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ORIGINAL ARTICLE

Invasive Hemodynamics and Risk Stratification 
in T-TEER: Moving Beyond ESC Thresholds - 
EuroTR Registry Insights
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BACKGROUND: Right heart catheterization plays a pivotal role in the preprocedural evaluation of patients considered 
for transcatheter tricuspid valve edge-to-edge repair. This study aimed to explore the potential impact of hemodynamic 
parameters obtained through right heart catheterization on patient-centered outcomes.

METHODS: This study represents a subanalysis from the multicenter EuroTR registry (European Registry of Transcatheter 
Repair for Tricuspid Regurgitation). Patients with invasive hemodynamic data who underwent isolated transcatheter tricuspid 
valve edge-to-edge repair for significant tricuspid regurgitation were included. Outcomes of interest were a composite of 
2-year all-cause death or hospitalization for heart failure (HFH) and a patient-centered composite of 6-month all-cause 
mortality, HFH, New York Heart Association class IV/worsening New York Heart Association class compared with baseline. 
Secondary outcome included postprocedural New York Heart Association class improvement.

RESULTS: Seven hundred and eleven patients were included in the analysis. Two-year survival free from death and HFH was 
63%. Optimal prognostic thresholds identified for death and HFH at 2 years were: mean pulmonary artery pressure≥32 
mm Hg, pulmonary capillary wedge pressure (PCWP)≥20 mm Hg, and pulmonary vascular resistance≥5 wood units (WU). 
The early patient-centered composite outcome occurred in 25% of cases. PCWP≥20 mm Hg was independently associated 
with an early clinical deterioration (hazard ratio, 2.77 [95% CI, 1.47–5.28]; P<0.001) and with 2-year death/HFH (hazard 
ratio, 1.75 [95% CI, 1.03–3.02]; P=0.04). No invasive parameter was associated with residual tricuspid regurgitation ≥3+. 
New York Heart Association class improved significantly throughout the follow-up (P<0.001), although patients with elevated 
mean pulmonary artery pressure (P=0.04) or PCWP (P<0.01) experienced less symptomatic benefit.
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CONCLUSIONS: In patients undergoing transcatheter tricuspid valve edge-to-edge repair, invasive hemodynamics—especially 
elevated PCWP—are independently associated with early patient-centered outcomes and late adverse clinical events. Despite 
overall improvement of the functional status and no impact on residual tricuspid regurgitation, patients with higher mean 
pulmonary artery pressure or PCWP benefit less. These findings support the role of comprehensive right heart catheterization 
in preprocedural risk stratification.

REGISTRATION: URL: https://clinicaltrials.gov; Unique identifier: NCT06307262.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: cardiac catheterization ◼ heart failure ◼ hemodynamics ◼ hypertension, pulmonary ◼ tricuspid valve insufficiency

See Editorial by Huded and Chhatriwalla

Tricuspid regurgitation (TR) is an increasingly prevalent 
condition in the aging population and is associated 
with poor functional status and adverse progno-

sis.1,2 In patients with severe TR, surgical intervention 

is often limited by elevated or prohibitive operative risk. 
Consequently, transcatheter treatment strategies have 
been introduced as less invasive therapeutic options.3–5 
Among them, transcatheter tricuspid valve edge-to-edge 
repair (T-TEER) is the most frequently adopted approach, 
demonstrating feasibility, safety, and symptomatic 
improvement in carefully selected high-risk patients.6,7 
However, overall mortality remains substantial, and both 
the optimal timing of intervention and patient selection 
criteria continue to generate debate. Notably, coexisting 
pulmonary hypertension has been linked to increased 
mortality in patients undergoing T-TEER.8,9 Given the 
challenges of accurately estimating pulmonary pres-
sures using echocardiography in the presence of severe 
TR, right heart catheterization (RHC) plays a critical role 
in the preprocedural assessment.4,5 This study aims to 
assess the prognostic impact of invasively measured pul-
monary hemodynamics and to determine whether spe-
cific threshold values can enhance risk stratification and 
support clinical decision-making in patients undergoing 
T-TEER.

METHODS
Data Availability Statement
Data will not be available to others.

Study Population
This study is a retrospective subanalysis derived from the 
EuroTR Registry (European Registry of Transcatheter Repair 
for Tricuspid Regurgitation), a multicenter, observational reg-
istry enrolling patients who underwent T-TEER for symptom-
atic TR between 2016 and 2024 across 26 European centers. 
Detailed methodology has been previously described.9,10 For 
this analysis, patients who underwent invasive hemodynamic 
assessment before the procedure were included. Moreover, 
to minimize potential confounding factors, patients under-
going concomitant mitral TEER were excluded. Procedural 
eligibility was determined by the local Heart Team at each 
participating site. Following informed consent, transcatheter 
tricuspid repair was performed using either the MitraClip/
TriClip system (Abbott, Santa Clara, CA) or the PASCAL sys-
tem (Edwards Lifesciences, Irvine, CA), in accordance with 
previously described techniques.11,12 This study adhered to the 

WHAT IS KNOWN
•	 Tricuspid regurgitation is increasingly prevalent, 

and transcatheter tricuspid valve edge-to-edge 
repair has emerged as the leading transcatheter 
therapy.

•	 Pulmonary hypertension is a key prognostic factor 
in transcatheter tricuspid valve edge-to-edge repair.

WHAT THE STUDY ADDS
•	 Invasive hemodynamic measurements are linked to 

worse outcomes after transcatheter tricuspid valve 
edge-to-edge repair.

•	 Higher baseline mean pulmonary artery pressure or 
pulmonary capillary wedge pressure attenuates, but 
does not eliminate, postprocedural symptomatic 
improvement.

•	 Comprehensive right heart catheterization may 
enhance preprocedural risk stratification and guide 
postprocedural management.

Nonstandard Abbreviations and Acronyms

A-STR	 atrial secondary tricuspid regurgitation
CO	 cardiac output
ESC	 European Society of Cardiology
HFH	 heart failure hospitalization
mPAP	 mean pulmonary artery pressure
NYHA	 New York Heart Association
PCWP	 pulmonary capillary wedge pressure
PVR	 pulmonary vascular resistance
RHC	 right heart catheterization
TR	 tricuspid regurgitation
T-TEER	� transcatheter tricuspid valve edge-to-

edge repair
WU	 wood units
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principles outlined in the Declaration of Helsinki and received 
proper ethical oversight (URL: https://clinicaltrials.gov/study/
NCT06307262; Unique identifier: NCT06307262).

Baseline Characteristics
Patient demographics and follow-up data were obtained 
from medical records or systematically collected at each 
participating center using standardized data collection 
forms. Transthoracic echocardiographic assessments were 
performed both before and after the procedure by experi-
enced operators, in accordance with current guideline rec-
ommendations, as previously described.13–15 Both primary 
and secondary TR etiologies were included. Atrial secondary 
TR (A-STR) was defined as a right-atrium-to-right ventricle 
end-systolic area ratio of ≥1.5, provided that right ventricu-
lar function was preserved (tricuspid annular plane systolic 
excursion >17 mm).10 Preprocedural RHC was performed 
at the discretion of the treating center, aiming to capture 
the most representative hemodynamic status under optimal 
clinical conditions. Cardiac output (CO) was determined 
according to the internal standard of each center, and pul-
monary vascular resistance (PVR) was calculated using 
the standard formula with mean pulmonary artery pressure 
(mPAP) and pulmonary capillary wedge pressure (PCWP): 
PVR=(mPAP−PCWP)/CO.16

Study Outcomes
The outcomes of interest were a composite of death for all 
causes and heart failure hospitalization (HFH) at 2 years and 
a composite of early unfavorable patient-centered outcomes 
defined as death/HFH at 6 months or postprocedural New 
York Heart Association (NYHA) class worsening/persistent 
NYHA class IV.4,17 NYHA class change from baseline to follow-
up was also evaluated.

Statistical Analyses
Categorical variables are presented as absolute numbers with 
corresponding percentages, and group comparisons were per-
formed using the χ2 test. Ordinal variables were assessed for 
trend across categories using the Mantel-Haenszel test for 
trend. The distribution of continuous variables was assessed 
using the Shapiro-Wilk test. Depending on data distribution, 
comparisons between groups were performed using either the 
Student t test or the Mann-Whitney U test. As the majority of 
continuous variables did not follow a normal distribution, all 
continuous data are reported as median with interquartile range 
(Q1–Q3) for consistency. Associations with patient-centered 
outcomes were explored using logistic regression models. 
Death and HFH at 2 years were analyzed using Cox propor-
tional hazards regression (with associated statistical assump-
tion assessed with Schoenfeld residuals) and illustrated using 
Kaplan-Meier survival curves. Discriminatory thresholds for 
continuous predictors were identified through receiver oper-
ating characteristic curve analysis and the Youden Index for 
patient-centered outcomes, and via maximally selected rank 
statistics for death-HFH at 2 years analyses. To assess poten-
tial nonlinear associations between continuous predictors 
and outcomes, logistic and Cox regression models incorpo-
rating restricted cubic splines with 3 knots were constructed. 
Considering the prognostic implication of each variable and 

Table 1.  Baseline Characteristics of Study Population: 
Clinical, Echocardiographic, and Right Heart Catheterization

Clinical data N=711

Sex, male 342 (48)

Age, y 81 [76, 84]

EuroSCORE II, % 4.3 [2.4, 7.2]

Arterial hypertension 603 (85)

Dyslipidemia 317 (47)

Previous myocardial infarction 68 (11)

COPD 121 (17)

Peripheral artery disease 100 (14)

Diabetes 179 (25)

Previous stroke/TIA 90 (13)

History of cardiac surgery 177 (25)

RV lead 225 (32)

AF/atrial flutter 660 (93)

Coronary artery disease 330 (46)

eGFR, mL/min 46 [32, 63]

HFH last 326 (58)

NYHA class baseline

 � I 8 (1.1)

 � II 100 (14)

 � III 511 (72)

 � IV 89 (13)

Echocardiographic data

 � LVEF, % 55 [47, 60]

 � LVEDD, mm 48 [43, 53]

 � AS severity ≥ 2+ 33 (5.7)

 � MR severity ≥ 2+ 169 (24)

 � TR severity baseline

  �  2 17 (2.4)

  �  3 283 (40)

  �  4 225 (32)

  �  5 179 (25)

 � TR EROA, cm2 0.60 [0.46, 0.83]

 � TR RegVol, mL 53 [40, 72]

 � TR VC, mm 10.6 [8.0, 14.0]

 � RV EDA, cm2 26 [20, 32]

 � RV mid diameter, mm 39 [33, 45]

 � TAPSE, mm 17.0 [14.0, 20.0]

 � Echo-sPAP 41 [32, 51]

 � TV tenting height, mm 7.0 [5.0, 9.0]

 � TV tenting area, cm2 1.50 [1.10, 2.35]

 � Primary TR 31 (5.2)

 � A-STR 194 (38)

 � Postprocedural TR ≥ 3+ 113 (19)

Hemodynamic data

 � sPAP, mm Hg 42 [35, 53]

 � dPAP, mm Hg 17 [13, 22]

 � mPAP, mm Hg 27 [22, 34]

(Continued )
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its mathematical relationship, in cases of significant nonlin-
earity, covariate adjustments were applied for hemodynamic 
parameters, including PCWP, PVR, and CO. The statistical sig-
nificance of spline components was evaluated using the Wald 
test. Variables demonstrating a significant association in the 
univariable analysis were subsequently included in multivari-
able models. To account for within-center correlation, each site 
was modeled as a cluster effect, and 95% CIs were calcu-
lated using robust Huber–White standard errors. To address 
the issue of multiple comparisons, a Bonferroni correction 
was applied, given the presence of 2 primary outcomes. To 
minimize multicollinearity, only 1 variable was selected among 
correlated parameters representing similar physiological 
domains. Interaction analysis was carried out to assess the 
influence on hazard estimate of the invasive parameters in 
different patients’ subgroups (age≥75 years, sex, A-STR, left 
ventricular ejection fraction≥35%, residual TR ≥3+). The study 
population was stratified according to the presence of zero, 1, 
2, or 3 values exceeding the proposed thresholds for mPAP, 
PCWP, and PVR, and differences in survival were evaluated 
using the log-rank test. All statistical analyses were conducted 
using R software (version 4.4.3; R Foundation for Statistical 
Computing, Vienna, Austria) and Jamovi (The Jamovi Project, 
version 2.6.19.0). For all tests, a 2-tailed P<0.05 was consid-
ered significant.

RESULTS
Between 2016 and 2024, 711 patients (median age 81 
[76, 84] years, median EuroSCORE 4.3 [2.4, 7.2]) under-
went preprocedural RHC and comprised the analytic 
cohort for this study. Relevant baseline characteristics 
of the study population are shown in Table 1. Baseline 

Clinical data N=711

 � PCWP mean, mm Hg 17 [13, 22]

 � RAP mean, WU 12 [8, 16]

 � CO, L/min 3.88 [3.20, 4.87]

 � CI, L/min·mq 2.11 [1.76, 2.55]

 � PVR calculated, WU 2.39 [1.67, 3.49]

 � mPAP ≥32 mm Hg 252 (35)

 � PCWP ≥ 20 mm Hg 228 (32)

 � PVR ≥ 5 WU 71 (10)

Values with () are expressed as an absolute number (percentage). Values with 
[] are expressed as media [interquartile range]. AF indicates atrial fibrillation; AS, 
aortic stenosis; A-STR, secondary atrial tricuspid regurgitation; CO, cardiac out-
put; COPD, chronic obstructive pulmonary disease; dPAP, diastolic pulmonary 
artery pressure; eGFR, estimated glomerular filtration rate; EuroSCORE, Euro-
pean System for Cardiac Operative Risk Evaluation; EROA, effective regurgitant 
orifice area; HFH, heart failure hospitalization; LVEDD, left ventricle end-diastolic 
diameter; LVEF, left ventricle ejection fraction; mPAP, mean pulmonary artery 
pressure; MR, mitral regurgitation; NYHA, New York Heart Association; PCWP, 
pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance; RAP, 
right atrial pressure; RegVol, regurgitant volume; RHC, right heart catheteriza-
tion; RV, right ventricle; RV EDA, right ventricle end-diastolic area; RV ESA, right 
ventricle end-systolic area; RV FAC, right ventricle fractional area change; sPAP, 
systolic pulmonary artery pressure; TAPSE, tricuspid annular plane systolic excur-
sion; TIA, transient ischemic attack; TR, tricuspid regurgitation; TR VC, tricuspid 
regurgitation vena contracta; TV, tricuspid valve; and WU, wood units.

Table 1.  Continued Table 2.  Univariate Analysis for Predictors of 2-Year  
All-Cause Death/HFH

HR

95% CI

P ValueLower Upper

Age, y 0.98 0.96 1.00 0.20

Sex, male 1.63 1.18 2.25 <0.01

BMI, kg/m2 0.99 0.96 1.02 0.90

Arterial hypertension 1.00 0.64 1.57 1.00

Dyslipidemia 1.08 0.79 1.48 1.00

COPD 1.30 0.88 1.93 0.26

Peripheral artery disease 1.21 0.79 1.86 0.62

Diabetes 1.27 0.90 1.80 0.24

Previous stroke/TIA 1.09 0.69 1.73 1.00

Previous myocardial infarction 1.30 0.81 2.09 0.42

RV lead 1.32 0.95 1.83 0.10

AF/atrial flutter 0.64 0.37 1.09 0.12

Coronary artery disease 1.21 0.89 1.65 0.34

History of cardiac surgery 1.45 1.04 2.03 0.03

HFH last year 2.32 1.59 3.44 <0.001

eGFR, mL/min 0.98 0.97 0.99 <0.001

MR severity ≥ 2+ 1.36 0.96 1.93 0.10

AS ≥ 2+ 1.54 0.79 3.01 0.30

LVEF, % 0.98 0.96 1.00 0.01

LVEDD, mm 1.02 1.01 1.03 <0.001

RV mid diameter, mm 1.02 1.00 1.04 <0.01

TAPSE, mm 0.94 0.91 0.97 <0.001

TR severity baseline > 3 0.82 0.59 1.13 0.34

TR EROA, cm2 1.01 0.83 1.24 1.00

TR RegVol, mL 1.00 0.99 1.01 1.00

RV FAC 0.98 0.96 1.00 0.05

RV EDA, cm2 1.04 1.02 1.06 <0.001

RV ESA, cm2 1.06 1.04 1.08 <0.001

Echo-sPAP, mm Hg 1.00 0.99 1.01 1.00

PAP systolic, mm Hg 1.02 1.01 1.03 <0.001

PAP mean, mm Hg 1.04 1.02 1.06 <0.001

PCWP mean, mm Hg 1.05 1.02 1.08 <0.001

PVR, WU 1.05 0.96 1.15 0.36

CO, L/min 1.17 1.06 1.29 <0.001

RAP, mm Hg, mean 1.05 1.03 1.07 <0.001

mPAP ≥ 32 mm Hg 1.96 1.42 2.71 <0.001

PCWP ≥20 mm Hg 2.08 1.52 2.85 <0.001

PVR ≥ 5 WU 1.73 1.12 2.68 0.01

Residual TR ≥ 3+ 1.61 1.11 2.34 0.01

AF indicates atrial fibrillation; AS, aortic stenosis; BMI, body mass index; CO, 
cardiac output; COPD, chronic obstructive pulmonary disease; eGFR, estimated 
glomerular filtration rate; EROA, effective regurgitant orifice area; FAC, fractional 
area change; HFH, heart failure hospitalization; HR, heart failure; LVEDD, left 
ventricle end-diastolic diameter; LVEF, left ventricle ejection fraction; mPAP, mean 
pulmonary artery pressure; MR, mitral regurgitation; PAP, pulmonary artery pres-
sure; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resis-
tance; RAP, right atrial pressure; RegVol, regurgitant volume; RV, right ventricle; 
RV EDA, right ventricle end diastolic area; RV ESA, right ventricle end systolic 
area; sPAP, systolic pulmonary artery pressure; TAPSE, tricuspid annular plane 
systolic excursion; TIA, transient ischemic attack; TR, tricuspid regurgitation; and 
WU, wood units.
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differences for included and excluded patients are out-
lined in Table S1.

Prognostic Impact of Invasive Hemodynamics 
in Patients Undergoing T-TEER
Two-year survival free from death and HFH was 63%. 
All invasively derived hemodynamic parameters—except 
for PVR when modeled as a linear continuous variable—
were significantly associated with the primary outcome 
(Table 2). PVR demonstrated a significant nonlinear rela-
tionship with adverse outcomes (P=0.04), characterized 
by a paradoxical increase in event rates at PVR values 
<2 wood units (WU), followed by a progressive rise in 
risk as PVR increased (Figure 1). The nonlinear compo-
nent of the association was no longer significant when 
adjusted for PCWP and CO (Figure S1). No evidence 
of nonlinearity was observed for mPAP (P=0.70), PCWP 
(P=1.00), or CO (P=0.56). Threshold optimization using 
maximally selected rank statistics identified 32 mm Hg 
for mPAP, 20 mm Hg for PCWP, and 5 WU for PVR as 
the optimal cutoff values predictive of the 2-year death/

HFH (Figure 1). All thresholds demonstrated significant 
prognostic discrimination in the study cohort (Figure 2; 
Table 2). Among all invasive parameters, PCWP ≥20 
mm Hg, right atrial pressure, and CO remained indepen-
dently associated with 2-year death or HFH in multivari-
able analysis (Table 3). The results of the stratification 
based on the cumulative presence of invasive param-
eters exceeding our threshold are shown in Figure 3. 
According to the log-rank analysis, the poorest progno-
sis was observed in patients with at least 2 parameters 
above the thresholds. Other noninvasive independent 
predictors of late outcomes were previous HFH, left 
ventricle end-diastolic diameter, tricuspid annular plane 
systolic excursion, and TR reduction. Notably, none of the 
invasive parameters proved to be an independent predic-
tor of residual TR ≥3+ (Tables S2 and S3). Additionally, 
their prognostic impact was maintained regardless of TR 
reduction with no significant interaction detected (Table 
S4). No significant interactions were observed between 
invasive parameters and relevant subgroups, except for 
PCWP and A-STR (Table S4). Elevated PCWP has a more 
detrimental effect in patients with A-STR compared with 

Figure 1. Optimal thresholds and nature of relationship between mean pulmonary artery pressure (mPAP), pulmonary capillary 
wedge pressure (PCWP), pulmonary vascular resistance (PVR), and death-heart failure hospitalization (HFH) at 2 years.
A, Spline curve for mPAP. B, Spline curve for PCWP. C, Spline curve for PVR. Red line: relative hazard ratio (HR); blue dotted lines: CIs. CIs 
are wider in the extremes of PVR due to fewer observations. WU indicates wood units.

Figure 2. Kaplan-Meier analysis survival free from death-heart failure hospitalization (HFH) at 2 years according to the 
extrapolated thresholds of mean pulmonary artery pressure (mPAP), pulmonary capillary wedge pressure (PCWP), and 
pulmonary vascular resistance (PVR).
A, Kaplan-Meier curve for mPAP. B, Kaplan-Meier curve for PCWP. C, Kaplan-Meier curve for PVR. WU indicates wood units.
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patients with other etiologies (hazard ratio, 4.34 [95% 
CI, 2.06–9.13] for A-STR; hazard ratio, 1.75 [95% CI, 
1.13–2.71] for non-A-STR; Pinteraction=0.04).

Early Unfavorable Patients-Centered Outcomes
Early unfavorable patient-centered outcomes 
occurred in 118 patients (24.6%). Receiver operating 

characteristic curve analysis identified optimal dis-
criminatory thresholds of 32 mm Hg for mPAP and 20 
mm Hg for PCWP in predicting early events (Figure S2). 
In contrast, receiver operating characteristic analysis for 
PVR did not reveal a meaningful threshold nor a sig-
nificant association with early outcomes (Figure S2). 
PVR exhibited a significant nonlinear association with 
early unfavorable patient-centered outcomes (P=0.01), 
as illustrated in the spline-based analysis (Figure S3). 
To maintain consistency with the late clinical outcome 
analysis and based on visual interpretation of the spline 
curve, subsequent analyses were performed using a 
PVR threshold of 5 WU. A comprehensive list of uni-
variable predictors for early patient-centered outcomes 
is presented in Table 4. Following multivariable adjust-
ment, PCWP ≥20 mm Hg and right atrial pressure 
remained, among invasive parameters, independently 
associated with early unfavorable patient-centered 
outcomes (Table 3). Additional independent predictors 
included prior HFH, left ventricle end-diastolic diameter, 
and TR reduction (Table 3).

Symptomatic Improvement Following T-TEER
T-TEER was associated with a reduction in NYHA func-
tional class at follow-up (P<0.01; Figure S4). Patients 
with elevated mPAP or PCWP demonstrated a compara-
tively lower likelihood of NYHA class improvement than 
those with lower baseline values (Figure 4). Postproce-
dural NYHA improvement from baseline was consistently 
observed across all subgroups defined by invasive hemo-
dynamic parameters (Figure 4).

DISCUSSION
In this multicenter retrospective study of patients under-
going T-TEER for clinically significant TR, we demonstrate 
that invasively derived hemodynamic parameters have 
strong prognostic value and can enhance risk stratifica-
tion beyond current guideline-based diagnostic thresh-
olds. The main findings are as follows: first, hemodynamic 
thresholds associated with adverse outcomes, particu-
larly mPAP, PCWP, and PVR, were consistently higher 
than those proposed by the European Society of Car-
diology (ESC) guidelines (mPAP>20 mm Hg, PCWP>15 
mm Hg, PVR>2 WU) for the diagnosis of pulmonary 
hypertension, suggesting that T-TEER candidates may 
require tailored, procedure-specific risk definitions.5,16 
Second, no single invasive parameter adequately reflects 
right heart pathophysiology on its own; comprehensive 
hemodynamic assessment is essential for accurate prog-
nostication. Third, although patients with adverse hemo-
dynamic profiles were more likely to experience early 
unfavorable events and showed attenuated symptomatic 
response, T-TEER still conferred meaningful clinical ben-
efit, even in high-risk individuals. These findings are of 

Table 3.  Multivariate Analysis for Predictors of 2-Year 
All-Cause Death/HFH and Early Death/HFH/NYHA IV or 
Worsening

Predictors of 2-year death/HFH

HR

95% CI

P ValueLower Upper

Sex, male 1.27 0.71 2.28 0.72

History of cardiac surgery 1.22 0.81 1.83 0.56

HFH last year 2.27 1.46 3.52 <0.001

eGFR, mL/min 1.00 0.99 1.02 1.00

LVEF, % 1.00 0.99 1.02 1.00

LVEDD, mm 1.04 1.01 1.07 <0.01

RV mid diameter, mm 0.99 0.97 1.02 1.00

TAPSE, mm 0.96 0.94 0.98 <0.001

Residual TR ≥ 3+ 1.83 1.18 2.85 <0.01

CO, L/min 1.09 1.01 1.17 0.03

RAP, mm Hg, mean 1.01 1.01 1.03 0.04

mPAP ≥ 32 mm Hg 1.17 0.72 1.94 0.91

PCWP ≥20 mm Hg 1.75 1.03 3.02 0.04

PVR ≥ 5 WU 1.49 0.68 3.27 0.50

Predictors of early death/HFH/NYHA class IV or worsening

OR

95% CI

P ValueLower Upper

Previous MI 2.31 0.48 11.06 0.46

HFH last year 3.68 1.70 7.96 <0.001

eGFR, mL/min 1.00 0.99 1.01 1.00

LVEF, % 1.01 0.98 1.04 0.79

LVEDD, mm 1.08 1.04 1.12 <0.001

AS severity ≥ 2+ 7.33 1.00 53.62 0.05

TR VC, mm 1.08 1.00 1.16 0.05

RV mid diameter, mm 0.98 0.95 1.02 0.65

TAPSE, mm 0.94 0.88 1.01 0.11

Residual TR ≥ 3+ 2.03 1.18 3.49 <0.01

RAP, mm Hg, mean 1.06 1.01 1.11 0.02

mPAP ≥ 32 mm Hg 1.53 0.84 2.77 0.23

PCWP ≥ 20 mm Hg 2.77 1.47 5.28 <0.001

PVR ≥ 5 WU 2.72 0.63 11.81 0.25

AS indicates aortic stenosis; BMI, body mass index; CO, cardiac output; COPD, 
chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; 
HFH, heart failure hospitalization; LVEDD, left ventricle end-diastolic diameter; 
LVEF, left ventricle ejection fraction; MI, myocardial infarction; mPAP, mean pul-
monary artery pressure; NYHA, New York Heart Association; PCWP, pulmonary 
capillary wedge pressure; PVR, pulmonary vascular resistance; RAP, right atrial 
pressure; RV, right ventricle; TAPSE, tricuspid annular plane systolic excursion; TR, 
tricuspid regurgitation; VC, vena contracta; and WU, wood units.
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particular relevance, as they address a patient popula-
tion—those with relevant or precapillary pulmonary hyper-
tension—that has been consistently excluded from major 
randomized trials.18 While ESC thresholds' prognostic 
impact has proven valuable in left-sided heart disease, 
their relevance in TR is less certain.8,19–21 Both mPAP 
and PCWP demonstrated a linear association with risk, 
supporting the value of continuous scaling in outcome 
prediction. Our results reinforce the need to reconsider 
fixed diagnostic thresholds in favor of outcome-based, 
context-specific stratification. In contrast, the relation-
ship between PVR and outcomes is more complex. While 
prior studies showed no association with PVR >2 WU, 
values exceeding 5 WU were prognostically relevant8,9. 
Our analysis supports these findings, as evidenced by 
the significant nonlinearity expressed by PVR. High CO 
and elevated PCWP, in addition to being mathematical 
determinants of low PVR, also are known as independent 
predictors of prognosis in patients undergoing T-TEER, 
as shown by our analysis and previous literature.22,23 This 
dual relationship acts as a confounder when evaluating 
the crude effect of PVR and represents the main deter-
minant of its nonlinear association with outcomes. In 
addition to historical predictors (ie, HFH in the previous 
year), PCWP remained independently associated with 
both early and late outcomes, underscoring the influence 
of bi-ventricular heart failure in this population. This asso-
ciation is further supported by the independent predic-
tive value of both left ventricle end-diastolic diameter and 
right atrial pressure for early and late outcomes. Whereas 
the left ventricle end-diastolic diameter reflects the con-
tribution of LV dysfunction and dilation, right atrial pres-
sure, although primarily elevated due to TR, also reflects 
pulmonary pressures as well as RV systolic and diastolic 
function. Taken together, these findings highlight how 
both left and RV dysfunction contribute to prognosis in 
this population.24 Notably, in patients with A-STR, the 

prognostic role of increased PCWP appears to be even 
more prominent. Those patients generally exhibit lower 
mPAP and PCWP and yet appear more vulnerable to the 
adverse prognostic impact of elevated PCWP compared 
with those non–A-STR.10 However, due to their interde-
pendence, the isolated prognostic value of each invasive 
parameter is difficult to define and may be of limited 
clinical utility.8 When performed, RHC should be thor-
ough. Risk stratification and treatment planning require 
an integrated assessment encompassing CO, PCWP, 
PVR, and mPAP, as more than 1 parameter exceed-
ing the thresholds is needed to have the highest risk of 
death/HFH at follow-up. Whether these metrics serve 
only as prognostic markers or also represent modifi-
able therapeutic targets remains uncertain. Nonetheless, 
optimizing hemodynamics, particularly reducing PCWP, 
is a fundamental goal of TR management, and remains 
central to medical therapy.25 In patients with combined 
pre- and postcapillary pulmonary hypertension (PVR 
>5 WU), current ESC guidelines recommend a person-
alized approach.16 However, no therapies currently tar-
get the precapillary component in this population, and 
further investigation is warranted. Our findings provide 
a pathophysiological rationale to support such studies. 
In this context, future trials exploring targeted medical 
therapy or device-based unloading in selected patients, 
particularly those with elevated PCWP or borderline 
PVR, may further clarify the therapeutic potential of 
intervening on modifiable hemodynamic drivers. Finally, 
despite baseline hemodynamic severity, T-TEER led to 
consistent symptomatic improvement and TR reduction 
across all subgroups. In our cohort, none of the invasive 
parameters was independently associated with residual 
TR≥3+, whereas residual TR≥3+ itself emerged as an 
independent predictor of both early and late outcomes.14 
The lack of interaction between TR≥3+ and invasive 
parameters suggests that the adverse prognostic impact 

Figure 3. Kaplan-Meier analysis survival free from death-heart failure hospitalization (HFH) at 2 years according to the 
presence of 0, 1, 2, or 3 parameters exceeding the optimized thresholds.
Thresholds are defined as follows: mean pulmonary artery pressure ≥32 mm Hg, (pulmonary capillary wedge pressure ≥20 mm Hg, pulmonary 
vascular resistance ≥5 wood units (WU). P values for pairwise comparison are shown at the right end of the figure.
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of residual TR is consistently present, irrespective of 
baseline hemodynamic status. These findings emphasize 
the importance of achieving an optimal technical result, 
even in patients with unfavorable invasive parameters. 
Therefore, invasive hemodynamic measures should not 
be used to deny access to therapy, but rather to identify 
patients who may benefit from closer surveillance, inten-
sified medical therapy, or early reevaluation following 
intervention.

Limitations
This study has several limitations, primarily related to 
its retrospective and observational design. As such, 
it cannot provide definitive conclusions on the effect 
of T-TEER compared with medical therapy in these 
patients. The inclusion of only patients who underwent 
preprocedural RHC may have introduced selection bias, 
potentially enriching the study cohort with more symp-
tomatic or clinically complex individuals. It is possible that 
patients undergoing RHC were more carefully evaluated 
or received optimized medical therapy, which could have 
played a role in outcomes independent of their invasive 
profile. As such, generalizability to the overall T-TEER 
population may be limited. Hemodynamic assessments 
were performed at the discretion of individual centers 
and were not centrally adjudicated, which may have intro-
duced variability in measurement technique, timing, or 
interpretation. Similarly, echocardiographic evaluations, 
although conducted by experienced operators following 
current guideline recommendations, were not core lab–
validated and may have been subject to interobserver 
variability. Finally, postprocedural hemodynamic data 
were not available in our cohort. Whether, and to what 
extent, T-TEER modifies each patient’s hemodynamic 
profile—and whether such changes carry prognostic sig-
nificance—remains unknown. Further studies are war-
ranted to clarify these aspects. Despite these limitations, 
the study benefits from a large, multicenter, contempo-
rary cohort reflecting real-world clinical practice across 
26 European tertiary centers. It includes standardized 
data collection, meaningful follow-up, and provides novel 
insights into both early and intermediate-term outcomes 
following T-TEER. These findings offer a valuable foun-
dation to guide future prospective studies and inform 
refinement of clinical guidelines.

Conclusions
In patients undergoing T-TEER, invasive hemodynamic 
assessment provides valuable prognostic information. 
PCWP were independently associated with both early 
unfavorable patient-centered outcomes and with death-
HFH at 2 years. Notably, despite higher event rates, 
patients with adverse hemodynamic profiles still expe-
rienced meaningful improvements in functional status 

Table 4.  Univariate Analysis for Predictors of Composite 
Outcome of 6-Month All-Cause Mortality, HFH, NYHA Class 
IV Symptoms or Worsening NYHA Class

OR

95% CI

P ValueLower Upper

Sex, male 1.51 0.93 2.44 0.10

Age, y 1.00 0.97 1.03 1.00

BMI, kg/m2 0.98 0.94 1.03 0.80

Arterial hypertension 0.57 0.30 1.09 0.10

Dyslipidemia 1.11 0.68 1.81 1.00

COPD 1.39 0.77 2.51 0.40

Peripheral artery disease 1.44 0.76 2.71 0.38

Diabetes 0.96 0.55 1.68 1.00

Previous stroke/TIA 1.49 0.75 2.98 0.38

History of cardiac surgery 1.38 0.81 2.34 0.32

RV lead 1.41 0.86 2.32 0.22

AF/atrial flutter 0.93 0.36 2.43 1.00

Coronary artery disease 1.58 0.98 2.55 0.06

Previous MI 2.20 1.09 4.45 0.02

HFH last year 2.43 1.38 4.27 <0.001

eGFR, mL/min 0.98 0.97 0.99 0.03

MR severity ≥ 2+ 1.36 0.79 2.33 0.38

LVEF, % 0.97 0.95 0.99 0.02

LVEDD, mm 1.02 1.00 1.04 0.04

AS severity ≥ 2+ 3.57 1.16 10.96 0.02

TR VC, mm 1.08 1.02 1.14 <0.001

RV mid diameter, mm 1.02 1.00 1.05 0.04

TAPSE, mm 0.91 0.90 0.92 <0.01

TR severity baseline > 3 1.53 0.93 2.53 0.10

TR EROA, cm2 1.24 0.90 1.70 0.24

TR RegVol, mL 1.00 0.99 1.01 0.08

RV FAC 0.99 0.96 1.02 1.00

RVEDA, cm2 1.04 1.01 1.07 <0.001

RVESA, cm2 1.05 1.01 1.10 <0.01

Echo-sPAP, mm Hg 1.01 0.99 1.03 0.16

PAP systolic, mm Hg 1.03 1.01 1.05 <0.001

PAP mean, mm Hg 1.05 1.02 1.08 <0.001

PCWP mean, mm Hg 1.07 1.03 1.12 <0.001

CO, L/min 1.08 0.93 1.25 0.44

PVR, WU 1.07 0.42 1.13 0.50

RAP, mm Hg, mean 1.05 1.01 1.10 0.01

mPAP ≥ 32 mm Hg 2.06 1.27 3.34 <0.01

PCWP ≥ 20 mm Hg 2.43 1.49 3.96 <0.001

PVR ≥ 5 WU 2.31 1.17 4.58 0.01

Residual TR ≥ 3+ 2.19 1.24 3.87 <0.01

AF indicates atrial fibrillation; AS, aortic stenosis; BMI, body mass index; CO, 
cardiac output; COPD, chronic obstructive pulmonary disease; eGFR, estimated 
glomerular filtration rate; EROA, effective regurgitant orifice area; FAC, fractional 
area change; HFH, heart failure hospitalization; LVEDD, left ventricle end-diastolic 
diameter; LVEF, left ventricle ejection fraction; MI, myocardial infarction; mPAP, 
mean pulmonary artery pressure; MR, mitral regurgitation; NYHA, New York Heart 
Association; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge 
pressure; PVR, pulmonary vascular resistance; RAP, right atrial pressure; RV, right 
ventricle; RegVol, regurgitant volume; RVEDA, right ventricle end diastolic area; 
RVESA, right ventricle end systolic area; sPAP, systolic pulmonary artery pressure; 
TAPSE, tricuspid annular plane systolic excursion; TIA, transient ischemic attack; 
TR, tricuspid regurgitation; VC, vena contracta; and WU, wood units.
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following T-TEER, underscoring the clinical value of the 
procedure even in high-risk individuals.
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