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A B S T R A C T

Background: Identification of increased pulmonary capillary wedge pressure (PCWP) by right heart catheterization
(RHC) is the reference standard for the diagnosis of heart failure with preserved ejection fraction (HFpEF). Recently,
cardiovascular magnetic resonance (CMR) imaging estimation of PCWP at rest was introduced as a non-invasive
alternative. Since many patients are only identified during physiological exercise-stress, we hypothesized that novel
exercise-stress CMR-derived PCWP emerges superior compared to its assessment at rest.
Methods: The HFpEF-Stress Trial prospectively recruited 75 patients with exertional dyspnea and diastolic
dysfunction who then underwent rest and exercise-stress RHC and CMR. HFpEF was defined according to PCWP
(overt HFpEF ≥15 mmHg at rest, masked HFpEF ≥25 mmHg during exercise-stress). CMR-derived PCWP was
calculated based on previously published formula using left ventricular mass and either biplane left atrial vo-
lume (LAV) or monoplane left atrial area (LAA).
Results: LAV (rest/stress: r = 0.50/r = 0.55, p < 0.001) and LAA PCWP (rest/stress: r = 0.50/r = 0.48,
p < 0.001) correlated significantly with RHC-derived PCWP while numerically overestimating PCWP at rest
and underestimating PCWP during exercise-stress. LAV and LAA PCWP showed good diagnostic accuracy to
detect HFpEF (area under the receiver operating characteristic curve (AUC) LAV rest 0.73, stress 0.81; LAA rest
0.72, stress 0.77) with incremental diagnostic value for the detection of masked HFpEF using exercise-stress
(AUC LAV rest 0.54 vs stress 0.67, p = 0.019, LAA rest 0.52 vs stress 0.66, p = 0.012). LAV but not LAA PCWP
during exercise-stress was a predictor for 24 months hospitalization independent of a medical history for atrial
fibrillation (hazard ratio (HR) 1.26, 95% confidence interval 1.02–1.55, p = 0.032).
Conclusion: Non-invasive PCWP correlates well with the invasive reference at rest and during exercise stress.
There is overall good diagnostic accuracy for HFpEF assessment using CMR-derived estimated PCWP despite
deviations in absolute agreement. Non-invasive exercise derived PCWP may particularly facilitate detection of
masked HFpEF in the future.
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1. Introduction

To date, heart failure (HF) with preserved or mildly reduced ejection
fraction accounts for half of all HF patients [1]. Identification of in-
creased left ventricular filling pressure (LVFP) in diastolic dysfunction
by assessment of pulmonary capillary wedge pressure (PCWP) using
right heart catheterization (RHC) is the reference standard for diagnosis
of heart failure with preserved ejection fraction (HFpEF) [2,3]. Not-
withstanding, due to its invasive nature and previous absence of ther-
apeutic intervention, RHC remains underused. However, especially
identification and intervention at an early stage of disease may slow
down cardiac remodeling [4–8]. Furthermore, disease progress and
development of latent pulmonary vascular disease in conjunction with
post-capillary pulmonary hypertension may not only worsen prognosis
but exclude further treatment options [9,10].

Novel indices [11,12] aim toward improved non-invasive screening
based on clinical as well as echocardiographic morphological and
functional parameters to identify increased LVFP. However, these in-
dices suffer from reduced discriminative power especially in the mid-
range probability.

Cardiovascular magnetic resonance (CMR) imaging emerged as a
cornerstone in the diagnosis of HF etiology [1] and remains the re-
ference standard for cardiac morphology and function quantification
[13]. Therefore, efforts have been directed for LVFP/PCWP estimation
by CMR imaging with promising results [14]. While non-invasive ap-
proximation of PCWP at rest emerges feasible, a lesson learned un-
derlines the incremental value of PCWP assessment during exercise-
stress for early identification of otherwise masked diastolic dysfunction
[3] thus allowing for early treatment intervention. However, the re-
lationship of non-invasive exercise-stress CMR-derived PCWP and the
reference standard of RHC-derived PCWP has not yet been established.

Recent advances in CMR imaging technology enabled novel real-
time (RT) imaging at higher temporal resolutions [13] which allowed
the introduction of free-breathing exercise-stress imaging to CMR. In-
deed, exercise-stress CMR has demonstrated high diagnostic accuracy
for the diagnosis of HFpEF compared to the reference standard RHC
[15]. Consequently, this study sought to assesses the feasibility of rest
and exercise-stress PCWP approximation.

2. Methods

The HFpEF Stress trial (NCT03260621) prospectively recruited 75
patients referred for exertional dyspnea (New York Heart Association
[NYHA] class ≥ II). If echocardiography showed signs of diastolic dys-
function (E/e′ ≥8) and preserved left ventricular ejection fraction (LVEF),
≥50% patients were addressed for study participation. Exclusion criteria
were as follows: contraindications for CMR imaging (cardiac devices, al-
lergy to gadolinium-based contrast agents or renal impairment resulting in
inability to administer contrast—glomerular filtration rate (GFR)
<30 mL/min/1.73 m2—and claustrophobia) [16], comorbidities

resulting in dyspnea, including pulmonary (forced expiratory volume in
1 second or vital capacity <80% of the reference) and cardiac causes
(coronary artery disease—stenosis >50% and moderate to severe valv-
ular heart disease). Patients had to be in stable sinus rhythm during CMR
imaging and RHC. The study was approved by the local ethics committee
at the University of Goettingen. All patients gave written informed consent
before participation. The study was conducted according to the principles
of the Helsinki Declaration and funded by the German Centre for Cardi-
ovascular Research (DZHK, HFpEF Stress trial DZHK-17). The data un-
derlying the findings are available at the imaging database of the Uni-
versity Hospital Goettingen and access will be granted to researchers that
meet the criteria for access upon formal request.

Rest and exercise-stress bicycle ergometry RHC, echocardiography,
and CMR imaging were performed in all patients. Data acquisition
during exercise-stress was conducted 3 min after reaching an average
heart rate between 100 and 110 beats/min at 50–60 rpm [17]. RHC and
echocardiography were performed simultaneously, CMR imaging
within 24 h in relation to RHC (one case with 2-day interval). Follow-up
was conducted after 24 months by medical chart review and telephone
interview for acute cardiovascular hospitalization.

2.1. Right heart catheterization

A Swan-Ganz catheter was introduced via the right internal jugular
vein using ultrasound guidance and positioned using fluoroscopy [18].
Cardiac pressures were assessed at the level of the right atrium, right
ventricle (RV), pulmonary artery (PA), and PCWP position by averaging
several respiratory cycles. Oxygen saturations were assessed in the PA.
Cardiac output was assessed by the means of thermodilution from at least
three valid measurements. The presence of HFpEF was defined according
to PCWP (overt HFpEF ≥15 mmHg at rest, masked HFpEF ≥25 mmHg
during exercise-stress but <15 mmHg at rest). Patients were classified as
non-cardiac dyspnea (NCD) in the absence of cardiac disease based on all
available evidence and PCWP below the predefined thresholds.

2.2. Cardiovascular magnetic resonance imaging

CMR imaging was conducted on a clinical 3.0T Magnetom Skyra
MRI scanner (Siemens Healthcare, Erlangen, Germany).

Standard cardiac imaging was conducted at rest using steady state
free precession (bSSFP) cine sequences for long axis 2-, 3- and 4-
chamber view (4-Ch) as well as short axis (SAX) stack acquisitions.
Volumetric post-processing included RV and left ventricular (LV) vo-
lumes as well as LV mass (LVM) based on SAX analyses.

RT imaging was conducted at rest and during exercise-stress employing
bSSFP sequences with a strongly undersampled radial encoding scheme
and iterative reconstruction [19]. Free-breathing 2-Ch and 4-Ch as well as
a SAX stack were acquired at rest and during exercise-stress. Volumetric
post-processing included left atrial volume (LAV) based on 2-Ch and 4-Ch
biplane Simpson as well as left atrial 4-Ch area (LAA), Fig. 1.

Fig. 1. CMR-derived PCWP. Cardiovascular
magnetic resonance (CMR) imaging derived
pulmonary capillary wedge pressure (PCWP)
was calculated using left ventricular (LV) mass
(LVM) from short axis (SAX) measurements as
well as biplane left atrial (LA) volume (LAV)
based on long axis 2- and 4-chamber views
(Ch) or LA area (LAA) based on monoplane 4
CV analysis. PCWP was calculated according to
the formula: 1) 6.1352+ 0.02256 ∗ LVM+
0.07204 ∗ LAV – referred to as LAV PCWP or
2) 4.0584+0.02944 ∗ LVM+0.3148 ∗ LAA –
referred to as LAA PCWP.
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CMR-derived PCWP was calculated using previously published formula.

1. 6.1352+0.02256 ∗ LVM+0.07204 ∗ LAV – referred to as LAV
PCWP [14]

2. 4.0584+0.02944 ∗ LVM+0.3148 ∗ LAA – referred to as LAA
PCWP [20]

2.3. Statistical analysis

Categorical variables are reported as frequencies and were com-
pared using the chi-square test. Continuous variables are reported as
medians and associated related interquartile ranges and were compared
using the nonparametric Mann-Whitney U test. Dependent continuous
parameters were tested using the Wilcoxon signed-rank test. Predictors
of invasive PCWP were identified from Spearman rank correlation
coefficients and area under the receiver operating characteristic curve
(AUC) analyses which are reported with 95% confidence intervals (CI).
AUC comparisons were calculated using the method proposed by
DeLong et al. [21]. A 2-tailed p-value <0.05 was considered statisti-
cally significant. Statistics were calculated using SPSS version 28.0.1.1
(IBM, Armonk, New York, USA) and MedCalc Statistical Software ver-
sion 22.009 (MedCalc Software Ltd., Ostend, Belgium).

3. Results

3.1. Study population

Baseline characteristics have already been reported elsewhere [15],
Tables 1 and 2. Seven patients were excluded from further study

participation due to the diagnosis of specific cardiovascular diseases
associated to dyspnea (n= 4 significant coronary artery disease, n= 1
amyloidosis, n= 1 hypertrophic cardiomyopathy, n= 1 valvular heart
disease). While HFpEF patients were in median 3 years older than NCD
patients (p=0.034), there were no differences in cardiovascular risk
factors (p= 0.339). The heavy, hypertensive, atrial fibrillation, pul-
monary hypertension, elder, filling pressure (H2FPEF) and Heart
Failure Association pre-test, echocardiography and natriuretic peptide,
functional testing and final etiology (HFA_PEFF) scores were increased
in HFpEF (p≤0.003).

Patients with HFpEF (5 and 6 points) according to the HFA_PEFF
score had significantly higher calculated PCWP compared to patients
within the borderline area (2–4 points) (LAV PCWP rest p=0.002,
stress p=0.001; LAA PCWP rest p < 0.001, stress p < 0.001). There
was no difference comparing NCD and borderline patients
(p= 0.618–0.981).

3.2. CMR for the prediction of invasive PCWP

At rest, non-invasive PCWP consistently overestimated (p < 0.001)
invasive PCWP in median by LAV 4.1 (1.8, 6.8) and LAA 4.2 (1.9, 7.2).
This relationship reversed during exercise-stress with distinctly in-
creased underestimation (p < 0.001) in median by LAV −6.2 (−2.7,
−10.1) and LAA −5.5 (−2.0, −9.7). This relationship is further de-
monstrated in Fig. 2, highlighting the highest deviation in HFpEF
during exercise-stress. Changes from rest to exercise-stress for CMR
metrics are reported in Table 3.

Resting LAV PCWP correlated significantly with RHC-derived PCWP
at rest (r= 0.50, p < 0.001) and during exercise-stress (r= 0.44,

Table 1
Patients characteristics.

Variable HFpEF Non-cardiac dyspnea Significance p
n=34 n=34

Age (years) 69 (67, 77) 66 (52, 73) 0.034
Sex male/female 9/25 15/19 0.128
NYHA class 21 x II, 13 x III 27 x II, 7 x III 0.110
Atrial fibrillation 16 5 0.004
H2FPEF score 5.0 (3.0, 6.3) 3.0 (2.0, 5.0) 0.003
HFA-PEFF score 5.5 (3.8, 6.0) 4.0 (2.0, 4.0) <0.001
Cardiovascular risk factors
Active smoking 4 5 0.720
Hypertension 27 27 1.000
Hyperlipoproteinemia 21 21 1.000
Diabetes 5 5 1.000
Body mass index (kg/m2 BSA) 28.7 (26.8, 33.2) 27.6 (25.2, 32.3) 0.339
Laboratory testing
NT-proBNP (ng/L) 255 (102, 606) 75 (50, 134) <0.001
Creatinine (mg/dL) 0.89 (0.74, 1.03) 0.83 (0.72, 1.04) 0.995
Echocardiography
E/e′ rest 12.5 (9.7, 13.3) 9.15 (7.5, 10.7) <0.001
E/e′ stress 13.8 (10.8, 15.9) 11.0 (10.0, 14.0) 0.120
LAVI (mL/m2 BSA) 43.8 (36.6, 54.2) 36.2 (29.2, 41.1) 0.001
TAPSE (mm) 24 (21.2, 27.2) 22.5 (20.5, 25.7) 0.335
PAPsys (mmHg) 28 (23.5, 33.1) 22.8 (19.6, 24.7) 0.001
Right heart catheterization
PCWP rest (mmHg) 13 (11, 18) 8 (6, 10) <0.001
PCWP stress (mmHg) 27 (26, 31) 18 (11, 22) <0.001
PA rest (mmHg) 22 (20,28) 17 (14, 19) <0.001
PA stress (mmHg) 44 (39, 52) 34 (25, 39) <0.001
PA pO2 rest (%) 73 (70, 76) 75 (72, 77) 0.225
PA pO2 stress (%) 42 (36, 51) 48 (43, 52) 0.118
Cardiac index rest (L/m2 BSA) 2.9 (2.4, 3.2) 2.9 (2.6, 3.4) 0.663
Cardiac index stress (L/m2 BSA) 5.2 (3.7, 6.1) 5.8 (4.7, 6.7) 0.022

LAVI left atrial volume index, TAPSE tricuspid annular plane systolic excursion, PAPsys systolic pulmonary artery pressure, STE speckle-tracking echo-
cardiography, LV GLS left ventricular global longitudinal strain, LA Es left atrial reservoir function, PCWP pulmonary capillary wedge pressure, PA pulmonary
artery pressure, BSA body surface area, HFpEF heart failure with preserved ejection fraction, NYHA New York Heart Association, BSA body surface area, NT-
proBNP N-terminal pro-B-type brain natriuretic peptide, LAVI left atrial volume index. Categorical parameters are reported in absolutes numbers and were
compared using the chi-square test. Independent continuous parameters are presented as medians with interquartile ranges and were compared by using the
Mann-Whitney U test. Bold p-values indicate statistical significance. This table has been previously published [15].
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p < 0.001). Exercise-stress LAV PCWP showed improved correlation to
exercise-stress PCWP (r= 0.55, p < 0.001). Similarly, resting LAA
PCWP correlated significantly with PCWP at rest (r= 0.50, p < 0.001)
and during exercise-stress (r= 0.39, p=0.001). Again, exercise-stress
LAV PCWP showed improved correlation to exercise-stress PCWP
(r= 0.48, p < 0.001) Fig. 3.

ROC analyses revealed good diagnostic accuracy to detect HFpEF
using LAV and LAA PCWP with numerical but non-significant im-
provement using exercise-stress (LAV AUC rest 0.73 vs stress 0.81,
p=0.123, LAA AUC rest 0.72 vs stress 0.77, p=0.360), Table 4. Di-
agnostic accuracy was distinctly lower to detect masked HFpEF com-
pared to overt HFpEF, but diagnostic accuracy significantly increased
for the detection of masked HFpEF by using exercise-stress testing (LAV
AUC rest 0.54 vs stress 0.67, p=0.019, LAA AUC rest 0.52 vs stress
0.66, p=0.012).

Results on LA longitudinal deformation (long axis strain [LAS]) have
previously been published [15]. At rest, LA LAS and LAV PCWP per-
formed equally well to diagnose invasively proven HFpEF (AUC LA LAS
0.81 vs LAV PCWP 0.73, p= 0.250). In contrast, LA LAS outperformed
LAV PCWP during exercise-stress testing (AUC LA LAS 0.93 vs LAV
PCWP 0.81, p=0.007).

3.3. Association of CMR PCWP and hospitalization

Eight HFpEF and three NCD patients were hospitalized for acute
cardiovascular reasons during 24months follow-up (p= 0.123). Two
patients were lost to follow-up. Among CMR PCWP parameters, only
LAV PCWP during exercise-stress was associated with hospitalization
during 24months follow-up (HR 1.32, 95% CI 1.07–1.63, p=0.009)
while LAV PCWP at rest (p= 0.073) as well as LAA PCWP at rest and
during exercise-stress (p=0.086 and 0.067) showed statistical trends
only. LAV PCWP during exercise-stress remained a predictor for hos-
pitalization independent of a history of atrial fibrillation (HR 1.26, 95%
CI 1.02–1.55, p=0.032). Kaplan Meier curves confirmed the

association of LAV PCWP during exercise-stress and hospitalization
after dichotomization at the median (p= 0.003) and the Youden index
(p= 0.002), Fig. 4. In line, LAV PCWP during exercise stress showed
the highest AUC for event prediction with numerical but statistically
non-significant increase compared to rest (LAV PCWP rest AUC 0.64 vs
stress 0.76, p=0.137). Prognostic power was lower for LAA PCWP
(AUC rest 0.67 vs stress 0.68, p=0.870). CMR-derived LAV PCWP
performed equally for event prediction compared to RHC-derived
PCWP (rest CMR 0.64 vs RHC 0.65, p=0.198 and stress CMR 0.76 vs
RHC 0.63, p= 0.180).

4. Discussion

Based on the prospectively recruited study population of the HFpEF
Stress trial, the present substudy elaborates on non-invasive rest and
exercise-stress CMR-derived PCWP calculations based on previously
developed models using LV mass as well as LAV or LAA for PCWP
calculation [14,20].

Firstly, the present study confirms feasibility of non-invasive PCWP
calculation and demonstrates similar diagnostic accuracy using free-
breathing real-time CMR imaging. Secondly, non-invasively estimated
PCWP during exercise-stress CMR shows equally good correlation to
invasive exercise-stress PCWP compared to resting conditions. Thirdly,
exercise-stress shows improved diagnostic accuracy compared to rest,
especially for masked HFpEF. Lastly, non-invasive PCWP during ex-
ercise-stress is associated to heart failure hospitalization.

Based on a derivation and separate validation study population, Garg
et at. [14] previously proposed a non-invasive method for PCWP calcu-
lation based on simple LV mass and LAV calculation. This resulted in a
correlation of r=0.55 to invasive PCWP and a diagnostic accuracy for
HFpEF with an AUC of 0.81. In line with these results, in the present
population, LAV PCWP shows a similar correlation coefficient (r=0.50,
p < 0.001) and diagnostic accuracy to detect HFpEF (AUC 0.73). On the
one hand, this confirms the ability of RT free breathing data acquisition for

Table 2
Cardiovascular magnetic resonance imaging.

Variable HFpEF Non-cardiac dyspnea Significance p

n=34 n=34

Left ventricle
LV mass (g/m2 BSA) 57.0 (51.0, 66.9) 55.6 (50.4, 72.0) 0.932
LV EDV (mL/m2 BSA) 68.3 (60.7, 77.3) 68.5 (57.4, 76.8) 0.741
LV ESV (mL/m2 BSA) 19.6 (14.8, 25.9) 20.4 (14.8, 24.3) 0.917
LV SV (mL/m2 BSA) 49.6 (42.1, 54.5) 46.7 (40.1, 53.0) 0.447
LV EF (%) 69.0 (66.3, 76.1) 69.0 (65.0, 75.6) 0.731
FT LV GLS (%) −19.9 (−18.8, −22.5) −21.0 (−19.0, −23.2) 0.194
FT LV GCS (%) −35.2 (−30.9, −39.0) −34.9 (−30.7, −36.9) 0.516
FT LV GRS (%) 66.2 (57.7, 74.2) 63.4 (56.5, 70.1) 0.275
Left atrium
FT LA Es (%) 24.8 (16.7, 30.6) 35.9 (30.7, 42.3) <0.001
FT LA Ee (%) 10.9 (8.56, 16.6) 16.5 (13.0, 22.1) <0.001
FT LA Ea (%) 12.1 (7.82, 16.4) 18.2 (15.1, 22.4) <0.001
Right ventricle
RV EDV (mL/m2 BSA) 67.7 (54.1, 72.1) 65.4 (57.9, 76.1) 0.825
RV ESV (mL/m2 BSA) 20.1 (16.9, 25.3) 23.9 (18.8, 28.4) 0.109
RV SV (mL/m2 BSA) 44.7 (37.7, 49.6) 41.8 (37.0, 48.4) 0.524
RV EF (%) 67.6 (62.2, 72.1) 63.8 (60.7, 68.3) 0.034
FT RV GLS (%) −22.9 (−20.1, −26.5) −23.2 (−20.3, −26.6) 0.912
CMR-derived PCWP
LAV PCWP rest 15.8 (14.7, 17.4) 13.2 (12.4, 15.9) 0.002
LAV PCWP stress 17.9 (16.5, 20.6) 14.5 (13.2, 15.9) <0.001
LAA PCWP rest 16.5 (14.3, 17.5) 14.0 (12.8, 16.0) 0.002
LAA PCWP stress 18.0 (16.6, 19.6) 15.4 (13.6, 17.1) <0.001

LV left ventricular, EDV/ESV end-diastolic/-systolic volume, SV stroke volume, EF ejection fraction, FT Feature-Tracking, GLS/GCS/GRS global longitudinal/
circumferential/radial strain, LA left atrium, Es/Ee/Ea atrial reservoir/conduit/booster pump function, HFpEF heart failure with preserved ejection fraction,
LAV left atrial volume, PCWP pulmonary capillary wedge pressure, BSA body surface area, CMR cardiovascular magnetic resonance, RV right ventricle.
Independent continuous parameters are presented as medians with interquartile ranges and were compared by using the Mann-Whitney U test. Bold p-values
indicate statistical significance. This table has in parts been previously published [15].
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non-invasive PCWP calculation compared to the reference standard of
bSSFP cine sequences at rest. On the other hand, correlation is, in line with
previously published data, modest and estimated PCWP by CMR may not
be interchangeable with RHC-derived PCWP. Notwithstanding, current
guideline recommendations have introduced exercise-stress tests in HFpEF
in case of borderline screening results at rest [11], the reference-standard
still being invasive exercise-stress RHC [3]. Indeed, correlation of resting
CMR-derived PCWP was lower compared to invasive exercise-stress as
opposed to invasive resting RHC-derived PCWP. This demonstrates that
non-invasive testing at rest alone cannot predict hemodynamic responses
to exercise stress accurately and therefore does not yield optimal

diagnostic accuracy. Indeed, the HFpEF Stress trial demonstrated incre-
mental value for exercise-stress CMR to detect invasively proven HFpEF
[15]. Importantly, exercise-stress CMR-derived PCWP showed similarly
high correlation to exercise-stress RHC-derived PCWP compared to the
resting situation, thus highlighting feasibility of exercise-stress non-in-
vasive PCWP calculation. In the present study population, more than half
of all patients were diagnosed as HFpEF patients according to exercise-
stress thresholds only, referred to as masked HFpEF. Noteworthy, com-
pared to testing at rest, exercise-stress CMR-derived PCWP showed sig-
nificant incremental diagnostic value for the identification of these masked
HFpEF patients.

Fig. 2. Pulmonary capillary wedge pressure comparisons. The boxplots show the median, 1/3 interquartile, and 1.5×IQR whiskers for pulmonary capillary wedge
pressure (PCWP) according to right heart catheterization (RHC) as well as left atrial volume (LAV) and left atrial area (LAA) cardiovascular magnetic resonance
(CMR) derived calculated PCWP. Statistics were calculated using the Wilcoxon signed-rank test. HFpEF: heart failure with preserved ejection fraction, IQR: inter-
quartile range.

Table 3
Rest and exercise-stress metrics.

Variable Rest Exercise-stress Significance p

Cardiovascular risk factors
LA volume (mL) 88.1 (58.3, 104.8) 109.2 (74.0, 135.1) <0.001
LA area (cm2) 24.5 (19.4, 30.0) 29.4 (23.1, 34.2) <0.001
PCWP LA volume 14.9 (12.8, 16.5) 16.3 (14.1, 18.6) <0.001
PCWP LA area 15.7 (13.1, 16.8) 16.6 (15.2, 18.5) <0.001
Right heart catheterization
PCWP (mmHg) 11 (8, 14) 23 (18, 27) <0.001

LA left atrium, PCWP pulmonary capillary wedge pressure. Independent continuous parameters are presented as medians with interquartile ranges
and were compared by using the Mann-Whitney U test. Bold p-values indicate statistical significance.
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However, diagnostic accuracy to detect masked HFpEF was dis-
tinctly lower compared to overt HFpEF. One potential underlying
reason may be the following: While calculated PCWP at rest mildly
overestimates invasive PCWP, this relationship reversed during ex-
ercise-stress showing a distinct underestimation of invasive PCWP. Non-
invasive CMR-derived PCWP calculation is based on LV mass and atrial
size. Assuming that LV mass does not change in response to exercise-
stress, LA size remains as the only parameter to reflect dynamic he-
modynamic changes. However, atrial remodeling in response to in-
creased LVFP is a chronic process, and acute changes of LVFP in re-
sponse to exercise-stress may not be adequately reflected in atrial size
alone. Although all morphological CMR-derived parameters showed a
significant increase from rest to exercise-stress, especially the out-of-
proportion increase of PCWP linked to HFpEF was not simulated by
CMR-estimated PCWP. Indeed, rather the inability of atrial size to
compensate for acutely induced congestion by exercise-stress may re-
sult in the typical out-of-proportion increase of PCWP in HFpEF.
Consequently, because atrial size does not and may not be able to in-
crease in parallel with the out-of-proportion increase in PCWP or even
is a reason for the former in HFpEF it may not emerge as the best di-
agnostic tool for exercise-stress testing in HFpEF. This underlines that
equations based on morphology alone need further amendments to be
applicable to dynamic exercise-stress testing in HFpEF.

PCWP, especially a disproportionate increase in response to ex-
ercise-stress, is associated to symptom severity in HFpEF [22] and as-
sociated with outcome. In line, non-invasively CMR-derived PCWP has
also demonstrated prognostic relevance [14]. In the present study, only
exercise-stress LAV PCWP demonstrated this relationship. This may
have different underlying factors: Firstly, as outlined above, more than
half of HFpEF patients were classified as masked HFpEF and identified
during exercise-stress only. Reduced cardiovascular reserve as reflected
in an out of proportion increase in PCWP may thus emerge as a sensitive
parameter to predict adverse events. Secondly, as discussed previously,
atrial size may not reflect congestion and atrial dysfunction as accu-
rately as a functional parameter. However, the biplane approach (LAV)
may be more sensitive to minor changes compared to monoplane LAA
assessment alone. Notwithstanding, low patient numbers and few
events with regards to early-stage HFpEF underline the hypothesis-
generating nature of these results and will need further confirmation in
larger multi-center approaches. However, considering emerging ther-
apeutic strategies such as sodium glucose co-transporter 2 (SGLT2)-
Inhibitors, which for dapagliflozin also demonstrated reduction of rest
and exercise-stress PCWP during 24weeks follow-up [23], follow-up
surveys for assessment of PCWP become of clinical interest, especially
when non-invasive tools were available.

The HFpEF-Stress trial identified changes in atrial longitudinal
deformation, a functional parameter for atrial dysfunction, as highly
predictive of LVFP and out-of-proportion increases in response to ex-
ercise-stress [15]. Indeed, atrial longitudinal deformation as a

Fig. 3. Correlation of CMR-derived estimated PCWP and RHC PCWP. The
graphs show the correlation of cardiovascular magnetic resonance (CMR) left
atrial volume (LAV) or left atrial area (LAA) derived pulmonary capillary wedge
pressure (PCWP) and right heart catheterization (RHC) derived PCWP at rest
(blue) and during exercise stress (red). Correlations were assessed using
Spearman rank correlation coefficients. HFpEF: heart failure with preserved
ejection fraction.

Table 4
Diagnostic accuracy to detect invasively proven HFpEF by CMR-derived PCWP.

Variable AUC (95% CI) Significance AUC (95% CI) Significance AUC (95% CI) Significance
HFpEF Rest vs stress Masked HFpEF Rest vs stress Overt HFpEF Rest vs stress

Left atrial volume
LAV PCWP rest 0.73 (0.60-0.86) 0.123 0.54 (0.39-0.70) 0.019 0.79 (0.67-0.90) 0.498
LAV PCWP stress 0.81 (0.70-0.92) 0.67 (0.53-0.81) 0.75 (0.63-0.88)
Left atrial area
LAA PCWP rest 0.72 (0.60-0.85) 0.360 0.52 (0.37-0.68) 0.012 0.80 (0.68-0.92) 0.147
LAA PCWP stress 0.77 (0.65-0.89) 0.66 (0.52-0.81) 0.71 (0.57-0.84)

HFpEF heart failure with preserved ejection fraction, CMR cardiovascular magnetic resonance, PCWP pulmonary capillary wedge pressure, CI confidence intervals,
LAV/LAA left atrial volume/area. The table shows the area under the receiver operating characteristic curve (AUC) for the differentiation of patients with and
without HFpEF and subgroups of masked and overt HFpEF. AUC analyses were compared using the nonparametric approach introduced by De Long et al.
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diagnostic and prognostic marker has come to the fore in an array of
cardiovascular disease [15,24–27]. Hence, atrial function rather than
size might more dynamically reflect changes in PCWP caused by ex-
ercise-stress induced congestion. Indeed, at resting conditions, AUC
analyses revealed morphology (LAV) derived PCWP performed
equally well compared to LA LAS. In contrast, during exercise-stress,
LA function outperformed morphology derived PCWP. This highlights
the need for functional parameters in the diagnosis of HFpEF which is
also reflected in an overall poorer diagnostic accuracy for masked
HFpEF using LAV PCWP. This may point toward a new approach for
non-invasive PCWP calculation in the future, including a more dy-
namic parameter, such as LAS which can be measured as easily as LAV
or LAA [28].

5. Limitations

The HFpEF Stress Trial was a monocentric study performed in an
experienced CMR core-laboratory to evaluate the feasibility of a newly
developed imaging technique. While the in great detail characterized
study population allowed the validation of CMR parameters in the
context of clinical reference standards, a monocentric approach with
low patient numbers is hypothesis generating only. Furthermore, re-
cruited patients were highly selected to avoid hemodynamic disruptive
factors in the interpretation of diastolic dysfunction.

6. Conclusion

CMR-derived estimated PCWP is not interchangeable with RHC-
derived PCWP due to overestimation at rest and distinct under-
estimation during exercise-stress. However, due to good correlation,
estimated PCWP accurately identifies HFpEF patients with incremental
value of exercise-stress to detect masked HFpEF. In the future, in-
corporation of functional parameters to the equation may further in-
crease reflection of invasive PCWP.

Clinical Trial Registration

Clinicaltrials.gov, NCT03260621.
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