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Abstract

Aims Exercise right heart catheterization (RHC) is considered the gold-standard test to diagnose heart failure with preserved
ejection fraction (HFpEF). However, exercise RHC is an insufficiently standardized technique, and current haemodynamic
thresholds to define HFpEF are not universally accepted. We sought to describe the exercise haemodynamics profile of HFpEF
cohorts reported in literature, as compared with control subjects.

Methods and results We performed a systematic literature review until December 2020. Studies reporting pulmonary artery
wedge pressure (PAWP) at rest and peak exercise were extracted. Summary estimates of all haemodynamic variables were
evaluated, stratified according to body position (supine/upright exercise). The PAWP/cardiac output (CO) slope during exercise
was extrapolated. Twenty-seven studies were identified, providing data for 2180 HFpEF patients and 682 controls. At peak ex-
ercise, patients with HFpEF achieved higher PAWP (30 [29—-31] vs. 16 [15-17] mmHg, P < 0.001) and mean right atrial pressure
(P < 0.001) than controls. These differences persisted after adjustment for age, sex, body mass index, and body position. How-
ever, peak PAWP values were highly heterogeneous among the cohorts (/> = 93%), with a relative overlap with controls.
PAWP/CO slope was steeper in HFpEF than in controls (3.75 [3.20-4.28] vs. 0.95 [0.30-1.59] mmHg/L/min, P
value < 0.0001), even after adjustment for covariates (P = 0.007).

Conclusions Despite methodological heterogeneity, as well as heterogeneity of pooled haemodynamic estimates, the
exercise haemodynamic profile of HFpEF patients is consistent across studies and characterized by a steep PAWP rise during
exercise. More standardization of exercise haemodynamics may be advisable for a wider application in clinical practice.
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Introduction

overcoming several limitations of non-invasive examinations
and algorithms.>™

Heart failure with preserved ejection fraction (HFpEF) is a
highly prevalent condition. Additionally, patients may present
with lifestyle-limiting effort symptoms but no clinical
evidence of hypervolemia.! Therefore, in case of
non-conclusive exams and normal haemodynamics at rest,
exercise right heart catheterization (RHC) has been claimed
as the gold-standard diagnostic test for HFpEF, potentially

However, exercise RHC is a costly and time-consuming test
with a limited availability. Moreover, the procedural ap-
proach, including patients’ body position and exercise
protocol as well as the haemodynamic measurements and
their interpretation, has not been widely standardized. This
non-negligible limitation could impact on the reproducibility
and generalizability of the results.>®

© 2022 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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To address these issues, we conducted a systematic review
and meta-analysis of studies on exercise haemodynamics in
patients with HFpEF, taking into account potential heteroge-
neity of these populations and exercise RHC methodology.
Our aim was to describe the exercise haemodynamic profile
of a large population of patients diagnosed as HFpEF and to
compare it with control subjects. It is important to mention
that pulmonary artery wedge pressure (PAWP) is influenced
by several factors, including the patient’s body position and
the timing of measurement during the respiratory and car-
diac cycle. Therefore, the reading of pressure traces may dif-
fer across investigators, especially during exercise, and lead
to heterogeneity of interpretations when a standardized pro-
cedure is not universally adopted by all laboratories. How-
ever, the impact of body position and of respiratory swings
might be minimized when normalizing the exercise-induced
changes of pulmonary pressures for cardiac output (CO)
increase.>” Additionally, and recent evidence suggests that
flow-corrected PAWP during exercise might be a more sensi-
tive marker of HFpEF than absolute PAWP values at peak
effort,® with proven prognostic value.* Thus, we also sought
to build and compare the PAWP/CO slope of HFpEF and
controls for all studies, to test the validity of this composite
variable in a large HFpEF cohort.

Methods

We followed the PRISMA statement® for reporting systematic
reviews and meta-analysis. A comprehensive literature re-
search on PubMed was updated to December 2020, and
the search terms included: (‘right heart catheterization’ OR
‘hemodynamics’ OR ‘cardiac catheterization” OR ‘haemody-
namics’) AND (‘exercise’ OR ‘effort’) AND (‘heart failure with
preserved ejection fraction’ OR ‘HFPEF’ OR ‘dyspnea’ OR ‘di-
astolic dysfunction’ OR ‘diastolic heart failure’ OR ‘left heart
disease’) AND (‘PAWP’ OR ‘PCWP’ OR ‘wedge pressure’ OR
‘occlusion pressure’).

We included papers that met the following criteria: (i) pub-
lished in peer-reviewed journal, (ii) designed to evaluate the
exercise haemodynamics in the HFpEF population, and (iii)
reporting PAWP at rest and at peak exercise (main endpoint
measure).

We excluded case reports, editorials, reviews, not perti-
nent studies (e.g. not including HFpEF or not reporting exer-
cise invasive haemodynamics data), and studies reporting
follow-up data of HFpEF patients who had undergone implant
of an interatrial septal device within a clinical trial. When the
same patients were included in more than one study, the
larger one was considered.

Two investigators independently reviewed the search
results to select the studies based on the inclusion criteria.
Additionally, we performed a manual search of secondary

sources including references of initially identified articles, re-
views, and commentaries to minimize missing relevant stud-
ies. Any discrepancy in the process of study selection and
data extraction was resolved by discussion between the in-
vestigators, and all disagreements were solved by consulting
with a third investigator. Study design was reported according
to Participant, Intervention, Comparison, Outcome Study.
Risk of bias was assessed by two reviewers, using a scale
adapted from the Newcastle-Ottawa Quality Assessment
Scale for cross-sectional studies.

For each study, non-invasive data (clinical, echocardiogra-
phy, & blood tests) as well as haemodynamics (e.g. PAWP &
CO) at rest and at peak exercise were extracted. Additionally,
for all studies reporting PAWP and CO at rest and at peak exer-
cise, we calculated the slope of their relationship during effort.

Statistical analysis

Clinical characteristics of HFpEF and control patients of each
study were reported as mean and standard deviation (for
continuous variables) or proportions (for categorical vari-
ables). A summary estimate of each clinical characteristic,
for HFpEF and control patients, was reported as median and
interquartile range of study-specific values and jointly repre-
sented with a radar plot.

When only median and interquartile range of haemody-
namic variable were available in included studies, they were
transformed in mean and standard deviation value’ before
applying the meta-analytic procedure. Summary estimates
of each haemodynamic variable were separately evaluated
for HFpEF and control cohorts. Additionally, summary esti-
mates of PAWP and delta CO were separately evaluated also
for exercise body position. The random effect summary mean
estimate and the corresponding 95% confidence intervals
(95% Cl) were calculated according to the DerSimonan and
Laird’s method.® Between-studies’ heterogeneity was quan-
tified using the /> index. Values of this index more than 75%
suggest high heterogeneity.!' Homogeneity between sum-
mary mean estimates stratified for body position during exer-
cise was performed by a y? statistic. In order to account for
potential populations’ heterogeneity, reflecting differences
in inclusion criteria of individual studies, we performed a
stratified analysis. In particular, we subdivided studies defin-
ing HFpEF based on haemodynamic criteria only, from studies
defining HFpEF based on clinical criteria or including patients
with LVEF < 50%.

Finally, univariate and multivariate meta-regression
models were implemented for each haemodynamic variable,
including status (HFpEF or control) as independent variable,
and age, sex, body mass index (BMI), and body position as de-
pendent variables. Meta-regression is a linear weighted
mixed model including study as random effect and standard
error of published mean as weight.”> The estimated
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coefficient related to status variable gives information about
the summary means difference.

Results were considered statistically significant when
two-tailed P value was lower than 0.05. All analyses were per-
formed with R Version 4.1.3 (R Foundation for Statistical
Computing, Vienna, Austria).

Results
Study selection

One hundred and thirty-eight studies were identified. After
preliminary screening based on the title and the abstract,
48 studies were selected for full-text review. Other studies
were excluded because either reporting duplicate patients’
data with other larger studies (19 studies) or not reporting
the exercise haemodynamic variables (Figure 1). Study design
of included manuscripts and the Newcastle-Ottawa Quality
Assessment Scale are reported in Supporting Information,
Tables S1 and S2.

Characteristics of included studies

The 27 selected studies>***3® included 2180 HFpEF patients
and 682 controls. Characteristics of individual studies are
reported in Table 1. Thirteen studies (48%) had a
prospective design,>*17/19:23:25-27,29-3134 13 (48%) \ere
retrospective,>371518,20-22,24,28,33,35.36 g 1 study (4%) was
a randomized controlled trial.>?

Of the 27 selected studies, 17 were performed in three
centres of the United States,? *1371821,24,26,28,30,33,34,36 g ;,

one Australian centre,*®?%?>2731 and 2 in Europe.?* Three

studies were multicentric, with patients coming from Ameri-
can, Australian, and European centres.?%%332

Overall, the selected studies included 35 cohorts of HFpEF
patients and 21 cohorts of control subjects, whose clinical
characteristics are reported in Tables S3 and S4, respectively.
Control subjects were mainly individuals who underwent a
clinically indicated invasive cardiopulmonary evaluation for
unexplained dyspnoea and who did not satisfy the haemody-
namic diagnostic criteria for HFpEF. Healthy volunteers (n = 8)
served as control group only in one study.®*

A symptom-limited exercise testing protocol was used in
all studies. Patients underwent supine exercise in 21
studies>1>15723:25:27.29°34 - gnd  upright exercise in 6
studies. Exercise PAWP was measured at
end-expiration in almost all studies (25 of 27). Only in seven
studies (26%) high-fidelity catheters were
employed.>1723:30:333438 co \was measured by direct Fick
method in most studies (n = 16, 59%).>~**3718:21,23,24,26,28,30,36

Only four studies used non-invasive diagnostic criteria to
define HFpEF, including either clinical parameters, echocar-
diographic data, or reduced peak oxygen consumption at car-
diopulmonary exercise test.>>%32%3! |n all the other studies,
the diagnosis of HFpEF was confirmed based on rest or peak
PAWP. A peak PAWP cut-off of >25 mmHg was used in all but
one of the studies performing the effort in supine position.>®
In four of the six studies evaluating patients exercising in the
upright position, a peak PAWP > 20 mmHg or a PAWP/CO
slope > 2 mmHg/L/min was considered as a pathological
threshold to define HFpEF.>*2%28

Notably, six studies focused on specific HFpEF subpopula-
tions, such as those with obesity, recent myocardial
infarction, non-obstructive coronary artery disease, or
patients included in an interventional trial 222429323436 gp|y
in four studies the left ventricular ejection fraction to define

3,4,14,24,26,28

Figure 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of study selection. HFpEF, heart failure with

preserved ejection fraction; RHC, right heart catheterization.
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exercise RHC

48 studies with HFpEF undergone an

‘I 19 studies with data replication

HFpEF patients

29 studies with original populations of

2 studies not reporting hemodynamic

27 studies included

data

ESC Heart Failure 2022; 9: 3079-3091
DOI: 10.1002/ehf2.13979

85U8017 SUOWILIOD BAEa.D 8|qed![dde 8Ly Aq pausenob ae Ssppie YO ‘SN JO Sa|nu Joj A%eiq)8UlUO A1 LD (SUORIPLOD-PUR-SWBIAL0D A8 |1 AeIq 1 el |UO//SdNY) SUORIPUOD PUe SWwie 1 8y} 89S *[£202/T0/0z] U0 AfeiqaulluO AB|IM B20001g OUe|IN BISIBAIUN AQ 6.6€ET ZJUe/200T OT/I0P/UWI00 A3 1M AReid 1 |pul o/ Saiy Wwoly pepeojumod ‘S ‘220z ‘22855502



20555822, 2022, 5, Downloaded from https:/onlinelibrary.wiley.com/doi/10.1002/ehf2.13979 by Universita Milano Bicocca, Wiley Online Library on [20/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

- -
S 3 &
T Ta
o Qo
D o c
= "L
oS ‘uoneA|d 1S udlsisiad Yim uondiejul [eipiedohw ‘[IAJLS ‘ainssaid jeuie 3ybu ‘dyy ‘sunssaid sbpam Aispe H S
J Areuownd ‘dMvd ‘@pndad di3ainuieu ulelq oad jeulwidl N ‘dNgosd-1N ‘@inssaid dijoiseip-pus JejnduusA ¥a| ‘ddaAT ‘uondely uondale Jejnduusa Y| ‘4aA7 ‘uoisusnadAy Areuownd m m
Auejides-1sod paje|ost ‘HdDd| ‘uoinely uondafe paniasald yim ainjie) Jeay jo uoniuyap |esibojoisAyd ‘sAyd43d4H ‘uoinoeuy uonoale paniasaid yum ainjies peay ‘43d4H ‘aunjiey Y o
1eay ‘4H ‘aseyd Aiojesidxe-pus ‘dx3-aN3 ‘onssiy asodipe |eipsedida ‘|3 ‘uoisusnadAy Areuowind Asejjides-1sod pauiquiod ‘HdDdD ‘aseasip A1anie Aieuosod ‘qyD xapul ssew Apoq ‘||Ag m 2
w
7102-000¢C 691 s ofepy vsn ,eP404PaL pue uoisnoH g
6102-010¢ 6¢ [44 oD okepy vsn e 1€ 19 peWYY £
810¢-£00¢ LS sol oD ohepy vsn c¢ 18 39 1Yydewos 2
7107-600C o€ > ofey vsn .7 12 19 3|fowniay -
910Z-¥10¢C 6L 243uadn NN eljensny ‘adoing ‘ysn 2¢ 1€ 19 €183090
8107-910¢ [44 6V [edsoH pauyy eljensny 42 1€ 39 SdllPL
|eudsoH
8107 123 Ayisianiun uemie] uemie] Y CEERIED)
8107-800¢ L9l [eydsoH pauy|v eljensny 2z 1€ 19 9|e2d
910Z-€10¢ [4% 801 243U NIA eljenysny ‘edoing ‘ysn o0z 1€ #9 3ISIOM
1z 6 |eyidsoH patjy eljensny o, 1€ 19 |pdwiz uep
szl 8€T oD ohey vsn g, 12 19 Appay
0¢ 8¢ s ofepy vsn .18 19 €1e30q0
|eyidsoH [esauan
£102-900¢ (344 spesnydessei vsn 1849 OH
|e1dsOH s,USWOAA
4! €l pue weybug vsn o7 1819 Z18|d
|e31dsoH s,uaWwopp
14! 8 pue weybug vsn vz 12 19 99eDDN
€102-900¢ L9l o ofepy vsn 1 1€ 39 19105
|endsoH |essusn
86 /L sylesnydesse|p| vsn /e 19 uewsi3
6l 1z |eyidsoH patjy eljensny .12 19 esepjeleueN
44 86 o ofepy vsn oe 12 19 Appay
7102-000¢C LL S6l o ofepy vsn ¢, /e 32 e1ej0q0
|eyidsoH [esauan
9102-900¢ SS 6L spesnydessei vsn 1€ #9 ShisnoH
|emdsOH s,USWOAA
€10Z-110¢ LE LE pue weybug vsn o7 1€ 39 SOjues
Ayisianiun
uabeyuadod
71070102 19 18 19|eydsoyshiy Jewusq o7 1€ 19 UssIspuy
1102-200¢ €L 601 o ofepy vsn ¢, 1€ 19 qeipnqy
600¢-800¢ 8 vl [eydsoH pauy|y elensny L 1€ 19 JopaeiN
6002-500C €2 43 o ofey vsn e 13 Bnejiog
uipjuesq
€007 Sl Sl ulwefuag sndwe> Auewan o /e 19 adoyds)
JUSWI|0JUd JO Bulwi] s|joJuod u 43d4H U ENIED) Aiunod Joyyny
S2IPN}S pPapn|pul 3y} JO sdlsuddeIeyd | djgel
N
<)
o
m




20555822, 2022, 5, Downloaded from https:/onlinelibrary.wiley.com/doi/10.1002/ehf2.13979 by Universita Milano Bicocca, Wiley Online Library on [20/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

3083

Exercise haemodynamics in HFpEF

"UOIIRADID 1S JUSISISIDd YHM uodIeUl [elpJedoAw ‘JINTLS ‘2inssaid [elne ybu ‘dyy ‘ainssaid abpam

Aiape freuownd ‘dpnvd ‘apndad dnainuyeu uleiq oid jeuiwisl N ‘dNgo4d-IN ‘ainssaid d1jolseip-pus JejndLIuSA 43| ‘ddIA] ‘uoidel) uoidale Jejnduiusa Ya| ‘43A7 ‘uoisusuadAy Aieu
-ow|nd Asejjided-1sod pale|osi ‘HdDd| ‘uondely uoidale pansasald yiim ainjies 1esy jo uoniuyap [eaibojoisAyd ‘sAyd43zd4H ‘uonoeuy uonoale pansasaid yim ainjiey uesy ‘43d4H aanjiey
Meay ‘4H ‘aseyd Aiojesidxa-pus ‘dX3-aN3 ‘onssiy asodipe [eipiedids ‘3 ‘uoisuspadAy Ateuownd Asejjided-3sod pauiquiod ‘HdDdD ‘aseasip A1spe Aleuolod ‘qy) xapul ssew Apoq ‘N9

0€ <IINg
ayD 9AIIdNIISO-UON

dvd < da3A1 Jo
"dMvd ‘uonezijendsoy
4H Joud %0y < 43A1

dvd < dQanT Jo
'dMvd ‘uonezijeyidsoy
4H Joud !%0p < 43A1

%St < 43N

BbHww oz < yead
'GlL <1531 dMvd

07 <>ead dMvd
IIN3LS-3s0d pue %Sy < 43A1

07 < dMVdead ‘zL < dMVdisal

(9s1219%a J0/pUe s34
(9s1219%3 Jo/pue Isai
(9s1219%a J0/pUe s34
(9SI219%a J0/pUue s34

SlweukpowaeH
JlweulpowseH
SlweukpowaeH
JlweulpowseH

—_————

oyda ‘dNg

'(3s1D49X%3 Jo/pue }sal) diweulpowsaeH
(9s1219%a J0/pue 1s34) dlweukpowaeH
oYd3 ‘dNg ‘el

(9s1219%3 J0/pue 1sa4) dlweukpowaeH

oyds ‘dNg

‘(9s1249%3 Jo/pue 3sa1) diweulpowsaeH
oydd ‘(asipIaxa) dlweuApowaseH
(9s1219%3 J0/pue }s34) dlweukpowaeH
(9s1D49xd Jo/pue 3saJ) dlweuApowaeH
(9s1219%3) dlweukpowaeH

(¥594) d1weuApowseH

(9s1219X%3 J0o/pue }sa4) diweulpowaeH
(3594) d1weulpowaeH

(3s1219%3) dlweuApowseH

(9s1D19x%3 J0/pue 1sa1) diweulpowaeH
(9s1219X%3 J0/pue }sa4) diweulpowaeH
(9s1D19x%3 J0/pue 1sa4) diweulpowaeH
Aypeded xo 1

‘(3s1219%® Jo/pue 1sa1) dlweulpowseH
(9s1D19%3) dlweuApowseH

oyd3

[estn

Aypeded xo 1

(9s1D19%3) dlweuApowseH

oyde

‘(9S1249%3 Jo/pue }saJ) diweuApowseH

dxa-pug
V-PIN dxa-pu3
dxa-pug
V-PIN dxa-pu3

dxa-pug
V-PIN dxa-pu3
dxa-pug

uesn dxa-pu3
ues dxa-pug
dxa-pug
dxa-pug
dxa-pug
dxa-pug

bay
dxa-pug
dxa-pug
dxa-pug
dxa-pug
dxa-pug

dxa-pug

dxa-pug

By

dxa-pug

uesN dxa-pug
dxa-pug

auidng
suidng
suidns
auidng

suidns
auidng
auidng
suidng

auidng
suidng
suidns
auidng
wbudn
W6udn

budn
auidng
Wy6udn
suidns
auidng
auidng

wbudn
wbudn
auidng
auidng
auidns
auidng

auidng

,cP10}pa L pue uoisnoy

e 12 12 pewyy

‘[ 13 1ydewosS
€€

.z 12 19 3|fowiiay

.12 19 B1®40q0
21832 s9IRL
.12 39 u3yd
.12 32 3eag

oz 1€ 12 AS|OM

o, /e 19 pdw3 uep
o, 12 32 Appay

., [e 19 e1ej0q0

, 12319 OH

o7 18 19 71e|d

vz 18 12 99D

b, 1€ 19 190D

¢ /e 19 uewsi3

o712 19 esepeheueN
oe 12 19 Appay

<, 12 19 eeoqo

. 1€ 19 SSnoH
g 1€ 19 sojues
o7 12 19 UdsIapuy
¢, 1€ 19 qelpnqy
Le1e 19 1opaey
/1€ 19 bnejiog

ce'/e 19 adoyds)

Syiewsal 1Yo

sisoufbelp §3d4H

(V-piw/ueauu)

(bre/dxa-pus) dMVd
dMvd

uoiyisod as1iax3

Joyiny

(panunuod) | 3jqey

ESC Heart Failure 2022; 9: 3079-3091

DOI: 10.1002/ehf2.13979



3084

C. Baratto et al.

Figure 2 Radar plot with the clinical characteristics of HFpEF patients (pink) and control subjects (green). AF, atrial fibrillation; BMI, body mass index;
CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; Hb, haemoglobin; LAVI, left atrial volume indexed; LVM, left ventricular
mass; NT-proBNP, N terminal pro brain natriuretic peptide; OSAS, obstructive sleep apnoea syndrome.
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HFpEF was >40% or >45%, rather than the currently
adopted cut-off of >50%.'920-2%:32

Clinical characteristics of heart failure with
preserved ejection fraction patients and controls

A graphical joint comparison of clinical characteristics of
HFpEF patients and controls is reported in Figure 2 and in
Table S5. The HFpEF group was slightly older than the control
group (median age 67 vs. 60 years), with more women
(61% vs. 56%), and higher BMI (32.0 vs. 27.9 kg/m?). More-
over, the HFpEF group had a larger burden of comorbidities
(prevalence of arterial hypertension was 76% vs. 56%, and
prevalence of diabetes was 23% vs. 9%), higher N terminal
pro brain natriuretic peptide (NT-proBNP) (340 vs. 83 pg/
mL), larger left atrial volume index (39 vs. 29 mL/m?), and
higher E/E’ (13 vs. 9). The prevalence of atrial fibrillation
was 25% in HFpEF vs. 5% in controls, but this information
was reported only in about half of the cohorts.

Haemodynamics at rest

The summary estimates of PAWP at rest in HFpEF and con-
trols are reported in Figure S1. The summary mean of PAWP
was 15 (95% Cl: 14-16) mmHg in HFpEF cohorts and 9 (95%
Cl: 8-9) mmHg in control cohorts. High heterogeneity, espe-
cially in HFpEF cohorts, was observed (* = 97% and
> = 82%, respectively). This heterogeneity as well as the

PAWP summary estimates did not show relevant differences
at a stratified data analysis subdividing studies adopting pure
haemodynamic definitions for HFpEF, as opposed to those
adopting only non-invasive, clinical definitions of HFpEF, or
including patients with LVEF < 50% (Figure S2). Notably, in
all the studies adopting non-invasive or atypical HFpEF defini-
tions, exercise was performed in the supine position. Similar
to PAWP, also right atrial pressure at rest was higher in HFpEF
than in control subjects (8, 95% Cl: 7-10 mmHg vs. 4, 95% Cl:
3-5 mmHg, respectively, P value < 0.0001).

In HFpEF, both CO and cardiac index (5.13; 95% Cl:
4.95-5.31 L/min and 2.61; 95% CI: 2.53-2.68 L/min/m?, re-
spectively), even if within normal limits, were slightly lower
than those of controls (5.41; 95% Cl: 5.19-5.63 L/min and
2.76; 95% Cl 2.61-2.91 L/min/mz).

We compared the summary estimates of HFpEF and con-
trols cohorts by meta-regression analysis without and with
adjustment for age, sex, BMI, and body position (Table 2).
In the meta-regression analysis without adjustment, we
observed a statistically significant difference for all haemody-
namic variables, except CO, between HFpEF and control
cohorts. After adjustment, CO and cardiac index were no
more different between the two groups.

Exercise haemodynamics

Complete rest and exercise haemodynamics of HFpEF
patients and control subjects from each included study are
reported in Tables S6-S9.
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Figure 3 Forest plots with pooled standardized mean pulmonary artery wedge pressure values at peak exercise both in heart failure with preserved
ejection fraction and in controls. HFpEF, heart failure with preserved ejection fraction; PAWP, pulmonary artery wedge pressure.
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Figure 4 Forest plots with pooled standardized cardiac output increase during exercise both in heart failure with preserved ejection fraction and in the
controls. CO, cardiac output; HFpEF, heart failure with preserved ejection fraction.
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For all the studies, the Y-intercept of such relationship was
fixed at 0, in order to focus on inter-studies differences in
slopes, independent from baseline values. Coherent with
what shown above for rest and peak PAWP as well as for

CO data, HFpEF cohorts had a significantly larger impairment
in the haemodynamic response to exercise compared with
controls, witnessed by a steeper PAWP/CO slope. Indeed, in
HFpEF cohorts, the summary PAWP/CO slope was higher
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Figure 5 Pulmonary artery wedge pressure (PAWP)/cardiac output (CO)
regression slopes in cohorts of patients with heart failure and preserved
ejection fraction (HFpEF) and in control subjects cohorts. The red line
represents the proposed normative PAWP/CO slope value of 2 mmHg/
L/min.
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than in control cohorts (3.75; 95% Cl: 3.20-4.28 mmHg/L/min
and 0.95; 95% Cl: 0.30-1.59 mmHg/L/min, P value < 0.0001).
This difference persisted even after adjustment for age, sex,
BMI, and body position (P value = 0.007). All PAWP/CO slopes
in HFpEF cohorts were found above the proposed pathologi-
cal threshold of >2 mmHg/L/min while control cohorts
showed slopes always <2 mmHg/L/min.

Finally, summary estimates of PAWP/CO slope were higher
in HFpEF cohorts performing exercise in the supine position
compared with those in upright position (P < 0.0001 and
P = 0.0002 at non-adjusted and adjusted analysis, respec-
tively), but not in control cohorts (P = 0.135 and P = 0.966
at non-adjusted and adjusted analysis, respectively). In Figure
S4, the PAWP/CO slope in supine and upright position for
HFpEF and control cohorts is presented.

Discussion

Our meta-analysis provides a thorough characterization of a
large population of HFpEF and controls who underwent exer-
cise RHC, highlighting (i) methodological heterogeneity in ex-
ercise haemodynamic protocols across centres; (i) a quite
typical clinical profile of HFpEF patients assessed through
exercise haemodynamics, which differ from that of control
subjects (even though clinical characterization was frequently

incomplete as compared with what would be desired in order
to apply current non-invasive HFpEF definitions); (iii) a high
heterogeneity of haemodynamic responses to exercise across
the different HFpEF cohorts; and (iv) the potential validity of
a PAWP/CO slope cut-off value > 2 mmHg/L/min to define
HFpEF across laboratories independently from body position,
as an alternative or as a complementary measure to absolute
exercise PAWP supine or upright thresholds.

Published data on exercise RHC come mainly from retro-
spective analysis of relatively small contemporary cohorts of
patients investigated in very few highly experienced centres
in the world, albeit with methodological heterogeneity. In
most studies, exercise was performed in the supine position
(78%), CO was measured by direct Fick method (59%), and
PAWP using fluid-filled catheters (74%). However, at variance
from the suggestion from the European Respiratory Society
to average pressure values over several respiratory cycles,
in order to avoid PAWP overestimation during exercise,® in
more than 90% of studies, PAWP was measured at end-expi-
ration. Additionally, and despite the notion that PAWP values
differ according to the phase of the cardiac cycle,*” only 22%
of studies reported such information, with mean PAWP value
reported in half of them, and end-diastolic measurement
(mid-A wave) in the other half. This underscores the need
for more uniform standardization of the RHC procedure to
obtain reproducible results across laboratories.

Heart failure with preserved ejection fraction patients
were mostly elderly obese women, with a high burden of co-
morbidities associated with accelerated cardiovascular
ageing,>® an enlarged left atrium, and high NT-proBNP values.
Only four studies included also patients with LVEF lower than
50% (LVEF > 40-45%). However, many characteristics were
not uniformly reported across the studies, precluding to
determine whether these patients would fulfil the
currently adopted diagnostic criteria for HFpEF in clinical
practice (e.g. HFA-PEFF score and H2FPEF score).>¥*° Addi-
tionally, despite the non-invasive assessment might have
overall suggested a quite typical HFpEF profile,*® it was not
deemed to be sufficient to allow per se for a definite
diagnosis of HFpEF in the individual patient before the exer-
cise invasive haemodynamic study. This might reflect the
complexity of HFpEF, where comorbidities may act as con-
founders in explaining patients’ complaints (i.e. exertional
breathlessness) in the absence of sensitive non-invasive
markers for early stages of disease.?>**

The haemodynamic phenotype of pooled HFpEF patients
showed an increase of both left and right filling pressure as
compared with control subjects, likely as a consequence of
cardiovascular ageing with cardiac fibrosis and diastolic
dysfunction®® combined with dysfunctional preload (high
stressed blood volume).** This observation was also made
in a previous meta-analysis on 20 studies.** Filling pressures
at rest in HFpEF were on average just at the upper limit of
normal, but the difference between HFpEF and controls,
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albeit being already present at rest, was greatly magnified by
the physical stress, even after correction for age, sex, BMI,
and body position. At a first glance, patients with HFpEF also
seemed to have a reduced CO reserve, as compared with
controls. However, the lower absolute CO response to exer-
cise displayed by HFpEF lost statistical significance after ad-
justment for some relevant baseline differences in HFpEF
and controls (age, sex, and BMI). This is at variance from
the meta-analysis by Pandey et al.,** where both stroke vol-
ume and heart rate response to exercise were lower in HFpEF
than in controls after adjustment for age or BMI, overall sug-
gesting a reduced cardiac reserve during exercise. However,
(i) cardiovascular responses may change as a function of age-
ing (in particular with lower chronotropic response),*® poten-
tially resulting in lower CO in older HFpEF patients than in
controls—a difference that might reasonably disappear after
correction for age; (ii) there is conflicting evidence on the role
of cardiac reserve in exercise limitation of HFpEF patients,
with arguments favouring a peripheral limitation®?; (iii) our
study, which was more focused on PAWP and PAWP/CO
slope than on central vs. peripheral limit to exercise in HFpEF
and conducted 3 years later, could include more than twice
the patients studied by Pandey et al.,** potentially overcom-
ing some limitations in the analysis related to the sample size.
Thus, the above-mentioned haemodynamic characteristics
(high filling pressures and normal age-corrected CO) are
consistent with the definition of HFpEF as a clinical syndrome
mainly characterized by the ability of the heart to accommo-
date blood flow for the increased metabolic needs at the ex-
pense of high filling pressures.*®

However, the absolute thresholds of peak exercise PAWP
to define HFpEF are not universally accepted and might be in-
fluenced by several factors, including exercise duration and
intensity, the phase of the respiratory, or cardiac cycle in
which measurements are taken,® and the body position in
which exercise is performed. Indeed, as it would have been
expected, stratification for body position confirmed that
PAWP values in HFpEF were 5 mmHg higher in the supine
compared with the upright position, somehow indirectly rein-
forcing the validity of previously proposed distinct PAWP
cut-off for the two body positions (25 and 20 mmHg,
respectively). Furthermore, the above-mentioned procedural
factors, some of which were not systematically reported, as
well as some non-invasive or atypical definitions of HfpEF in
the included studies may, at least in part, account for both
the heterogeneity of PAWP estimates across the studies,
and for a partial overlap in PAWP estimates at peak exercise
in some studies between HFpEF and controls.

As it could have been expected based on different peak
PAWP and CO values, also PAWP/CO slope differed between
HFpEF and controls. Notably, the slopes we could extrapolate
from available studies were always >2 mmHg/L/min for
HFpEF and <2 mmHg/L/min for controls, with
non-overlapping confidence intervals, thus somehow con-

firming and extending the validity of such cut-off value, that
has been generally reported only in upright studies. However,
the steepness of the PAWP/CO slope was higher in the supine
than in the upright position in HFpEF but not in control sub-
jects cohorts. Thus, at variance from healthy subjects,” we
might speculate that the flow-normalized behaviour of the
pulmonary circulation is not independent from the body po-
sition, at least in patients with (occult) fluid overload, where
dysfunctional preload could be magnified when laying down.
Accordingly, even if the PAWP/CO slope cut-off of 2 mmHg/L/
min might be valid to diagnose HFpEF irrespectively from
body position (and from the phase of the respiratory cycle
in which PAWP is measured),” its absolute value might not
provide comparable results in patients performing supine or
upright exercise.

Limitations

Most of the data used for this meta-analysis come from two
US centres, potentially limiting the representativity of our re-
sults. However, as outlined above, clinical characteristics
were overall in line with those of a typical HFpEF population.
Furthermore, most studies selected patients based on rest
and/or exercise haemodynamics rather than on clinical/non-
invasive data. It is therefore possible that invasive haemody-
namic criteria select a particular type or subgroup of HFpEF
patients, and that these results might not be applicable to
other cohorts.

Individual patients’ data were not available, so that we
drove conclusions based on pooled average of different pop-
ulations. Accordingly, the results of our meta-analysis should
be considered more hypothesis-generating than definitive,
requiring further confirmation. Additionally, we plotted
PAWP/CO slope based just on two PAWP/CO pairs (rest and
peak) rather than building a multipoint PAWP/CO
relationship throughout the whole exercise, as originally
suggested.>* However, in an ad hoc analysis, we performed
on previously published exercise haemodynamic data from
57 patients from our laboratory,” the mean bias derived from
such a methodological simplification was clinically negligible,
that is, 3%. Indeed, the mean multipoint PAWP/CO slope in
this cohort was 3.66 mmHg/L/min, while the PAWP/CO slope
built based on rest and peak values only was 3.54 mmHg/L/
min. Finally, in order to avoid further methodological
confounders, control subjects were taken from the same
studies of HFpEF patients. As declared, they were not healthy
subjects but patients not qualifying as HFpEF based on
exercise haemodynamics (non-cardiac dyspnoea), in most
cases due to the retrospective nature of invasive, clinically
indicated studies. Nonetheless, they sorted out to have differ-
ent (and normal) haemodynamics as compared with HFpEF
patients.
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Conclusions

Despite methodological heterogeneity across highly experi-
enced centres, the haemodynamic profile of HFpEF patients
is consistent across studies and characterized by a higher left
and right filling pressure at rest compared with controls,
enhanced by physical exercise. A PAWP/CO slope cut-
off > 2 mmHg/L/min seems to retain validity also for studies
conducted in the supine position, potentially overcoming the
need of different supine and upright PAWP cut-offs. Rigorous
methodological and interpretative requirements are
advisable for a larger application of exercise haemodynamics
in clinical practice, to provide consistent results across
laboratories.
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