9)
0.
01

9
TA

PS
E/
PA

SP
ra
ti
o,

m
m
/m

m
H
g
(c
ut
-o
ff
<
0.
45

)
2.
06

0
(1
.7
21

–
2.
46

5)
<
0.
00

1
1.
43

7
(1
.1
45

–
1.
80

5)
0.
00

2

C
I,
co

nfi
de

nc
e
in
te
rv
al
;E

D
A
,e

nd
-d
ia
st
ol
ic
ar
ea

;E
F,
ej
ec
ti
on

fr
ac
ti
on

;e
G
FR

,e
st
im

at
ed

gl
om

er
ul
ar

fi
lt
ra
ti
on

ra
te
;E

SV
,e

nd
-s
ys
to
lic

vo
lu
m
e;

H
R,

ha
za
rd

ra
ti
o;

LA
V
i,
le
ft
at
ri
al

vo
lu
m
e
in
de

x;
LV

,l
ef
t
ve
nt
ric

ul
ar
;M

R,
m
it
ra
lr
eg

ur
gi
ta
ti
on

;N
YH

A
,N

ew
Yo

rk
H
ea

rt
A
ss
oc

ia
ti
on

;P
A
SP

,p
ul
m
on

ar
y
ar
te
ry

sy
st
ol
ic
pr
es
su
re
;R

A
,r
ig
ht

at
ri
al
;R

V
,r
ig
ht

ve
nt
ri
cu

la
r;
TA

PS
E,

tr
ic
us
pi
d
an

nu
la
r

pl
an

e
sy
st
ol
ic

ex
cu

rs
io
n.

a M
ul
ti
va
ri
ab

le
an

al
ys
is
,u

si
ng

TA
PS

E/
PA

SP
ra
ti
o
as

a
co

nt
in
uo

us
va
ri
ab

le
.

b
M
ul
ti
va
ri
ab

le
an

al
ys
is
,u

si
ng

TA
PS

E/
PA

SP
ra
ti
o
as

a
ca
te
go

ri
ca
lv

ar
ia
bl
e
(i.
e.

TA
PS

E/
PA

SP
ra
ti
o
<
0.
45

m
m
/m

m
H
g
co

m
pa

re
d
to

≥0
.4
5
m
m
/m

m
H
g)
.

6 J. Stassen et al.

ESC Heart Failure (2022)
DOI: 10.1002/ehf2.13857



which maintains RV contractility and RV-PA coupling. How-
ever, the thin-walled RV cannot cope effectively with a persis-
tent increase in afterload and pulmonary hypertension may
eventually result in increased RV wall tension, leading to RV
dilatation, reduced RV contractility, and RV-PA uncoupling.12

Both RV systolic dysfunction and pulmonary hypertension
are important determinants of outcomes in CRT
recipients,2,13–15 although most studies have focused on RV
function and the pulmonary vasculature as separate
variables, overlooking the basic concept that the RV is highly
sensitive to the imposed pressure load. A more integrative
assessment of the RV function/RV afterload relation may be
more predictive of outcomes than each of the two variables
in isolation, but has never been adequately studied in CRT
recipients.16,17

Non-invasive estimation of right
ventricular–pulmonary artery coupling

The gold standard for evaluating RV–PA coupling is the
invasive measurement of the ratio of RV Ees to pulmonary
Ea. Ees describes the relation between end-systolic ventricu-
lar pressure and end-systolic ventricular volume, thereby rep-
resenting ventricular performance, whereas Ea is calculated
by the ratio between end-systolic pressure and stroke vol-
ume, reflecting vascular load (including peripheral resistance,
vascular compliance, and systolic/diastolic time intervals).7,18

In patients with HF and reduced LVEF, Ees is often reduced

and Ea increased, indicating RV-PA uncoupling. Invasive
measurements of RV-PA coupling are impractical for routine
clinical use, but can be reliably estimated by the echocardio-
graphic ratio of TAPSE and PASP.8,17 This non-invasive index
of RV–PA coupling has demonstrated prognostic value in
various cardiovascular diseases.19–22

Prognostic implications of tricuspid annular plane
systolic excursion/pulmonary artery systolic
pressure ratio in cardiac resynchronization
therapy recipients

Guazzi et al. demonstrated that the TAPSE/PASP ratio is a
strong and independent predictive variable in patients with
HF and preserved as well as reduced LVEF, and also has
incremental prognostic value over each parameter measured
separately.16 The interplay of RV function and afterload was
elegantly demonstrated by Ghio et al., who found that
impaired RVEF or pulmonary hypertension in isolation did
not impact on survival. In contrast, in those patients with
impaired RV function and pulmonary hypertension, survival
was impacted negatively.5 Similar findings were described in
293 patients with HF (both preserved and reduced LVEF),
using TAPSE and PASP measured non-invasively with
echocardiography.12,16 The abovementioned studies under-
pin the use of RV-PA coupling parameters in HF patients.

Although the TAPSE/PASP ratio has been shown to predict
outcomes in various cardiovascular conditions,19–22 it has

Figure 3 Likelihood ratio test for the incremental prognostic value of TAPSE/PASP ratio. The addition of TAPSE/PASP ratio<0.45 mm/mmHg to a base-
line model shows a greater increase in the chi-square value, compared to the addition of TAPSE <17 mm. PASP, pulmonary artery systolic pressure;
TAPSE, tricuspid annular plane systolic excursion. *The baseline model includes age, sex, diabetes mellitus, dyslipidaemia, ischaemic aetiology for heart
failure, New York Heart Association functional Class III–IV, haemoglobin, estimated glomerular filtration rate, left ventricular end-systolic volume, left
ventricular ejection fraction, left atrial volume index, significant (i.e. ≥moderate) mitral regurgitation, right ventricular end-diastolic area, and right
atrial area.
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never been thoroughly evaluated in patients with HF and
reduced LVEF undergoing CRT implantation. In a study of 54
CRT recipients, Deaconu et al. demonstrated that the
TAPSE/PASP ratio was linked to both CRT response (defined
as ≥15% reduction in LV end-systolic volume) as well as
cardiovascular events.23 Using a different definition (≥5%
improvement in LVEF), Bragança et al. also found the
TAPSE/PASP ratio to be associated with CRT response.24 The
current study expands on these results by demonstrating a
strong, independent link between the TAPSE/PASP ratio and
long-term outcome in a large, unselected cohort of CRT recip-
ients. The TAPSE/PASP ratio also showed incremental prog-
nostic value over TAPSE alone, which does not take account
of RV afterload. In our population, CRT showed the unique
ability of being able to improve RV–PA coupling in a signifi-
cant proportion (37%) of patients with mismatched TAPSE
and PASP pre-implant. In a proof-of-concept study, Martens
et al. linked improved RV–PA coupling in CRT recipients
during exercise to beneficial LV remodelling and a reduction
mitral regurgitation during exercise.18

Clinical implications

Our findings demonstrate that baseline RV–PA uncoupling is
associated with worse long-term survival in CRT recipients.
Calculating the TAPSE/PASP ratio adds little time to an
echocardiographic examination and may improve risk stratifi-
cation, thereby identifying patients who are at higher risk of
adverse events and may benefit from closer follow-up after
CRT implantation.

Assessment of RV–PA coupling at follow-up may help to
elucidate reasons for lack of response to CRT. Targeting a nor-
malization in RV–PA coupling in CRT patients is an attractive
strategy, but will require prospective evaluation.

Study limitations

This was a retrospective, single-centre study. RV–PA coupling
was measured only at rest, and we were unable to evaluate
coupling reserve under different loading conditions. No
invasively measured Ees/Ea data were available, and

Figure 4 Kaplan–Meier curve for all-cause mortality according to different groups of TAPSE/PASP ratio evolution [based on the response following
cardiac resynchronization therapy (CRT) implantation]. PASP, pulmonary artery systolic pressure; TAPSE, tricuspid annular plane systolic excursion.
Low–low indicates individuals with pre-CRT TAPSE/PASP ratio <0.45 mm/mmHg and 6 month TAPSE/PASP ratio <0.45 mmHg; high–low indicates a
pre-CRT TAPSE/PASP ratio ≥0.45 mm/mmHg and 6 month TAPSE/PASP ratio <0.45 mm/mmHg; low–high indicates a pre-CRT TAPSE/PASP ratio
<0.45 mm/mmHg and a 6 month TAPSE/PASP ratio ≥0.45 mm/mmHg; high–high indicates a TAPSE/PASP ratio ≥0.45 mm/mmHg and a 6 month
TAPSE/PASP ratio ≥0.45 mm/mmHg.
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therefore, the non-invasive TAPSE/PASP ratio could not be
validated in our cohort. All-cause mortality was chosen as
the primary endpoint, and no distinction could be made
between cardiac and non-cardiac mortality.

Conclusions

The TAPSE/PASP ratio, measured non-invasively with echo-
cardiography, is independently associated with long-term
outcomes in CRT recipients. Baseline TAPSE/PASP ratio has
incremental value over TAPSE, which does not take account
of RV afterload, and may therefore improve risk stratification
of patients receiving CRT. A lack of significant improvement in
the TAPSE/PASP ratio after CRT implantation was associated
with worse survival.
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Table 4 Univariable and multivariable Cox regression analysis to assess the association of TAPSE/PASP ratio evolution (based on the
response following CRT implantation) and all-cause mortality

Univariable analysis Multivariable analysis

HR (95% CI) P value HR (95% CI) P value

Age, years 1.043 (1.031–1.055) <0.001 1.031 (1.017–1.047) <0.001
Male sex 1.404 (1.099–1.793) 0.007 1.156 (0.839–1.592) 0.375
Arterial hypertension 1.059 (0.869–1.292) 0.568
Diabetes mellitus 1.652 (1.307–2.088) <0.001 1.397 (1.049–1.861) 0.022
Dyslipidaemia 1.244 (1.019–1.518) 0.032 1.060 (0.833–1.349) 0.635
Smoking 0.994 (0.867–1.139) 0.929
Body mass index, kg/m2 0.986 (0.963–1.010) 0.254
Ischaemic aetiology 1.504 (1.225–1.848) <0.001 0.818 (0.633–1.058) 0.126
NYHA III–IV 1.834 (1.463–2.300) <0.001 1.305 (1.007–1.691) 0.044
Sinus rhythm 1.015 (0.883–1.167) 0.838
QRS duration before implantation, ms 1.002 (0.999–1.005) 0.125
Haemoglobin, g/dL 0.799 (0.722–0.883) <0.001 0.969 (0.861–1.092) 0.609
eGFR, mL/min/1.73 m2 0.978 (0.973–0.983) <0.001 0.986 (0.980–0.992) <0.001
LVESV, mL 1.003 (1.001–1.004) <0.001 1.002 (1.000–1.005) 0.085
LVEF, % 0.985 (0.973–0.997) 0.011 1.001 (0.982–1.019) 0.953
LAVi, mL/m2 1.014 (1.010–1.018) <0.001 1.004 (0.999–1.010) 0.131
Moderate to severe MR 1.399 (1.134–1.725) 0.002 1.004 (0.787–1.280) 0.975
RVEDA, cm2 1.036 (1.022–1.051) <0.001 1.007 (0.986–1.028) 0.517
RA area, cm2 1.022 (1.013–1.030) <0.001 1.007 (0.992–1.022) 0.352
TAPSE/PASP ratio groups

High–high Reference Reference
Low–high 1.540 (1.139–2.082) 0.005 1.318 (0.930–1.868) 0.121
High–low 2.177 (1.583–2.992) <0.001 1.853 (1.274–2.696) 0.001
Low–low 3.000 (2.363–3.809) <0.001 1.836 (1.340–2.515) <0.001

CI, confidence interval; EDA, end-diastolic area; EF, ejection fraction; eGFR, estimated glomerular filtration rate; ESV, end-systolic volume;
LAVi, left atrial volume index; LV, left ventricular; MR, mitral regurgitation; NYHA, New York Heart Association; OR, odds ratio; PASP, pul-
monary artery systolic pressure; RA, right atrial; RV, right ventricular; TAPSE, tricuspid annular plane systolic excursion.
Low–low indicates individuals with pre-CRT TAPSE/PASP ratio <0.45 mm/mmHg and 6 month TAPSE/PASP ratio <0.45 mmHg; high–low
indicates a pre-CRT TAPSE/PASP ratio ≥0.45 mm/mmHg and 6 month TAPSE/PASP ratio <0.45 mm/mmHg; low–high indicates a pre-CRT
TAPSE/PASP ratio <0.45 mm/mmHg and a 6 month TAPSE/PASP ratio ≥0.45 mm/mmHg; high–high indicates a TAPSE/PASP ratio
≥0.45 mm/mmHg and a 6 month TAPSE/PASP ratio ≥0.45 mm/mmHg.

Figure S1 – Flow Chart.
CRT = cardiac resynchronization therapy; LUMC = Leiden Uni-
versity Medical Center; PA = pulmonary artery;
PASP = pulmonary artery systolic pressure; RV = right ventric-
ular; TAPSE = tricuspid annular plane systolic excursion.
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