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Abstract

This prospective study compared exercise test and intravenous fluid challenge in a single right heart catheter procedure to detect

latent diastolic heart failure in patients with echocardiographic heart failure with preserved ejection function. We included 49

patients (73% female) with heart failure with preserved ejection function and pulmonary artery wedge pressure �15 mmHg. A

subgroup of 26 patients had precapillary pulmonary hypertension. Invasive haemodynamic and gas exchange parameters were

measured at rest, 45� upright position, during exercise, after complete haemodynamic and respiratory recovery in lying position,

and after rapid infusion of 500 mL isotonic solution. Most haemodynamic parameters increased at both exercise and intravenous

fluid challenge, with the higher increase at exercise. Pulmonary vascular resistance decreased by –0.21 wood units at exercise and –

0.56 wood units at intravenous fluid challenge (p¼ 0.3); 20% (10 of 49) of patients had an increase in pulmonary artery wedge

pressure above the upper limit of 20 mmHg at exercise, and 20% above the respective limit of 18 mmHg after intravenous fluid

challenge. However, only three patients exceeded the upper limit of pulmonary artery wedge pressure in both tests, i.e. seven

patients only at exercise and seven other patients only after intravenous fluid challenge. In the subgroup of pulmonary hypertension

patients, only two patients exceeded pulmonary artery wedge pressure limits in both tests, further five patients at exercise and

four patients after intravenous fluid challenge. A sequential protocol in the same patient showed a significantly higher increase in

haemodynamic parameters at exercise compared to intravenous fluid challenge. Both methods can unmask diastolic dysfunction at

right heart catheter procedure, but in different patient groups.
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Introduction

Chronic dyspnoea has multiple aetiologies; many cases
result from heart diseases, and other frequent aetiologies
include chronic obstructive pulmonary disease, muscle
deconditioning and obesity.1 Differentiation of the cause
of dyspnoea is crucial, because possible therapies differ
widely. Heart failure as a cause of dyspnoea can be cate-
gorised by ejection fraction into systolic failure (with
reduced ejection fraction) or diastolic failure (with preserved
ejection fraction: HFpEF), with implications for treatment;
a combined form (with mid-range ejection fraction) has also

been recognised.2 Another decisive factor is the presence or
absence of pulmonary hypertension (PH).

Categorisation of patients with chronic heart failure
solely by non-invasive measurements is often difficult. In
particular, patients at an early stage of heart failure show
only minor dysfunction at rest. Additionally, the clinical
appearance of PH in heart failure varies widely,3 the
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separate aetiologies and classes of PH may be part of a dis-
ease continuum in practice,4 and higher age and comorbid-
ities may cover up the distinct phenotypes of pulmonary
arterial hypertension (PAH).5

Therefore, the diagnostic work-up of patients with dys-
pnoea or PH requires both non-invasive and invasive meas-
urements.6,7 As the cause of dyspnoea is often unmasked
only under exercise conditions, haemodynamic measure-
ments at rest have been increasingly complemented by
data from right heart catheterisation (RHC) during exercise
for the evaluation of unexplained dyspnoea8,9 and detection
of exercise-induced haemodynamic abnormalities.10,11

However, the standardisation of exercise RHC is prob-
lematic, with differences in body position (supine vs
half-supine), work rate patterns over time (steady state vs
incremental exercise) and interpretation of the results.12

Moreover, exercise RHC is technically challenging and
requires experienced personnel; it is therefore not ubiqui-
tously available. The search for more practicable alterna-
tives led to the concept of intravenous (i.v.) fluid challenge
as a surrogate for exercise. The fluid challenge approach has
become an established method for the detection of occult/
latent HFpEF in recent years,13 and there appears to be
consensus regarding both the protocol for fluid challenge
and the interpretation of the results.14 Currently, an increase
of pulmonary artery wedge pressure (PAWP) to more than
18mmHg following the administration of 500mL saline
over 5min is considered abnormal and indicative of LV
dysfunction.15

However, studies comparing exercise and i.v. fluid chal-
lenge during RHC for the evaluation of suspected HFpEF
are rare.16 The aim of our study was to assess whether the
two methods show differences in the detection of latent dia-
stolic heart failure.

Methods

Patients and study design

We prospectively studied 90 patients who underwent echo-
cardiography and RHC at the University Hospital
Greifswald between 2014 and 2017. Invasive haemo-
dynamics were evaluated at rest, during exercise and (after
recovery to baseline values) following i.v. fluid challenge in
the same RHC session. Patients with complete data sets and
resting PAWP �15mmHg (n¼ 49) were included in the ana-
lysis. Left ventricular ejection fraction was >50% in all
patients. Indications for RHC were (double categorisation
possible) collagenosis (n¼ 18), echocardiography suspicious
to PH (n¼ 16), dyspnoea and atrial fibrillation (n¼ 11, com-
bined with coronary intervention (n¼ 7), after coronary
artery bypass graft (n¼ 2) or mitral valve replacement
(n¼ 1)) or dyspnoea and diastolic dysfunction uncertain
by echocardiography (n¼ 10). A subgroup of patients with
severe comorbidities (left heart phenotype) was defined by
three or more criteria of the following: arterial hypertension,

coronary heart disease, diabetes mellitus, obesity with BMI
�30kg/m2, left atrial dilation and atrial fibrillation.4–6

The study was approved by the ethics committee of
Greifswald University (No. BB 050/18). All participants
provided written informed consent.

Right heart catheterisation

RHC was performed in clinically compensated patients. We
used digital RHC equipment (evoelement; Schwarzer GmbH,
Heilbronn, Germany) with a parameter monitoring package
(Argus PB-1000; Schwarzer GmbH). All catheterisations
were performed with a two-lumen thermodilution catheter
tipped with a latex balloon (Swan-Ganz, 7F, 110 cm;
Edwards Lifesciences Services GmbH, Unterschleissheim,
Germany). To ensure exact positioning of the catheter in
each patient, we used a mobile fluoroscopy X-ray unit
(Ziehm-Vision; Fa. Ziehm, Nürnberg, Germany) with docu-
mentation of the radiation dose. Venous approaches for the
Swan-Ganz catheter were via cubital, jugular or subclavian
vein, and the arterial approach was via radial artery with a
20G cannula (Arrow Intern, Reading, USA).

Exercise and fluid challenge protocol

Measurement of haemodynamic and gas exchange param-
eters at rest (supine position) was performed 10min after
correct positioning of the catheter. The patient was then
placed in a partially upright position (with the thorax
tilted upwards by 45�) and haemodynamic and gas exchange
measurements were repeated (baseline 1). This procedure
was followed by the exercise test, which began with
unloaded cycling at 45 r/min for 5min and continued with
stepwise increases of workload by 25W at intervals of 5min.
Haemodynamic and gas exchange parameters were mea-
sured at unloaded cycling and at every step of increased
workload. Trained patients had an extra 50W step at the
end of exercise. The patients reached a median exercise level
of 69% of their individual peak exercise oxygen uptake
(peak VO2; determined in a bicycle exercise test according
to a modified Jones protocol17 3–5 days before RHC).

The zero pressure point for RHC was set at the mid-
thoracic level. PAWP was measured at end-expiration and
reported as a mean of 3–5 breathing cycles in accordance
with Rosenkranz et al.18 Cardiac output (CO) was calcu-
lated by two methods in each patient: thermodilution (the
mean of 3–5 cold water injections) and the direct Fick
method. The latter was performed after reaching a steady
state of VO2 at the respective exercise level. Pulmonary vas-
cular resistance (PVR) was calculated as (mean pulmonary
artery pressure (PAPm) – PAWP)/CO. VO2 was measured
(10 s average) by a cardiopulmonary exercise test system
(SentrySuite; Viasys Healthcare GmbH, Höchberg,
Germany) via a face mask. Blood samples for the measure-
ment of mixed-venous and arterial oxygen saturation and
arterial partial pressure of oxygen (paO2) and carbon
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dioxide (paCO2) were taken at the same time as the exhaled
gas measurement and analysed immediately (ABL 90;
Radiometer, Copenhagen, Denmark).

After completion of the exercise protocol, the patients
rested until their haemodynamic parameters and VO2 had
returned to baseline values. After reaching stable resting
conditions, complete haemodynamic and gas exchange
measurements were performed in supine position (baseline
2). This was followed by a rapid infusion of 500mL isotonic
(0.9%) NaCl solution within 5–10min (by pressure cuff, C-
Fusor 500, Smiths Medical, Minneapolis, USA). With the
infusion completed, haemodynamic and gas exchange meas-
urements were repeated. The entire course of the protocol is
shown schematically in Fig. 1. All data were acquired, cal-
culated and saved electronically.

Definitions

We defined diastolic dysfunction according to the 2007
guideline of the European Society of Cardiology19 and the
revised criteria proposed by Huis in’t Veld et al.20 Patients
were classed as having diastolic dysfunction if (a) the
ratio of transmitral to mitral annular early diastolic velocity
(E/e’) was >15 or (b) E/e’ was between 8 and 15 together
with an early to late (atrial) transmitral diastolic velocity
ratio (E/A) of <0.5 and an E deceleration time of
<280ms. PH at rest was defined as an invasively measured
PAPm �25mmHg.21 A concomitant PAWP �15mmHg sig-
nified precapillary PH.

Haemodynamic thresholds indicating abnormal pulmon-
ary circulation during exercise were defined according to
Guazzi and Naeije.3 The upper limit of normal of PAPm

was 30mmHg at a CO of 10L min�1, corresponding to a
total PVR (TPVR, calculated as PAPm/CO) of 3 Wood units
(WU). Left ventricular dysfunction was defined as PAWP
>20mmHg during exercise or PAWP >18mmHg following
fluid challenge with 500mL of saline infusion.

Statistics

Continuous variables are reported as median and interquar-
tile range. Categorical variables are reported as absolute
numbers and percentages. Differences among groups were
verified by Wilcoxon tests (continuous data) and �2 tests
(categorical data), with a< 0.05 considered significant.

Statistical analyses were performed using SAS version 9.4
(SAS Institute Inc., NC, USA).

Results

Patients

Baseline demographic data and functional parameters are
shown in Table 1. Of the 49 patients, 36 (73%) were
female; 26 (53%) had precapillary PH in the haemodynamic
examination at rest, and of those 13 patients were on PH-
specific medication.

Echocardiography was performed in all patients with
24/49 patients (49%) showing diastolic dysfunction of the
left ventricle according to the definitions mentioned above.
Detailed echocardiographic results and comorbidities are
shown in Supplementary Table E3.

Response to exercise

All patients performed ergometric exercise without complica-
tion. Most haemodynamic parameters increased from base-
line 1 values during exercise (Supplementary Table E1).
However, PVR decreased by a median of 0.21 or 0.20 WU
depending on the method of calculation of CO (thermodilu-
tion or Fick, respectively). TPVR decreased by a median of
0.30 WU and systemic vascular resistance (SVR) decreased
by a median of 7.66 or 4.98 WU (based on thermodilution or
the Fick method, respectively). Cardiopulmonary exercise
data showed an increase in oxygen pulse (VO2/heart rate)
by a median of 4.1mL and a decrease in paO2 by a median
of 7.9mmHg from baseline 1 values; end-tidal pressure of
carbon dioxide (pETCO2), paCO2 and the quotient of venti-
lation/carbon dioxide output (VE/VCO2) showed no relevant
median change from baseline 1 (Supplementary Table E1).

Response to fluid challenge

The rapid saline infusion was performed without complica-
tion. Haemodynamic parameters after this fluid challenge
showed an increase from baseline 2 for pulmonary artery
pressure, right atrial pressure (RAP), PAWP, CO, cardiac
index (measured by thermodilution) and stroke volume (SV)
(Supplementary Table E1). In contrast, there was a slight
decrease in both PVR (median: �0.30 WU by the Fick

Fig. 1. Schematic depiction of the study protocol showing the sequence of exercise and fluid challenge during right heart catheterisation.

*Measurement after sufficient recovery time (�10min); alignment of oxygen uptake and vital signs.
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Table 1. Baseline demographic data and functional parameters.

Characteristics Patients (n¼ 49)

Female 36 (73%)

Age 63 (�13)/(range 26–80)

Diagnoses

Precapillary PH 26 (53%)

With PAH medication 13 (50%)

Comorbidities

Arterial hypertension 36 (73%)

Coronary heart disease 12 (24%)

Atrial fibrillation 11 (22%)

Obesity (BMI >30 kg/m2) 7 (14%)

Diabetes mellitus 10 (20%)

Chronic renal failure 13 (26%)

Obstructive ventilation disorder

(FEV1/FVC <70%) 17 (35%)

Restrictive ventilation disorder

(VC or TLC <80% predicted) 13 (27%)

Echocardiography

Diastolic dysfunction 24 (49%)

TAPSE 21.5 (�5.9)/(range 9–36)

Right atrial area (n¼ 26) 23.8 (�11.7)/(range 10–69)

Pericardial effusion (n¼ 46) 6 (13%)

Pulmonary function

VC% predicted 94.2 (�21.1)/(range 38.5–135.6)

FVC% predicted 96.4 (�20.8)/(range 54.8–138.6)

FEV1% predicted 86.2 (�20.8)/(range 38.1–130.0)

FEV1/FVC% 73.0 (�9.5)/(range 41.7–92.4)

TLC% predicted 101.8 (�18.7)/(range 68.8–142.9)

RV% predicted 121.1 (�39.4)/(range 67.2–275.1)

RV/TLC% 46.2 (�9.7)/(range 26.9–73.8)

DLCO% predicted 49.7 (�20.9)/(range 23.3–108.2)

KCO% predicted 59.2 (�22.3)/(range 8.6–117.6)

Blood gases at rest

paCO2 in mmHg (n¼ 44) 34.0 (�4.7)/(range 22.9–43.5)

paO2 in mmHg (n¼ 44) 67.3 (�12.8) / (range 42.8–93.3)

CPET

Maximum work in Watt (n¼ 46) 86.7 (�23.7)/(range 36–164)

Maximum work in % predicted (n¼ 46) 65.1 (�16.2)/(range 33.3–99.3)

Anaerobic threshold

(VO2@AT) in mL/min (n¼ 45)

687.0 (�199.9)/(range 239–1067)

Work in Watt at VO2@AT (n¼ 46) 45.0 (�14.2)/(range 20–84)

PeakVO2 in mL/min/kg (n¼ 46) 1110.9 (�400.1)/(range 118–2242)

PeakVO2 % predicted (n¼ 46) 67.1 (�22.3)/(range 5.5–116.6)

VE/VCO2 @ VO2@AT (n¼ 45) 40.6 (�9.1)/(range 26.1–59.6)

pET CO2@AT (n¼ 46) 27.9 (�6.3)/(range 12.3–40.4)

VE/VCO2-slope (n¼ 46) 42.2 (�17.2)/(range 18–96)

VE/VCO2-slope >34 (n¼ 46) 31 (67%)

VE/MVV in % (n¼ 45) 63.2 (�15.2)/(range 31.6–95.3)

VE/MVV >80% (n¼ 45) 6 (13%)

(continued)
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method and �0.56 WU by thermodilution) and SVR
(median: �0.72 WU by the Fick method and �2.32 WU
by thermodilution). Gas exchange measurements (paCO2,
VE/VCO2 and pETCO2) showed no relevant changes
(Supplementary Table E1).

Comparison of exercise and fluid challenge

Haemodynamics and gas exchange. Heart rate, systemic artery
pressures, pulmonary pressures, RAP, transpulmonary pres-
sure gradient, diastolic pressure gradient, CO and cardiac
index showed significantly higher increases from baseline
during exercise compared with fluid challenge
(Supplementary Table E1). The change from baseline in
PAWP, PVR and SV showed no significant difference
between exercise and fluid challenge. By contrast, SVR
decreased from baseline to a significantly greater extent
during exercise compared with fluid challenge. Gas
exchange data showed a significantly greater increase from
baseline in VO2 and oxygen pulse and a significantly greater
decrease from baseline in paO2 during exercise compared
with fluid challenge (Supplementary Table E1).

Detection of exercise PH based on mean PAP. Of the 23 patients
with PAPm <25mmHg and PAWP �15mmHg at rest, 10
(43%) had an increase in PAPm above the upper limit of
30mmHg during exercise.

Detection of latent diastolic dysfunction based on PAWP. Of the 49
patients with PAWP �15mmHg at rest, 10 (20%) had an
increase in PAWP above the upper limit of 20mmHg
(above 25mmHg in one patient only) during exercise.
Similarly, 10 (20%) of the patients had an increase in
PAWP above the respective limit of 18mmHg after the
fluid challenge. However, the two methods often gave differ-
ent results in the same patient (Fig. 2). Only three patients
exceeded the upper limit of PAWP in both tests (i.e.
>20mmHg during exercise and >18mmHg during fluid

challenge). Seven patients exceeded the limit during exercise
only and seven other patients exceeded the limit after fluid
challenge only (Fig. 3).

A similar result was found in the subgroup of patients
with precapillary PH at rest (n¼ 26). In this subgroup, only
two patients exceeded the upper limit of PAWP in both
tests, while five patients exceeded the limit only during exer-
cise and four patients exceeded the limit only after fluid
challenge only (Supplementary Fig. E1). Detailed data for
the PH subgroup are shown in Supplementary Table E2,
and the responses of CO, PAWP, PAPm and RAP to exer-
cise and fluid challenge in this subgroup are shown in
Supplementary Fig. E2.

Left heart phenotype and PAWP increase

The constellation of a left heart phenotype was found in 10
of the 17 patients (59%) with pathological PAWP increase
in one of both tests, in 1 of the 3 patients with increase in
both tests, and in 8 of the 32 patients (25%) without PAWP
increase in any test.

Discussion

Our data show that the haemodynamic response to exercise
(at 69% of previously measured peak VO2) is significantly
different from the response to i.v. fluid challenge in patients
undergoing RHC for evaluation of haemodynamic status
(with or without PH). Each method identified latent dia-
stolic dysfunction in 10 patients (20%), but there was little
overlap between the two methods; only three patients had
latent diastolic dysfunction identified by both methods. In
patients without resting PH, we have detected in 43% of
cases an exercise-induced pulmonary hypertension.

Most previously published studies in this field assessed
patients with one of the two methods only. Irrespective of
the different study populations, previous studies of i.v. fluid
challenge detected comparable proportions of patients with

Table 1. Continued.

Characteristics Patients (n¼ 49)

AaDO2 (maximum) (n¼ 42) 47.6 (�20.1)/(range 13.4–88.7)

AaDO2 >35 (n¼ 42) 30 (71%)

pa-ETCO2 (maximum) (n¼ 41) 7.5 (�3.9)/(range 0.7–15.9)

pa-ETCO2 >6 mmHg (n¼ 41) 59 (57%)

Notes: For nominal variables n (%), for continuous variables mean (�standard deviation) are given.

AaDO2: difference of arterial and end tidal pressure of oxygen; AT: anaerobic threshold; BMI: body mass index;

DLCO: diffusion capacity of carbon monoxide; KCO: Krogh factor (DLCO per alveolar volume); CPET:

cardiopulmonary exercise testing; FEV1: forced expiratory volume in one second; FVC: forced vital capacity;

PAH: pulmonary arterial hypertension; paCO2: arterial partial pressure of carbon dioxide; pa-ETCO2: difference

of capillary and end tidal pressure of carbon dioxide; paO2: arterial partial pressure of oxygen; peakVO2:

maximum oxygen uptake; PH: pulmonary hypertension; PoPH: pulmonary venous occlusive disease with pul-

monary hypertension; RV: residual volume; TAPSE: tricuspidal annular plane systolic excursion; TLC: total lung

capacity; VE/MVV: ratio of ventilation to maximum voluntary ventilation; VE/VCO2@AT: ratio of ventilation to

carbon dioxide output at anaerobic threshold; VE/VCO2: slope of the relation between ventilation and carbon

dioxide output; pETCO2: end-tidal pressure of carbon dioxide.
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left ventricular dysfunction. In patients with PAH asso-
ciated with systemic sclerosis, 11 of 53 (21%) had an
increase of PAWP to >15mmHg after fluid administra-
tion.22 This occult venous pulmonary hypertension occurs
comparably often in association with collagenosis, and
hence a high proportion of our indications for RHC origins
from this diagnosis. In another study of 207 patients with
PAH (50% were receiving specific PAH therapy), PAWP
increased to >15mmHg in 46 patients (22%) after fluid

challenge.23 D’Alto et al. showed in a large study (n¼ 190)
that fluid challenge increased PAWP by 7� 2mmHg in
postcapillary PH and 3� 1mm Hg in both PAH and non-
PH patients groups. However, only 6% of patients with
PAH and 8% without PH exceeded the PAWP cut-off of
18mmHg and could be re-classified as occult left ventricular
dysfunction.24 A recent study by the same working group
showed that also systemic sclerosis (SSc) patients without
PH (n¼ 25) increased both PAPm and PAWP after fluid

Fig. 2. Course of PAWP at rest, during exercise, at second baseline and after fluid challenge in the entire patient group (n¼ 49).

patients without PH
n=23

patients with precapillary PH
n=26

exercise

saline infusion

exercise induced PH n=10
occult HFpEF n= 5

fluid induced PH n=4
occult HFpEF n=6

occult venous PH n=5

occult venous PH
n=4

Fig. 3. Summary of results after exercise and after fluid challenge.

PH: pulmonary hypertension; HFpEF: heart failure with preserved ejection fraction.

6 | Exercise and fluid challenge during RHC for evaluation of dyspnoea Ewert et al.



challenge.25 However, 76% of patients in this study had an
impaired DLCO, what might more indicate on interstitial
lung disease associated to SSc than on backward transmis-
sion of PAWP elevation.

Studies on exercise RHC revealed a higher proportion of
left ventricular dysfunction. In a retrospective study, 119 of
619 patients (19%) had exercise-induced pulmonary venous
hypertension defined as a maximum PAWP >20mmHg.9

Another retrospective study of symptom-limited maximum
exercise in 66 patients without PH at resting RHC showed
exercise-induced postcapillary PH in 26 patients (39%).26

This proportion of about one-third of patients showing
occult diastolic dysfunction is in line with a study using a
cut-off of 18mmHg at exercise.27 Interestingly, the latter
study showed a correlation of BMI and exercise PAWP,
what is discussed in the pathophysiology paragraph below.

To our knowledge, there is only one previously published
study that compares exercise and fluid challenge in the inva-
sive diagnosis of left ventricular dysfunction.16 The study
was relatively small, and included 14 patients with HFpEF
and normal PAWP at rest and 12 control subjects with
normal PAWP at rest and during exercise. The control
group had a comparable increase in PAWP during exercise
and after fluid challenge, whereas in the HFpEF group, the
increase in PAWP during exercise was twofold greater than
that observed after fluid challenge. The authors concluded
that exercise testing is more sensitive than fluid challenge for
the detection of haemodynamic changes in patients with
HFpEF. However, even in this small cohort, two controls
(17%) had PAWP >15mmHg after fluid challenge but not
during exercise.

Pathophysiology

Our study used slightly different limits of PAWP to define
left ventricular dysfunction, but confirmed that most patho-
logical increases of PAWP occurred in response to either
exercise or fluid challenge but not both in the same patient.
This might be explained by the fact that the two methods
activate different mechanisms, as described by Guazzi and
Naeije.3 Exercise testing activates the sympathetic nervous
system, increases intrathoracic pressure and leads to oxygen
desaturation of mixed venous blood. By contrast, i.v. fluid
challenge also increases interstitial fluid content, with sub-
sequent impairment of gas exchange and activation of J
receptors. Heart failure may increase PAPm in the sense of
backward failure of left ventricle, i.e. as upstream conges-
tion of an elevating PAWP, whereas hypoxia or pulmonary
vascular disease may increase PVR.3,28 Moreover, these
pathways will overlap, vary with gender and shift with
ageing.29 This might explain that the discrimination of
patients by ‘left heart phenotype’ failed to predict an
increase in PAWP. This concept of a ‘left heart phenotype
PH’ (LH-PH) considers the risk factors diabetes mellitus,
arterial hypertension, coronary artery disease and obesity.21

However, the LH-PH constellation did not predict PAWP

increase in our tests. Comparable to our data, a recent study
by Agrawal et al.30 found no association with these risk
factors and PAWP after i.v. fluid challenge. Additionally,
studies on PH patients revealed an inverse relationship of
resting PVR and �PAWP after i.v. fluid challenge31 and
exercise.27 An interpretation of this unexpected finding
might be that a high PVR prevents a fluid overload of the
LV at the expense of higher right heart pressures. We think
that the broad variation in pathophysiological reactions
finally leads to the different response groups in our study
and the impossibility to assign a certain pathology to a cer-
tain test.

Due to a lack of standardisation, differences in diagnostic
threshold values and weak evidence regarding therapy or
prognosis, neither the European Society for Cardiology/
European Respiratory Society guidelines6 nor a recent
update7 recommended a specific procedure for exercise test-
ing or fluid challenge. There are ongoing efforts to fill this
gap of evidence and proposals for standardisation of exer-
cise testing12 and fluid challenge23 have been published.
There is emerging consensus that exceeding a PAWP of
18mmHg after i.v. fluid administration (500mL in
5–10min) is a sign of left ventricular dysfunction.24

However, there is currently no consensus in defining an
exercise-induced pathology. Some authors regard a PAWP
of 20mmHg as the upper limit of normal during exercise,3

but this limit can be exceeded in elderly individuals.12,32,33

An increase of PAWP above 25mmHg at exercise is gaining
acceptance as a sign of exercise-induced left ventricular dys-
function and consequently as a criterion that defines
HFpEF.32 Other authors regard PAWP >15mmHg as
pathological and as a sign of ‘early HFpEF’,20 or a combin-
ation of PAWP >20mmHg and PVR <1.5 WU as a sign of
left ventricular dysfunction.10

In our patients, diastolic dysfunction was diagnosed more
often by echocardiography than by invasive haemodynamic
measurement at rest. This phenomenon has been reported
previously in the literature and is related to early forms of
left ventricular diastolic dysfunction and therapeutically
well-adjusted patients.20 Similarly, patients with PAH
being on specific therapy meet the echocardiographic cri-
teria for diastolic dysfunction, but they are not correlated
to PAWP.34,35 A recent study suggested a remarkably lower
cut-off for E/e’ (>8) in PH patients, but again the number of
patients with occult diastolic dysfunction (5 of 52 patients;
10%) remained in the established range.30 However, even
with the different cut-off in this study, none of the LH-PH
comorbidities despite diabetes mellitus was associated with
occult diastolic dysfunction. Another reason for the differ-
ent proportions of diastolic dysfunction origins in the dif-
ferent clinical state, i.e. the echocardiography preceded
other diagnostic procedures and was performed in not opti-
mal recompensated state. In contrast, the RHC was per-
formed under strictly defined conditions and in always
recompensated state, what might lead to a pre-test bias of
echocardiography and RHC. The summation of
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rerespectively de-compensated state, comorbidities, specific
PAH therapy and early forms of diastolic dysfunction
explains that pre-test echocardiography does not provide
evidence for the PAWP reaction at exercise or fluid, as
shown in Supplementary Table E3.

Limitations

PAWP was measured at end-expiration and reported as the
mean of 3–5 breathing cycles at rest and during exercise,
which is certainly a compromise18 but is accepted under con-
sideration of the factors that influence PAWP.36–38 Another
compromise was the selection of one exercise protocol from
the variety of RHC exercise protocols available39,40; we chose
a stepwise incremental protocol that enabled us to measure
thermodilution and VO2 (for the Fick method) simultaneously.
Furthermore, the most reliable parameter for the invasive
detection of left ventricular diastolic dysfunction is the left ven-
tricular end-diastolic pressure (LVEDP); although PAWP is
not identical to LVEDP, we used PAWP as a reliable surrogate
parameter.33,37,38 Finally, we did not randomise the sequence of
exercise and fluid challenge, so we cannot exclude the possibil-
ity that the exercise influenced the response to the subsequent
fluid challenge, even with an intervening 10-min recovery
period and normalisation of haemodynamic parameters.

Our results confirm that RHC during both exercise and
fluid challenge can contribute to the differentiation of causes
of dyspnoea and definition of the haemodynamic state. Using
a sequential exercise and fluid challenge protocol during a
single RHC procedure, we were able to demonstrate that
exercise leads to a significantly greater increase in haemo-
dynamic parameters than i.v. fluid challenge. PVR changed
only slightly in response to exercise and fluid challenge, with
no significant difference between the two methods. Each
method unmasked diastolic dysfunction in different, only
slightly overlapping patient groups, consistent with the acti-
vation of different pathophysiological pathways by the two
methods. Therefore, our study does not indicate superiority
of one method over the other for the detection of diastolic
dysfunction during RHC. This requires further studies to
standardise exercise and fluid challenge protocols and to
evaluate patients with different aetiologies of dyspnoea.
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