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Abstract

Pulmonary hypertension (PH) is associated with a poor prognosis in left heart
disease (LHD). We sought to provide an updated analysis on the association of
hemodynamic variables, such as pulmonary vascular resistance (PVR),
pulmonary artery compliance (PAC), and diastolic pressure gradient (DPG),
with prognosis in PH-LHD, through a systematic literature review. Sixteen
articles were identified, including 9600 patients with LHD, heterogeneous in
terms of age, sex, and etiology of cardiac disease. In this large population, PVR
(hazard ratio [HR], 1.07; 95% confidence interval [CI]: 1.05—1.0), DPG (HR,
1.02; 95% CI: 1.01-1.02) and PAC (HR, 0.76; 95% CI: 0.69—0.84) were
associated with an increased risk of adverse outcome, albeit with a less solid
performance of DPG. Similar results were found when hemodynamic variables
were analyzed according to the thresholds commonly applied in clinical
practice, or subdividing cohorts according to the underlying LHD. Further-
more, cumulative metanalysis indicated that these results are consistently
stable since 2018. Thus, PVR, DPG and PAC have an established prognostic
value in PH-LHD. These results are consistent through the years and unlikely
to change with further studies.

KEYWORDS

hemodynamics, pulmonary hypertension, left heart disease, prognosis

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Pulmonary Circulation published by John Wiley & Sons Ltd on behalf of Pulmonary Vascular Research Institute.

Pulmonary Circulation. 2022;12:€12145.
https://doi.org/10.1002/pul2.12145

wileyonlinelibrary.com/journal/pul2 1 of 18


http://orcid.org/0000-0003-3472-4851
mailto:jeanluc.vachiery@erasme.ulb.ac.be
https://onlinelibrary.wiley.com/journal/20458940

2 of 18

BARATTO ET AL.

BACKGROUND

Pulmonary hypertension (PH) is a common complication
and a consequence of left heart disease (LHD). It is defined
by a mean pulmonary arterial pressure (mPAP) > 20 mmHg
and a pulmonary arterial wedge pressure (PAWP)> 15
mmHg which corresponds to the postcapillary hemo-
dynamic presentation." As such, it can be interpreted as an
abnormal biomarker of the underlying cardiac disorder,
where the increase in pulmonary artery pressure (PAP) is
explained by passive backward transmission of high filling
pressure from the left atrium to the pulmonary circulation,
defining isolated postcapillary PH (IpcPH)."

However, in a minority of patients, a precapillary
component of PH may develop"” through several
mechanisms that may eventually lead to pulmonary
vascular remodeling affecting the structure and function
of the pulmonary circulation.>* When present, the
hemodynamic phenotype of combined post and preca-
pillary PH (CpCPH) may potentially expose patients to a
poorer outcome.>”

Over the past years, several hemodynamic parameters
have been proposed to identify this more severe profile,
although their association with outcome has led to
contrasting results. In a previous meta-analysis on the
hemodynamic predictors of outcome (n = 2513 patients
with PH-LHD), both the diastolic pressure gradient
(DPG), pulmonary vascular resistance (PVR) and pulmo-
nary artery compliance (PAC) appeared to be associated
with mortality. However, PVR and PAC seemed to be
more strongly associated with outcome than DPG.’

Accordingly, the new hemodynamic definition pro-
posed at the 6th World Symposium on PH held in 2018,
reintroduced PVR alone to differentiate IpcPH to CpcPH.
This was thought to better reflect the impact of the right
ventricle on outcome,' at variance from the previous
guidelines’ definition, where the PH-LHD profile was
defined as “isolated” if DPG < 7 mmHg and/or PVR <3
WU; and “combined” if DPG 27 mmHg and/or PVR > 3
WU. Moreover, additional studies were performed to
better characterize the severity of PH-LHD since 2018.
We therefore sought to assess whether recent data were
consistent with previous findings.

METHODS

We followed the PRISMA statement® for reporting
systematic reviews and meta-analysis. A comprehensive
literature research in Pubmed bibliographic database was
updated to December 2020, and the search terms
included: (“left heart disease” OR “LHD” OR “heart
failure with preserved ejection fraction” OR “HFpEF”

OR “heart failure” OR “HF” OR “diastolic dysfunction”
OR “diastolic heart failure” OR “HFrEF” OR “heart
failure with reduced ejection fraction” OR “VHD” OR
“valvular heart disease”) AND (“PH” OR “pulmonary
hypertension” OR “PH-LHD” OR “PHLHD” or “pulmo-
nary hypertension due to left heart disease” OR “post-
capillary pulmonary hypertension” OR “IpCPH” OR
“CpCPH” OR “isolated post-capillary pulmonary hyper-
tension” OR “combined post- and pre-capillary pulmo-
nary hypertension”) AND (“hemodynamics” OR “wedge
pressure” OR “PAWP” OR “PCWP” OR “pulmonary
capillary wedge pressure” OR “occlusion pressure” OR
“right heart catheterization” OR “RHC” OR “cardiac
catheterization”) AND (“mortality” OR “death”). Each
term was considered as both free text and Mesh terms.
We only included English-language publications.

We only included cohort studies reporting association
measurements (and corresponding 95% confidence inter-
vals [CI] or data allowing the estimation of their standard
error) between DPG and/or PVR and/or PAC and death
(or heart failure hospitalization) in PH-LHD patients.
Relative risk, odds ratio and hazard ratio (HR) were
considered adequate association measurements. In case
of duplicated data, only the most recent publication was
selected. Studies focusing on the effects of specific
treatments (including drugs approved for pulmonary
arterial hypertension), investigating the outcome after
left ventricular assistance device implantation or heart
transplantation, or those evaluating short-term follow-up
(i.e., less or equal to 1 year) were excluded.

Two authors independently assessed paper's eligibil-
ity; disagreements between readers were solved by
consensus.

Extraction data

For each included study, we recorded the following
variables: country, length of follow-up, sample size, etiology
of LHD, age, sex, body mass index (BMI), New York Heart
Association functional class, prevalence of comorbidities
(arterial hypertension, atrial fibrillation, diabetes, coronary
artery disease, and obesity), background treatments (diure-
tics, betablockers, or angiotensin-converting enzyme inhib-
itors), N-terminal pro brain natriuretic peptide, glomerular
filtration rate, left ventricular ejection fraction, hemo-
dynamic data (heart rate, pulmonary artery pressures,
pulmonary artery wedge pressure, right atrial pressure,
cardiac output, cardiac index, DPG, transpulmonary
pressure gradient, stroke volume, PVR, and PAC), thus
including hemodynamic variables tested for association
with outcomes, as well as covariates included in multi-
variate analysis.
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Statistics

Sociodemographic and clinical continuous characteristics
of each cohort were reported as mean and standard
deviation (SD). If the original paper showed median and
interquartile range [IQR] we transformed them in mean
and SD value following Wan et al.” Categorical variables
were reported as proportion. Summary of clinical and
hemodynamic characteristics of included studies was
performed by order statistics (minimum, maximum,
median, and IQR). For each hemodynamic variable of
interest, we estimated the pooled HR of death and its 95%
CI from a fixed model. This was done both for continuous
variables and for dichotomized variables according to
more frequently used thresholds (PVR >3 WU, DPG 27
mmHg, PAC <2.3ml/mmHg). A random effect model®
was applied when the Q-statistic was statistically signifi-
cant. Moreover, between-studies’ heterogeneity was
quantified by means of I* index.” A subgroup analysis
was performed based on the presence of adjustment
covariates to estimate the original HR. The homogeneity
between subgroup pooled HRs was tested. Cumulative
meta-analysis was performed to investigate temporal
trends in the effects reported in the literature as well as
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the impact of sample size. An influence analysis was
conducted to verify the impact of each estimate on the
pooled HR, omitting one study at time. Publication bias
presence was evaluated by both funnel plot and Egger
test.'” Moreover, when Egger test resulted statistically
significant, a trim and fill approach was applied to correct
the funnel plot asymmetry."' An exploratory analysis on
the association between hemodynamics and outcomes
stratifying patients according to the underlying LHD was
performed only for the studies that reported the HR for a
given hemodynamic variable in a homogeneous patients'
cohort. Results were considered statistically significant
when two-tailed p value was lower than 0.05. All analyses
were performed with R version 4.0.3 (R Foundation for
Statistical Computing).

RESULTS

Out of 551 manuscripts identified by bibliographic
search, 535 did not fulfilled inclusion criteria. Details
about exclusion reasons as reported in Figure 1.

The final analysis was conducted on 16 articles,
including a total of 9600 patients with LHD in whom

N=394 studies identified through database searching

N=394 studies screened

'

N=278 original studies

N=116 non original studies

N=129 without prognostic evaluation

N=85 including non PHLHD patients

N=17 considering non-invasive markers

N=23 original studies on
the prognostic value of
hemodynamics in PHLHD

N=24 evaluating treatment effect

| N=1 reporting short term outcome

N=16 studies included

FIGURE 1

N=6 not considering DPG nor PVR nor PAC

PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram of study selection. DPG,

diastolic pressure gradient; LVAD, left ventricular assistance device; MRI, Magnetic Resonance Imaging; PAC, pulmonary artery
compliance; PAH, pulmonary arterial hypertension; PHLHD, pulmonary hypertension due to left heart disease; PVR, pulmonary vascular

resistance.
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invasive hemodynamics were performed. Characteristics
of individual studies are reported in Table 1.

Most of studies included PH-LHD patients indepen-
dently from the underlying cardiac disease (either heart
failure with preserved or reduced left ventricular ejection
fraction, or VHD), while six studies focused on one
specific etiological subgroup, such as HFpEF,'*"?
HFrEF'*'® and VHD.'*™"®

The association between hemodynamics (PVR, DPG,
and PAC) and outcome was reported on continuous scale
in 13 studies,'?1%°72¢ while 13 studies dichotomized
PVR, DPG, and PAC according to prespecified cut-
0ffS.12_17’19’21’23_27

In most of the studies, a multivariate analysis was
performed to adjust the effect on PVR, DPG, and PAC
of covariates such as age and sex,'>'>!7723:27
BMIL,21771921 comorbidities'>!7?°2*27 and hemo-
dynamic parameters.'>'%2%23

Clinical and hemodynamic characteristics

Analysis of the different populations revealed heteroge-
neity in terms of age, sex, and etiology of PH-LHD
(Table 1). As reported in Table 2, median age was
64 years old, with values varying from 47 to 83 years old.
Female sex prevalence varied from 17% to 76% and
median BMI was 28 kg/m?* (from 26 to 30 kg/m?).

The populations were characterized by a significant
burden of comorbidities, including atrial fibrillation,
whose prevalence varied from 15% to 71%, and were
largely treated with diuretic, betablocker and anti-
hypertensive therapies. However, a complete non-
invasive assessment by echocardiography and biological
tests was not reported in all studies, while left ventricular
ejection fraction was reported in most studies, with a
median value of 44.2% (IQR 39%—51%), as well as brain
natriuretic peptide, with a median value of 802.7 pg/ml
(IQR 464.7—970.0 pg/ml).

Mean PAP had a median value of 38 mmHg
(36—42 mmHg). Almost all studies’***'"2® reported
PAWP and PVR, whose median values were, respec-
tively, 24 [22—24] mmHg, and 3.9 [2.7—5.1] WU, which
corresponds to the CpcPH presentation.

Twelve studies reported DPG!?1#17-19-21,22,24-27
whose median value was 1.8 [-0.4 to 6.9] mmHg and
11 studies'*'*7*12>"27 reported PAC, with a median
value of 2.1 [1.8—2.4]ml/mmHg. Thorough hemo-
dynamic characteristics of included patients across
studies are reported in Table 3.

Almost all studies defined PH according to 2015 PH
Guidelines, except for one'® in which the definition
proposed during the 6th Symposium of PH was adopted.

A major part of authors'>'>'71821727 gtratified the
patients on the base of the presence of a precapillary
component, mostly considering a DPG =7
mmHg,'>!71821-2227 pyR > 3 WU '>'® or a combination
of both,%*72% while 2 authors considered also a TPG > 12
mmHg.**** Following this heterogeneous classifications
of the pre-capillary component, IpCPH cohort was
composed of 5234 patients and CpCPH one by 2374
patients.

Association between hemodynamic
variables and outcomes

Overall, unitary increase in PVR was significantly
associated with outcome in PH-LHD (HR, 1.07; 95% CI:
1.05—1.08) (Figure 2). This held true also when
separately analyzing studies where the association
between PVR and mortality was either unadjusted or
adjusted for relevant covariates. These findings were
consistently achieved when 1263 patients were analyzed,
or in the year 2015, as suggested by cumulative meta-
analysis (Figures 3 and 4).

DPG was associated with mortality in PH-LHD (HR,
1.02; 95% CI: 1.01—1.02). However, such an association
was no more significant when considering only the 2
studies performing an adjustment for covariates
(Figure 2). Cumulating evidence by publication year
noted that the initial statistically significant strong effect
of 2013 was not confirmed until 2018 and with weaker
pooled HR (Figure 4). Moreover, at the cumulative meta-
analysis based on the sample size, the studies demon-
strated a high degree of heterogeneity and the overall
effect gained stability only after having included 480
patients (Figure 3).

PAC was significantly associated with mortality in
PH-LHD (HR, 0.76; 95% CI: 0.69—0.84) (Figure 2).
Despite a non-negligible heterogeneity between included
studies (I> = 60%), results were consistent when only 73
patients were analyzed (Figure 3) or in the year 2015
(Figure 4).

Only 9 out of 16 studies reported the association
between PAWP and outcome. Only in 3 of these 9 studies
such association was statistically significant.

Influence and publication bias analysis

No study influenced the summary estimates of PVR, DPG
and PAC (e-Figure 1). Moreover, Egger test suggested
publication bias for both PVR and PAC although in an
opposite direction, that is, with an underestimation for
PAC and an overestimation for PVR. However, trim and
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TABLE 2 Summary of clinical and hemodynamic characteristics of included studies

Variable N papers N estimates Minimum 25° pctl Median 75° pctl Maximum % missing data
Age, years 16 27 46.8 60.0 64.3 67.9 82.6 0%
Female sex, % 15 26 17.0 39.0 50.7 56.0 76.0 4%
BMI, Kg/cm2 11 17 24.0 26.3 28.0 29.9 33.0 37%
NYHA FC III-1V,% 5 6 49.0 61.0 72.3 83.0 100.0 78%
Atrial fibrillation, % 9 17 15.3 32.0 44.0 46.0 71.0 37%
Arterial hypertension, % 8 14 22.0 38.3 64.0 80.0 86.0 48%
Diabetes, % 7 10 23.0 29.0 34.0 41.0 49.0 63%
CAD, % 7 13 19.0 36.7 50.0 57.0 81.0 52%
Diuretics, % 7 13 54.0 67.0 72.0 79.0 97.0 52%
Bblockers, % 8 16 43.0 56.5 71.5 79.0 92.0 41%
ACEi/ARBs, % 8 16 25.0 41.0 57.5 83.0 88.0 41%
BNP, pg/ml 4 7 313.0 464.7 802.7 970.0 1078.0 74%
GFR, ml/min 6 13 50.0 53.0 54.0 64.0 70.0 52%
LVEF, % 8 13 23.0 38.6 44.2 51.2 64.3 52%
HR, bpm 12 20 71.0 74.0 78.0 82.0 90.0 26%
SPAP, mmHg 13 21 30.4 53.7 57.0 62.0 74.0 22%
DPAP, mmHg 12 19 12.6 23.0 25.0 32.0 38.4 30%
MPAP, mmHg 16 27 18.9 36.4 38.0 42.0 50.1 0%
PAWP, mmHg 15 25 11.2 22.0 23.5 24.0 26.7 7%
CI, L/min/m? 11 18 1.9 2.2 2.5 2.8 2.9 33%
RAP, mmHg 15 24 5.8 10.7 12.0 13.7 15.0 11%
DPG, mmHg 13 20 -3.7 —-0.4 1.8 6.9 12.7 26%
PVR, WU 15 24 1.7 2.7 3.9 5.1 9.3 11%
PAC, ml/mmHg 11 20 0.6 1.8 2.1 2.4 3.1 26%

Note: Data are reported as median, 25° and 75° percentile, minimum/maximum value.

Abbreviations: ACEi, Angiotensin-converting-enzyme inhibitors; ARBs, Angiotensin receptor blockers; BMI, body mass index; BNP, brain natriuretic peptide;
CAD, coronary artery disease; CI, cardiac index; DPAP, diastolic pulmonary artery pressure; DPG, diastolic pressure gradient; GFR, glomerular filtration rate;
HR, heart rate; LVEF, left ventricular ejection fraction; MPAP, mean pulmonary artery pressure; NYHA FC, New York Heart Association functional class;
PAC, pulmonary artery compliance; PAWP, pulmonary artery wedge pressure; PCTL, percentile; PVR, pulmonary vascular resistance; RAP, right atrial
pressure; SPAP, systolic pulmonary artery pressure; WU, Wood Unit.

fil approach confirmed findings of the main analysis after though they resulted significant in all the three condi-

controlling for this source of bias (e-Figure 1). tions only for PVR (e-Figure 2).
Stratification according to the DPG, PVR, and PAC considered as
underlying LHD dichotomous variables

We performed an exploratory analysis on the association For this analysis, we considered only papers reporting
between hemodynamics and outcomes stratifying pa- the association measurements when DPG, PVR and PAC
tients according to the underlying LHD (HFpEF, HFrEF, = were dichotomized using the following cut-off values:
and VHD). The results of this exploratory analysis were =~ PVR>3 WU; DPG=2=7mmHg; PAC <2.3ml/mmHg.
in line with those obtained in the whole cohort, even DPG>7mmHg as well as PVR>3 WU were both
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PVR continuous

Study Hazard Ratio HR 95%-Cl Weight
Al-Naamani N etal., 2015 E 1.21 [1.10;1.34] 2.0%
Dragu etal, 2015 = 1.05 [1.02;1.08] 23.3%
Palazzini etal., 2017 —-i— 1.06 [0.99;1.12] 51%
Caravita etal, 2018 —_—— 113 [1.02;1.26) 1.7%
Quan etal, 2019 T 1.06 [098;1.14] 31%
Sugimoto etal., 2020 T A— 1.17 [1.00;1.36] 0.8%
Vanderpool etal., 2018 - 1.06 [1.04;1.08] 53.4%
Tampakakis E etal., 2018, cohort HFrEF and HFpEF - 1.11 [1.04;1.19] 42%
Tampakakis E etal., 2018, cohort HFrEF —f—*— 1.12 [1.03;1.21] 29%
Tampakakis E etal., 2018, cohort HFpEF S I 1.08 [0.92;1.27] 0.7%
Bermejo etal,, 2021 —i—*— 1.10 [1.01;1.19] 28%

Overall Effect (Fixed) * 1.07 [1.05; 1.08] 100.0%

Heterogeneity: 1° = 27%, ©° = 0.0002, 32, = 13.76 (p = 0.18)

Test for subgroup differences: 7_? =3.41,df =1 (p =0.08) 08 1 1.25

DPG continuous

Study Hazard Ratio HR 95%-Cl Weight

Al-Naamani N etal., 2015 —]
Palazzini etal., 2017 T
Caravita etal., 2018
Quan etal, 2019 —
Sugimoto etal., 2020 —]
Vanderpool etal., 2018
Bermejo etal.,, 2021 E

1.00 [0.95;1.05] 0.8%
1.01 [0.99;1.04] 27%
1.05 [0.99;1.11] 0.7%
1.01 [0.97;1.05] 1.4%
1.05 [0.95;1.15] 0.2%
1.02 [1.01;1.03] 852%
1.02 [0.99;1.06] 1.8%

Gerges etal, 2013

Tampakakis E etal., 2018, cohort HFrEF and HFpEF
Tampakakis E etal, 2018, cohort HFrEF B
Tampakakis E etal., 2018, cohort HFpEF —

1.28 [1.04;1.58] 0.0%
1.02 [1.00;1.05] 3.5%
1.01 [0.99;1.04] 3.4%
099 [0.91;1.07] 0.3%

"TH{w ]WH

Overall Effect (Fixed)
Heterogeneity: /% = 0%, t° = 0, 7;0 =810 (p = 0.62) f

: 1.02 [1.01; 1.02] 100.0%

Test for subgroup differences: ;= 0.22, df = 1 (p = 0.64) 09 1 11 16
PAC continuous
Study Hazard Ratio HR 95%-Cl Weight
Palazzini et al., 2017 —=+ 065 [051;0.84] 82%
Sugimoto etal, 2020 —F! 043 [0.26;0.71] 3.0%
Vanderpool etal., 2018 : 0.77 [0.73;0.82] 17.1%
Bermejo etal,, 2021 | = 1.00 [0.86;1.16] 12.8%
erall Effec e 0.75 [0.60; 0.93 0
MiIIérWL etal, 2013 090 [0.63;1.30] 51%
Al-Naamani N etal, 2015 e 0.48 [0.26;0.89] 2.2%
Dragu etal, 2015 —=— 0.72 [0.59;0.88] 10.3%
Caravita etal, 2018 — 0.51 [0.30;0.87] 28%
Quan etal, 2019 —&— 0.70 [0.51;0.95] 6.5%
Tampakakis E etal., 2018, cohort HFrEF and HFpEF — 0.79 [0.66;096] 10.7%
Tampakakis E etal, 2018, cohort HFrEF —&— 0.73 [0.58;092] 89%
Tampakakis E etal., 2018, cohort HFpEF TR 0.87 [0.75;1.01] 126%
Dverall Effec > ( [0.69; 0.85] 59.0
Overall Effect (Random) - 0.76 [0.69; 0.84] 100.0%
Heterogeneity: /* = 60%, 1° = 0.0135, %>, = 27.23 (p < 0.01)
Test for subgroup differences: 7_? =0.04,df =1 (p =0.84) 0.5 1 2

FIGURE 2 (See caption on next page)
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PVR continuous

Study Cumulated N Hazard Ratio HR 95%-Cl
Adding Al-Naamani N etal., 2015 (k=1) 73 i —— 121 [1.10;1.34]
Adding Quan etal., 2019 (k=2) 165 —TEa 1.11 [1.05;1.18]
Adding Caravita etal., 2018 (k=3) 258 ‘:—'— 1.12 [1.06; 1.18]
Adding Bermejo etal., 2021 (k=4) 480 TR 1.11 [1.06;1.16]
Adding Tampakakis E et al., 2018, cohort HFpEF (k=5) 723 s 1.11 [1.06; 1.16]
Adding Sugimoto etal., 2020 (k=6) 987 e 1.11 [1.07;1.16]
Adding Dragu etal., 2015 (k=7) 1263 ] 1.07 [1.05;1.10]
Adding Palazzini etal., 2017 (k=8) 1732 - 1.07 [1.05; 1.09]
Adding Tampakakis E etal, 2018, cohort HFrEF (k=9) 2067 = 1.07 [1.05;1.09]
Adding Tampakakis E et al, 2018, cohort HFrEF and HFpEF (k=10) 2299 - 1.08 [1.05;1.10]
Adding Vanderpool etal., 2018 (k=11) 4886 . 1.07 [1.05;1.08]
Overall Effect (Fixed) | ° i 1.07 [1.05; 1.08]
08 1 1.25

DPG continuous

Study Cumulated N Hazard Ratio HR  95%-Cl
Adding Al-Naamani N etal., 2015 (k=1) 73 : E 1.00 [0.95;1.05]
Adding Quan etal., 2019 (k=2) 165 SR - I H— 1.01 [0.98; 1.04]
Adding Caravita etal., 2018 (k=3) 258 —r—+—— 1.02 [0.99; 1.04]
Adding Bermejo etal., 2021 (k=4) 480 T 1.02 [1.00; 1.04]
Adding Tampakakis E et al., 2018, cohort HFpEF (k=5) 723 T 1.02 [1.00; 1.04]
Adding Sugimoto etal., 2020 (k=6) 999 T—= 1.02 [1.00; 1.04]
Adding Palazzini etal., 2017 (k=7) 1468 e — 1.02 [1.00; 1.03]
Adding Tampakakis E etal., 2018, cohort HFTEF (k=8) 1803 —— 1.01 [1.00;1.03]
Adding Tampakakis E et al., 2018, cohort HFrEF and HFpEF (k=9) 2035 —B— 1.02 [1.00; 1.03]
Adding Gerges etal., 2013 (k=10) 3129 e 1.02 [1.00; 1.03]
Adding Vanderpool etal, 2018 (k=11) 5718 E 1.02 [1.01:1.02]
Overall Effect (Fixed) u ES | 1.02 [1.01; 1.02]

" 0.95 1 1.05
PAC continuous
Study Cumulated N Hazard Ratio HR 95%-ClI
Adding Al-Naamani N etal., 2015 (k=1) 73 — e 0.48 [0.26;0.89]
Adding Quan etal., 2019 (k=2) 165 —a 0.64 [0.47;0.87]
Adding Caravita etal., 2018 (k=3) 258 —_= 0.62 [0.48;0.79]
Adding Bermejo etal., 2021 (k=4) 480 0.69 [0.48;0.99]
Adding Tampakakis E et al., 2018, cohort HFpEF (k=5) 712 — 0.78 [0.63;0.96]
Adding Sugimoto etal., 2020 (k=6) 955 s 0.70 [0.56;0.89]
Adding Dragu etal., 2015 (k=7) 1219 — 0.72 [0.59;0.87]
Adding Palazzini etal., 2017 (k=8) 1495 = 0.71 [0.59;0.85]
Adding Tampakakis E et al., 2018, cohort HFrEF (k=9) 1830 5N 0.72 [0.61;0.84]
Adding Miller WL etal., 2013 (k=10) 2167 .3 0.73 [0.63;0.85]
Adding Tampakakis E etal., 2018, cohort HFrEF and HFpEF (k=11) 2636 - 0.75 [0.66;0.85]
Adding Vanderpool etal., 2018 (k=12) 5223 = 0.76 [0.69;0.84]
Overall Effect (Random) - 0.76 [0.69; 0.84]
05 1 2

FIGURE 3 Cumulative metanalysis according to sample size for each hemodynamic variable. CI, confidence interval; DPG, diastolic
pressure gradient; HR, hazard ratio; PAC, pulmonary artery compliance; PVR, pulmonary vascular resistance.

FIGURE 2 Forest plots with pooled standardized hazard ratio for hemodynamic variables reported in a continuous way. For each
variable, unadjusted and adjusted analysis are reported. CI, confidence interval; DPG, diastolic pressure gradient; HR, hazard ratio;
PAC, pulmonary artery compliance; PVR, pulmonary vascular resistance.
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PVR continuous

Study Hazard Ratio HR 95%-Cl
Adding Al-Naamani N etal., 2015 (k=1) | —— 1.21 [1.10; 1.34]
Adding Dragu etal., 2015 (k=2) B 1.06 [1.03;1.09]
Adding Palazzini etal., 2017 (k=3) = 1.06 [1.03;1.09]
Adding Caravita etal., 2018 (k=4) = 1.06 [1.04;1.09]
Adding Tampakakis E etal., 2018, cohort HFrEF and HFpEF (k=5) - 1.07 [1.05;1.09]
Adding Tampakakis E etal., 2018, cohort HFrEF (k=6) = 1.07 [1.05;1.10]
Adding Tampakakis E etal., 2018, cohort HFpEF (k=7) = 1.07 [1.05;1.10]
Adding Vanderpool etal., 2018 (k=8) > 1.07 [1.05;1.08]
Adding Quan etal., 2019 (k=9) 2 1.07 [1.05;1.08]
Adding Sugimoto etal., 2020 (k=10) + 1.07 [1.05;1.08]
Adding Bermejo etal.,, 2021 (k=11) . 1.07 [1.05;1.08]
Overall Effect (Fixed) | - ; 1.07 [1.05; 1.08]
0.8 1 1.25
DPG continuous
Study Hazard Ratio HR 95%-CI
Adding Gerges etal., 2013 (k=1) | ———— 1.28 [1.04; 1.58]
Adding Al-Naamani N etal., 2015 (k=2) o 1.01 [0.97;1.06]
Adding Palazzini etal., 2017 (k=3) = 1.01 [0.99; 1.04]
Adding Caravita etal., 2018 (k=4) 5 1.02 [1.00; 1.04]
Adding Tampakakis E etal., 2018, cohort HFrEF and HFpEF (k=5) 5 1.02 [1.00; 1.04]
Adding Tampakakis E etal., 2018, cohort HFrEF (k=6) < 1.02 [1.00; 1.03]
Adding Tampakakis E etal., 2018, cohort HFpEF (k=7) B 1.02 [1.00; 1.03]
Adding Vanderpool etal., 2018 (k=8) S 1.02 [1.01;1.02]
Adding Quan etal., 2019 (k=9) i« 1.02 [1.01;1.02]
Adding Sugimoto etal., 2020 (k=10) i 1.02 [1.01;1.02]
Adding Bermejo etal., 2021 (k=11) ' 1.02 [1.01;1.02]
Overall Effect (Fixed) | l‘ ] 1.02 [1.01; 1.02]
0.75 1 15

PAC continuous

Study Hazard Ratio HR 95%-Cl
Adding Miller WL etal., 2013 (k=1) 0.90 [0.63;1.30]
Adding Al-Naamani N etal., 2015 (k=2) 0.69 [0.38;1.27]
Adding Dragu etal., 2015 (k=3) — 0.73 [0.57;0.93]
Adding Palazzini etal., 2017 (k=4) —a 0.71 [0.60;0.83]
Adding Caravita etal., 2018 (k=5) —=ET 0.69 [0.58;0.81]

Adding Tampakakis E etal., 2018, cohort HFrEF and HFpEF (k=6)
Adding Tampakakis E etal., 2018, cohort HFrEF (k=7)

Adding Tampakakis E etal., 2018, cohort HFpEF (k=8) 0.75 [0.67;0.84]
Adding Vanderpool etal., 2018 (k=9) 0.76 [0.71;0.82]

e 0.72 [0.63;0.82]
Adding Quan etal., 2019 (k=10) - 0.76 [0.71;0.81]
-

0.72 [0.65;0.80]

Adding Sugimoto etal., 2020 (k=11) 0.74 [0.68;0.81]
Adding Bermejo etal., 2021 (k=12) 0.76 [0.69; 0.84]

Overall Effect (Random) 0.76 [0.69; 0.84]

[
0.5 1 2

FIGURE 4 Cumulative metanalysis according to year of publication for each hemodynamic variable. CI, confidence interval;
DPG, diastolic pressure gradient; HR, hazard ratio; PAC, pulmonary artery compliance; PVR, pulmonary vascular resistance.

associated to a higher risk for mortality, with HR of 1.36 DISCUSSION

(95% CI: 1.24—-1.49) and 1.53 (95% CL 1.40—1.67),

respectively. Furthermore, a PAC < 2.3 ml/mmHg car- From pooling data from more than 9000 LHD patients
ried the highest risk of mortality (HR 2.14, 95% CIL: with PH from various etiologies, our meta-analysis
1.62—2.84) (Figure 5). confirms and reinforces the established association of
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[Opon Accoss:

PVR binary
Study Hazard Ratio HR
Palazzini etal, 2017 —— 17
Vanderpool etal., 2018 ] 1.54
Quan etal, 2019 . i 1.51
Bermejo etal., 2021 —— 1.19
f * -
Miller WL etal, 2013 —— 155
Brunner etal., 2017 ———— 2.02
Dragu etal, 2019 —H— 1.46
Overall Effect (Fixed) - 1.53
Heterogeneity: /* = 0%, 1= 0, 2 = 2.45 (p = 0.87) '
Test for subgroup differences: 2 = 0.00, df =1 (p = 0.98) 0.5 1 2
DPG binary
Study Hazard Ratio HR
~ ANaamaniN etal, 2015 — 1.15
Palazzini etal., 2018 T 1.28
Vanderpool etal., 2018 ] 1.44
Quan etal.,, 2019 T 1.30
: act -
Gerges etal, 2015 —7— 1.44
Gerges etal, 2015 e 1.89
O'Sullivan CJ etal., 2015 i—’— 3.28
Assad etal., 2016 k! 1.14
Brunner etal, 2017 — 1.54
Dragu etal., 2019 T 1.25
Overall Effect (Fixed) - 1.36
Heterogeneity: /* = 25%, t° = 0.0089, %> = 11.96 (p = 0.22) ' ! | |
Test for subgroup differences: y_f =067,df=1(p=041) 0.2 05 1 2 5
PAC binary
Study Hazard Ratio HR
Miller WL etal, 2013 —= 523
Palazzini etal, 2022 —*=T— 1.80
Overall Effect (Fixed) — AL
Heterogeneity: I° = 0%, ©° = 0, - = 0.52 (p = 0.47) ' '
0.5 1 2

FIGURE 5 (See caption on next page)

95%-Cl Weight
[1.12;261] 4.3%
[1.38;1.71] 68.1%
[0.91;250] 3.1%
[0.79;1.80] 4.5%
[1.10;2.18] 6.6%
[1.01;4.03] 16%

11.8%

[1.13; 1.89]

[1.40; 1.67] 100.0%

95%-Cl Weight
[051;261 1.3%
[0.84;197] 46%
[1.25;1.66] 41.9%
[0.78;2.14]  3.3%
[1.06;195] 9.0%
[1.23;2.89] 4.6%
[143;753] 12%
[0.96;1.35] 29.0%
[0.75;3.16] 16%

[0.76;2.06] 3.4%

[1.24; 1.49] 100.0%

95%-Cl Weight

[1.65; 3.16]
[1.04;3.13]

74.0%
26.0%

[1.62; 2.84] 100.0%
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PVR and PAC with prognosis, providing a synthesis of
the evidence collected in the last 8 years also in term of
cumulative meta-analysis. While the results for DPG
appeared somehow less solid, at least when DPG was
intended in a continuous way, PVR and PAC appear to
be stronger predictor of outcome, both when dichoto-
mized or when used as continuous variables. PVR proved
capable to predict outcome independently of the under-
lying LHD (HFpEF, HFrEF, or VHD).

The heterogeneity of the populations included in the
analysis mirrors the broad spectrum of LHD,' composed
of HFrEF, HFpEF, and VHD. However, independently
from the underlying LHD, the pooled cohort was an
elderly one, characterized by a quite large burden of
comorbidities including a high rate of atrial fibrillation.
The average hemodynamic profile was quite typical,
combining an elevated PAWP (>20 mmHg), a mildly
elevated mPAP (25-40mmHg), a normal DPG
(<3 mmHg) and PVR ranging from 3 to 4.9 WU.'

In this large population, the unitary increase in PVR
resulted associated with a 7% of increase in risk of
adverse outcome, while a unitary increase in DPG carried
a smaller increase in risk (+2%). At variance, a unitary
increase in PAC was associated with a 24% mortality risk
reduction.

Accordingly, evidence have not changed substantially
since 2018.° Additional studies reinforced the consistency
of results, which should be considered sufficiently
stabilized and unlikely to change in the future. Further-
more, when variables were expressed in a binary way
using high and commonly applied thresholds in clinical
practice, the results were even more stable and consistent
across hemodynamic variables, with similar HR between
PVR and DPG.

Traditionally, PVR is a practical and widely accepted
and used variable in clinical practice. On a physiological
perspective, it normalizes the characteristics of the
pulmonary circulation (mPAP—PAWP) for a marker of
cardiac performance (CO). Accordingly, our analysis
could confirm available data on its robust prognostic
discriminative potential in PH-LHD,> even when the
cohorts were subdivided based on the underlying etiology
of PH.

DPG was similarly found to be associated to outcome,
but with a small increase in risk for a unitary increase.
Moreover, the meta-analysis results were not extremely
solid when separately analyzing studies in which the

on Access

association of DPG with mortality was either adjusted or
unadjusted. As it has been repeatedly remarked, the DPG
is a small number and exposed to measurement error,
potentially explained also by the relative inaccuracy of
the used catheters (“fluid filled” rather than “high
fidelity”), the lack of standardization in the measure of
PAWP across laboratories (mean PAWP vs. mid-A
PAWP; end-expiratory vs. respiratory-averaged values),
and the fact that the two terms of the subtraction, that is,
the diastolic PAP and PAWP are not simultaneously
measured in the same heartbeats and over the same
breaths. Accordingly, a relevant proportion of negative
DPGs was found in the studies under analysis.

PAC has been proposed as predictor of outcome in
LHD '27161920.2%25 given its presumed pathophysiologi-
cal meaning, even if the estimated PAC could over-
estimate its real value by 60%—80%.>® Given the inverse
relationship between PAC and PVR, the former has been
advanced to be a better fit as prognostic marker when
PVR are still “in the normal range” or when mean PAP is
below 25 mmHg. However, the recent evidence linearly
linking PVR with outcome since a lower cut-off than 3
WU might change current threshold to define diseases,
potentially overcoming this previous limit of PVR.
Finally, the strong association of PAC with mortality
reflects its dimension: it is an even smaller number than
DPG, and similarly subject to measurement errors.
Additionally, we still do not know which changes should
be considered clinically meaningful, and thus it is
probably impractical to assess fine changes in pulmonary
vascular properties and right ventricular afterload.

Thus, even though these three variables carry
prognostic significance, a pragmatic approach aiming at
simplifying and rendering clinical practices and commu-
nication more homogeneous across laboratories,>****°
PVR alone may suffice as a hemodynamic marker for risk
stratification. Finally, PAC might be used to strengthen
the prognostic assessment.

Thus, the prognostic role of PVR is undisputed. It is
still uncertain whether it might represent a therapeutic
target in PH-LHD. Indeed, the great majority of studies
testing drugs targeting the pulmonary circulation in PH-
LHD have provided neutral or even negative
results,"***° so that these compounds should not be
used in patients with PH-LHD.! More favorable results
have been obtained with the inodilator levosimendan in
patients with HFrEF*'** and in patients with VHD?® in

FIGURE 5 Forest plots with pooled standardized hazard ratio for hemodynamic variables reported in a dichotomous way. For each
variable, unadjusted and adjusted analysis are reported. ACI, confidence interval; DPG, diastolic pressure gradient; HR, hazard ratio;
PAC, pulmonary artery compliance; PVR, pulmonary vascular resistance.
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whom this compound was demonstrated to improve PVR
and RV function. Its effects in HFpEF are less studied,
but it might at least decrease PAWP in a subgroup of
such patients.*® Finally, PVR might be useful for the
selection of HFpEF patients candidate to the placement
of an interatrial septal device: in the REDUCE LAP-HF II
trial,” patients with high PVR during exercise (>1.74
WU) had an increased incidence of HF events as
compared with those with low PVR, who seemed to
have more benefit from this device.

LIMITATIONS

The literature search was done using only the Pubmed
database, however screening nearly 400 studies. Hemo-
dynamic predictors of prognosis in LHD may be influenced
by the study characteristics (single center vs. multicentric;
RHC methodology), timing of data collection (elective RHC
vs. acute decompensation, changes under therapy), the
characteristics of the referral center as well as of the
population (HFrEF, HFpEF, and VHD). However, the large
sample size may at least in part overcome such limitation.

There was an overlap of studies between our
previously published meta-analysis’ and this study.
However, since studies on this topic doubled since the
publication of our previous work, we thought appropriate
to re-run an updated analysis, including additional
information, such as a cumulative meta-analysis based
on the sample size of the individual studies and the year
of publication, expressing variables not only in continu-
ous but also in a binary way (dichotomized according to
currently used thresholds) and performing a sub-analysis
stratifying the populations according to the underlying
etiology of LHD (HFrEF, HFpEF, and VHD).

We only included studies published since 2013, with
the aim to maintain a homogeneity in the definition of
PH, to focus on contemporary patients' populations, and
to better focus on more attractive hemodynamic variables
with supposed prognostic value in this context. Indeed,
in 2013 DPG was revived,”® and suggested as diagnostic
criterion to define a precapillary component to post-
capillary PH,* then combined with PVR in the guide-
lines on PH.*’ Always in 2013, the prognostic value of
PAC was similarly suggested for the first time."”

We did not explore the association between PAWP
and outcomes in these studies. However, only in 3 of the
studies reporting it, the association between PAWP and
outcome resulted statistically significant. Indeed, all
cohorts included in the analysis had, by definition, a
high PAWP. Thus, we preferred to focus our study on
hemodynamic markers more likely reflecting the pres-
ence of a precapillary component to postcapillary PH.

We could not explore the association of a lower threshold
of PVR (e.g., 2 WU) with outcome since we did not perform
an individual patients’ data meta-analysis. However, since a
unitary increase in PVR was associated with a 7% of risk, our
data may indirectly suggest that the link of PVR with
outcome may start from a lower threshold.

CONCLUSIONS

Despite the heterogeneity of PH-LHD group and the intrinsic
limitations of each variable, PVR, DPG, and PAC are all
associated with outcome. The strongest correlation with PVR
and PAC supports their use in defining disease severity and
identifying a subgroup of patients at higher risk of adverse
outcome. We believe this evidence is robust enough for
sufficient time to make it unlikely to change with the
addition of similar studies. Nevertheless, further studies are
needed to assess how these hemodynamic markers perform
in predicting outcome in more homogeneous PH-LHD
phenotypes, and how time- or treatment-induced changes
may influence outcome.
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