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Summary
Background The diagnosis of heart failure with preserved ejection fraction (HFpEF) remains challenging. Exercise-
stress testing is recommended in case of uncertainty; however, this approach is time-consuming and costly. Since
preserved EF does not represent normal systolic function, we hypothesized comprehensive cardiovascular
magnetic resonance (CMR) assessment of cardiac hemodynamic forces (HDF) may identify functional
abnormalities in HFpEF.

Methods The HFpEF Stress Trial (DZHK-17; Clinicaltrials.gov: NCT03260621) prospectively recruited 75 patients
with exertional dyspnea, preserved EF (≥50%) and signs of diastolic dysfunction (E/e’ ≥8) on echocardiography.
Patients underwent rest and exercise-stress right heart catheterisation, echocardiography and CMR. The final study
cohort consisted of 68 patients (HFpEF n = 34 and non-cardiac dyspnea n = 34 according to pulmonary capillary
wedge pressure (PCWP)). HDF assessment included left ventricular (LV) longitudinal, systolic peak and impulse,
systolic/diastolic transition, E-wave deceleration as well as A-wave acceleration forces. Follow-up after 24 months
evaluated cardiovascular mortality and hospitalisation (CVH) – only two patients were lost to follow-up.

Findings HDF assessment revealed impairment of LV longitudinal function in patients with HFpEF compared to
non-cardiac dyspnoea (15.8% vs. 18.3%, p = 0.035), attributable to impairment of systolic peak (38.6% vs 51.6%,
p = 0.003) and impulse (20.8% vs. 24.5%, p = 0.009) forces as well as late diastolic filling (−3.8% vs −5.4%,
p = 0.029). Early diastolic filling was impaired in HFpEF patients identified at rest compared with patients
identified during stress only (7.7% vs. 9.9%, p = 0.004). Impaired systolic peak was associated with CVH (HR
0.95, p = 0.016), and was superior to LV global longitudinal strain assessment in prediction of CVH (AUC 0.76
vs. 0.61, p = 0.048).

Interpretation Assessment of HDF indicates impairment of LV systolic ejection force in HFpEF which is associated
with cardiovascular events.
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Research in context

Evidence before this study
Heart failure with preserved ejection fraction (HFpEF) is
associated with both systolic and diastolic functional
impairment. During early stages of disease, functional
alterations are unmasked using exercise-stress testing, the
reference standard of which is exercise right heart
catheterisation (RHC). Previously, exercise-stress
cardiovascular magnetic resonance (CMR) imaging has shown
high diagnostic accuracy compared to RHC. CMR-derived
hemodynamic force assessment (HDF) aims to quantify
functional changes at rest. However, to date, data on HDF
remains inconclusive with 4D flow assessment reporting no
impairment in HFpEF as opposed to assessment based on cine
sequences showing impaired systolic function.

Added value of this study
The present study reports left ventricular (LV) functional
quantification (hemodynamic forces) based on LV geometry,
endocardial tissue movement as well as aortic and mitral valve
orifice areas to detect functional alterations in HFpEF at rest.
This approach may represent an alternative non-invasive test
on routinely acquired cine sequences at rest, compared to an
exercise-stress CMR protocol limited to highly specialised
centres.

Implications of all the available evidence
Measurement of hemodynamic forces enables earlier
detection of subtle LV functional alterations compared to
volumetric or conventional deformation assessment in HFpEF
patients.
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Introduction
In an aging western population, heart failure with pre-
served ejection fraction (HFpEF) can be observed in
approximately 5% of the population aged ≥60 years and
has become more prevalent than heart failure with
reduced ejection fraction (HFrEF).1 Due to the diverse
pathophysiology and late onset of symptoms it remains
challenging to reliably diagnose HFpEF at an early
stage,2 subsequently delaying therapeutic intervention
and efforts to prevent cardiac remodelling.3–5 With the
emergence of new treatments to improve both cardiac
remodelling and outcome, early diagnosis is becoming
more important.6,7 To date, exercise-stress testing via
echocardiography or invasive right heart catheterisation
(RHC) is recommended in case of uncertainty.8 How-
ever, echocardiographic assessments during exercise-
stress remain prone to reduced image quality,9 whilst
RHC carries the risk associated with an invasive pro-
cedure. The HFpEF Stress trial demonstrated feasibility
of novel real-time cardiovascular magnetic resonance
(CMR) imaging to conduct exercise-stress testing in
CMR imaging.10 Despite its high diagnostic accuracy,
exercise-stress CMR is only available in highly speci-
alised centres, and as such the observable impact of this
novel technique is limited.11

Invasive assessments employing conductance cathe-
ters allow the assessment of left ventricular (LV) pres-
sure and volume relationships.12 Using pressure volume
loops (PVL), impaired diastolic stiffness at rest has been
demonstrated in HFpEF. This causes inability to cope
with higher hemodynamic demands during exercise,
ultimately resulting in reduced stroke volume and
higher end-diastolic pressure during exercise-stress.13

Advances in non-invasive imaging aim for estimation
of intraluminal pressure gradients based on 4D flow
assessment14–18 as well as LV geometry, endocardial
tissue movement and aortic and mitral valve orifice
areas.19,20 Whilst still in the realms of research, improved
non-invasive functional assessments at rest would allow
a broader availability of diagnostic testing.7 We hypoth-
esized CMR derived hemodynamic force (HDF)
assessment may identify cardiac dysfunction in HFpEF
as defined by post-capillary pulmonary hypertension in
PCWP compared to patients without and may therefore
improve diagnostic and prognostic accuracy.
Methods
This is a substudy from the HFpEF-Stress Trial.10,21 The
HFpEF Stress trial prospectively recruited 75 patients
who presented as in–or outpatients with preserved
ejection fraction (EF ≥ 50%), signs of diastolic
dysfunction (E/e’ ≥8) and exertional dyspnea (NYHA
class ≥ II), between August 2017 and September 2019,10

Fig. 1. Exclusion criteria included common contraindi-
cations for CMR (e.g. glomerular filtration rate <30 ml/
min),22 and other causes of dyspnoea of both pulmonary
(tested on spirometry) or cardiac (cardiomyopathies,
significant coronary artery or valvular heart disease) or-
igins.10 All patients underwent rest and exercise-stress
assessments by simultaneous RHC and echocardiogra-
phy, as well as CMR imaging within 24 h.

Exercise-stress was conducted using supine bicycle
ergometry. At an average rotation speed of 50–60 rota-
tions per minute, a 5 Watt increasing ramp protocol was
used to stress patients, until an average heart rate of 100
beats/min was achieved before starting data acquisition.
If necessary, the workload was adjusted to maintain
heart rates between 100 and 110 beats/min. Hemody-
namic changes (blood pressure and heart rate) at rest
and during exercise-stress are given in Table S1. Data
acquisition was performed in stable sinus rhythm only.
www.thelancet.com Vol 86 December, 2022
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Fig. 1: Study Flow-Chart. HFpEF, heart failure with preserved ejec-
tion fraction; CAD, coronary artery disease, HCM, hypertrophic car-
diomyopathy; PA, pulmonary artery pressure; PCWP, pulmonary
capillary wedge pressure.
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HFpEF was defined based on elevated pulmonary
capillary wedge pressures (PCWP) of ≥15 mmHg at rest
or ≥25 mmHg during exercise-stress RHC assessments
according to current guideline recommendations.8

Otherwise patients were classified as non-cardiac dysp-
noea in the absence of evidence pointing towards car-
diovascular disease. A telephone follow-up consultation
was conducted 24 months after initial recruitment
(Fig. 1).21 Primary clinical endpoints were cardiovascular
mortality and admission for congestive heart failure
(cardiovascular hospitalisation (CVH)). The study was
funded by the German Centre for Cardiovascular
Research (DZHK-17).
Ethics
The study was approved by the local ethics committee at
the University Medical Center Goettingen (35/8/15). All
patients gave written informed consent before partici-
pation. The study was conducted according to the
principles of the Helsinki Declaration.
Cardiovascular magnetic resonance imaging
Myocardial function was assessed by conventional
electrocardiogram-triggered balanced steady state free
www.thelancet.com Vol 86 December, 2022
precession (bSSFP) cine sequences at rest. bSSFP cine
sequences included long axis (LAX) 2-, 3- and 4-chamber
views (CV) and a short axis (SAX) stack covering the
entire heart. Post processing was performed using
commercially available software by Medis (QMass®
and HDF module, Medical Imaging Systems, Leiden,
Netherlands), TomTec (2D CPA MR, Cardiac Perfor-
mance Analysis, TomTec Imaging Systems, Unters-
chleissheim, Germany) and OsiriX MD (Pixmeo SARL,
CH-1233 Bernex, Switzerland).

LV HDF was calculated for apical-to-basal (longitu-
dinal direction) movements from deformation imaging
of 2-, 3- and 4-CV with assessments of mitral and aortic
in/outflow valve width (Fig. 2). HDF represents the in-
tegral of pressure gradients over the LV, normalized to
LV volume and blood specific weight, thus reported as
percentage of gravity acceleration. HDF calculations
have previously been described elsewhere.14,19,20,23 The
diameter of the aortic valve was assessed in 3 CV
orientation, the diameter of the mitral valve was calcu-
lated from the average of the 2 and 4 CV diameter. LV
contours were manually traced at end-systole (ES) and
end-diastole (ED). The tracking algorithm was then
applied to propagate the contours though the entire
cardiac cycles. Results were visually reviewed; and if
required, corrections were made to the initial manual
contours only prior to reapplying the tracking algorithm.
HDF calculations comprised the following parameters:
firstly, overall HDF strength is given as the root mean
square (RMS) of the longitudinal hemodynamic force
over the entire cardiac cycle, considering both absolute
values (regardless of whether these values were positive
or negative). Secondly, systolic function was obtained
and assessed by peak systolic HDF and the systolic
impulse. Thirdly, systolic–diastolic transition is
described by LV deceleration and LV suction. Lastly,
diastolic function comprised of early diastolic filling/
diastolic deceleration, late diastolic filling/atrial thrust
and their proportion to one and another (early diastolic
filling/late diastolic filling). Systolic peak HDF was
assessed as the peak of the HDF curve. Parameters with
either a positive or negative value (systolic impulse,
transition and early/late diastolic filling) are given as
average values and were calculated from the area under
the curve (AUC) normalised to the respective time in-
terval. Despite a negative sign for atrial thrust in HDF
analyses, the index for diastolic deceleration/atrial thrust
considered its absolute value only (this is analogous to
echocardiographic assessments).

Volumetric analyses were performed from SAX cine
images and comprised of LV end-diastolic/systolic and
stroke volumes (EDV/ESV/SV), LV EF and myocardial
mass estimation. Deformation imaging was conducted
on LAX cine sequences for LV global longitudinal strain
(GLS) assessment as well as on SAX cine sequence for
global circumferential and radial strain measurements
(GCS & GRS respectively).24 In line with HDF analyses,
3
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Fig. 2: Left ventricular hemodynamic force in apical-basal direction. The graph shows an exemplary hemodynamic force (HDF) curve for the
apical-basal motion of the left ventricle.
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LV borders were manually traced at ES and ED prior to
application of the semi-automatic tracking algorithm.
Similarly, after visual revision, corrections were made to
the initial manual contours only if deemed necessary by
the observer. In that case, the tracking algorithm was
reapplied.

LV long axis strain (LAS)25 was assessed on 2 and 4
CV real-time rest and exercise-stress cine sequences.26

The distance between the middle of a line connecting
the origins of the mitral leaflets and the epicardial apical
border was measured in end-diastole and end-systole.
The difference was then divided by the end-diastolic
length to account for LAS in per cent. Assessments
were performed in OsiriX MD (Pixmeo SARL, CH-1233
Bernex, Switzerland).
Statistical analyses
Categorical variables are shown as frequencies with
associated percentages and were compared by applying
the chi-squared test. Continuous variables are reported
with median values and corresponding interquartile
ranges (IQR), and were compared applying the Mann–
Whitney U test (asymptotic and exact). Spearman’s
rank coefficients were used to test for correlation after
checking for normal distribution using the Shapiro–
Wilk test. Predictors for the primary endpoint were
identified by univariate Cox regression analyses, re-
ported as hazard ratios (HR) with 95% confidence in-
tervals (CI) as well as Kaplan Meier curves with
associated log-rank testing. Two-tailed p-values <0.05
were considered statistically significant. Predictors for
the presence of HFpEF were identified by area under
the receiver operating characteristic curve (AUC) ana-
lyses which are reported with 95% CI. AUCs compari-
sons were calculated using the method proposed by
DeLong et al.27 Reproducibility was assessed in 5
randomly selected HFpEF and NCD patients using
intraclass correlation coefficients based on absolute
agreement.

A sample size calculation was conducted prior to
study enrolment based on 42 HFpEF and 28 NCD pa-
tients resulting in a power in excess of 80% to demon-
strate that the area under the ROC curve is larger than
0.65 at an one-sided significance level of 2.5% given the
true AUC is at least 0.82.28 Analyses were performed
using SPSS version 26.0 (IBM, Armonk, New York,
USA). There was no correction for multiple testing.
Role of funders
The study received funding from and was carried out
using clinical-scientific infrastructure of the DZHK
(German Centre for Cardiovascular Research). The
DZHK had no role in study design, data collection,
analyses or interpretation as well as writing of reports.
Results
Study population
The final study population in the follow-up from the
HFpEF Stress Trial consisted of 68 patients (HFpEF
n = 34, non-cardiac dyspnoea (NCD) n = 34). Two NCD
patients had been lost to follow-up. After 24 months of
follow-up, 1 patient had died from a non-cardiac cause
not associated with a cardiovascular event and eleven
patients (HFpEF n = 8, NCD n = 3, p = 0.123) were
hospitalised for cardiovascular reasons. Admissions for
elective procedures were not included. Baseline charac-
teristics of the study population are reported in Table 1,
parts of these characteristics have been published pre-
viously.10 All study participants were white Caucasian.
HFpEF patients had both a higher H2FPEF score29 (body
mass index >30 kg/m2, ≥2 antihypertensive drugs,
atrial fibrillation, pulmonary artery systolic pressure
>35 mmHg, >60 years, E/e’ >9; 5 vs 3, p = 0.003) and
www.thelancet.com Vol 86 December, 2022
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Variable HFpEF
n = 34

NCD
n = 34

Significance p

Age (years) 69 (67, 77) 66 (52, 73) 0.034

Sex male/female 9/25 15/19 0.128

Ethnicity – white Caucasian 34 34

NYHA class 21 × II, 13 × III 27 × II, 7 × 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

Echocardiographya

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 catheterisation

PCWP rest (mmHg) 13 (11, 18) 8 (6, 10)

PCWP stress (mmHg) 27 (26, 31) 18 (11, 22)

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

NCD, non-cardiac dyspnoea; NYHA, New York Heart Association; LAVI, left atrial volume index; TAPSE, tricuspid annular plane systolic excursion; PAPsys, systolic pulmonary
artery pressure; PCWP, pulmonary capillary wedge pressure; BSA, body surface area. Categorical parameters are reported in absolutes numbers and were compared using the
Chi-squared test whilst 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 below 0.05. aNumbers differ for echocardiographic assessments shown for HFpEF/NCD (E/e’ stress n = 30/20; TAPSE n = 31/28; PAPsys
n = 30/26), table adapted from Ref. 10

Table 1: Patient characteristics.

Articles
HFA-PEFF score8 (Heart Failure Association diagnostic
algorithm score 5.5 vs 4, p < 0.001). HDF values
dichotomised according to the HFA_PEFF Score are
given in supplementary Table S2. On RHC, both PCWP
at rest and during exercise-stress were statistically
significantly increased in HFpEF patients (p < 0.001),
whilst the cardiac index was preserved at rest but
impaired during exercise-stress (p = 0.022). 56%
(n = 19/34) HFpEF patients were diagnosed during
stress only. There were no differences on spiroergo-
metric testing comparing HFpEF to NCD (VO2 18.0
IQR 16.1–20.7 vs 20 IQR 17.0–23.7 ml/(kg*min),
p = 0.102) and O2 Pulse (14.7 IQR 12.4–18.6 vs 15.0
IQR 13.4–17.7, p = 0.621).
CMR derived functional alterations and prognostic
implications
CMR derived functional parameters are shown in
Tables 2 and 3 (and Tables S3 and S4 based on
www.thelancet.com Vol 86 December, 2022
Mann–Whitney U exact test as well as Table S5 report-
ing mean differences comparing the subgroups of NCD,
HFpEF Stress and HFpEF rest). Systolic function,
assessed by LV systolic peak HDF, correlated with
PCWP at rest (r = −0.29, p = 0.016) and during exercise-
stress (r = −0.39, p = 0.001), as well as left atrial volume
index (LAVI) (r = −0.42, p < 0.001), Table S6. Amongst
the diastolic parameters, the best correlation to PCWP
was diastolic deceleration/atrial thrust, both at rest
(r = 0.33, p = 0.007) and stress (r = 0.28, p = 0.024).
Atrial thrust alone showed better correlation to both
echocardiographic functional (E/e, r = 0.26, p = 0.033)
and morphological (LAVI, r = 0.32, p = 0.008) mea-
surements and serum biomarker N-terminal pro-
hormone of brain natriuretic peptide (NTproBNP,
r = 0.32, p = 0.008).

HFpEF patients showed impaired global LV longi-
tudinal force (15.8 IQR 13.4, 19.6 vs. 18.3 IQR 14.8,
27.3, p = 0.035) compared with NCD patients. The
decline in LV function can be attributed to both systolic
5
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Variable HFpEF
n = 34

NCD
n = 34

Mean difference (95% CI) Significance p

Cardiovascular magnetic resonance volumetry

LV EDV 68.3 (60.7, 77.3) 68.5 (57.4, 76.8) −0.8 (−8.1, 6.5) 0.741

LV ESV 19.6 (14.8, 25.9) 20.4 (14.8, 24.3) 0.5 (−3.2, 4.1) 0.917

LV SV 49.6 (42.1, 54.5) 46.7 (40.1, 53.0) −1.3 (−6.2, 3.7) 0.447

LV EF 69.0 (66.3, 76.1) 69.0 (65.0, 75.6) −0.6 (−4.0, 2.8) 0.731

LV Mass 57.0 (51.0, 66.9) 55.6 (50.4, 72.0) 1.7 (−4.4, 7.8) 0.932

Cardiovascular magnetic resonance deformation imaging

FT LV GLS −19.9 (−18.8, −22.5) −21.0 (−19.0, −23.2) −0.8 (−2.3, 0.7) 0.194

FT LV GCS −35.2 (−30.9, −39.0) −34.9 (−30.7, −36.9) 0.0 (−11.0, 10.9) 0.516

FT LV GRS 66.2 (57.7, 74.2) 63.4 (56.5, 70.1) −5.7 (−14.1, 2.7) 0.275

LV LAS rest 13.5 (11.4, 15.4) 13.9 (12.0, 15.9) 0.7 (−0.6, 2.1) 0.542

LV LAS exercise-stress 14.9 (12.5, 18.0) 18.9 (15.7, 21.7) 4.0 (2.1, 6.0) <0.001

Cardiovascular magnetic resonance hemodynamic force

LV longitudinal force (RMS) 15.8 (13.4, 19.6) 18.3 (14.8, 27.3) 5.5 (1.6, 9.4) 0.035

Systolic peak 38.6 (29.3, 50.5) 52.4 (38.5, 67.4) 18.6 (8.2, 29.0) 0.002

Systolic impulse 20.8 (14.4, 27.5) 25.3 (20.0, 39.1) 9.0 (3.8, 14.3) 0.006

LV systolic/diastolic transition −10.6 (−7.3, −14.6) −10.9 (−7.3, −14.3) −0.5 (−3.7, 2.7) 0.961

Diastolic deceleration 9.1 (7.1, 11.3) 7.1 (6.0, 9.0) −1.0 (−3.3, 1.2) 0.044

Atrial thrust −3.8 (−2.1, −6.3) −5.4 (−3.7, −7.7) −1.8 (−4.6, 1.0) 0.029

Diastolic deceleration/atrial thrust 1.9 (1.2, 3.3) 1.3 (0.7, 1.9) 2.3 (−4.0, 8.7) 0.018

NCD, non-cardiac dyspnoea; LV, left ventricular; EDV, end-diastolic volumel; ESV, end-systolic volume; SV, stroke volume; EF, ejection fraction; FT, feature-tracking; GLS/
GCS/GRS, global longitudinal/circumferential/radial strain; LAS, long axis strain; RMS, root mean square; HDF, hemodynamic force. Volumes are given in ml/m2 body surface
area (BSA), mass in g/m2 BSA, strain and HDF values in %. Independent continuous parameters are presented as medians with interquartile ranges and were compared by
using the Mann–Whitney U test (asymptotic). Bold p-values indicate statistical significance. *conventional CMR cardiac function parameters adapted fromRef. 10

Table 2: CMR derived LV function.

Variable NCD
n = 34

p-value
NCD vs Stress

HFpEF stress
n = 19

p-value
Stress vs Rest

HFpEF rest
n = 15

Cardiovascular magnetic resonance hemodynamic force

LV longitudinal force (RMS) 18.3 (14.8, 27.3) 0.194 16.3 (13.8, 21.1) 0.271 15.7 (12.0, 16.0)

Systolic peak 52.4 (38.5, 67.4) 0.024 41.5 (30.3, 53.2) 0.430 36.8 (25.3, 49.7)

Systolic impulse 25.3 (20.0, 39.1) 0.038 21.6 (15.9, 27.8) 0.493 20.6 (12.8, 26.2)

LV Systolic/diastolic transition −10.9 (−7.3, −14.3) 0.469 −11.3 (−9.1, −14.8) 0.190 −8.9 (−5.7, −13.3)

Diastolic deceleration 7.1 (6.0, 9.0) 0.003 9.9 (8.8, 11.8) 0.004 7.7 (5.5, 9.1)

Atrial thrust −5.4 (−3.7, −7.7) 0.512 −5.1 (−2.3, −9.5) 0.096 −3.0 (−2.0, −4.4)

Diastolic deceleration/atrial thrust 1.3 (0.7, 1.9) 0.292 1.6 (0.9, 2.3) 0.142 2.2 (1.5, 4.1)

HFpEF stress refers to patients identified by the means of right heart catheterisation (RHC) during exercise-stress only (≥25 mmHg pulmonary capillary wedge pressure
(PCWP)), whilst HFpEF rest refers to patients which were identified according to RHC thresholds (≥15 mm Hg PCWP) at rest. NCD, non-cardiac dyspnoea; RMS: root mean
square, LV, left ventricular. Independent continuous parameters are presented as medians with interquartile ranges and were compared by using the Mann–Whitney U test
(asymptotic). Bold p-values indicate statistical significance. HDF values are given in %.

Table 3: Hemodynamic force HFpEF.
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(peak 38.6 IQR 29.3, 50.5 vs 52.4 IQR 38.5, 67.4,
p = 0.002 and impulse 20.8 IQR 14.4, 27.5 vs. 25.3 IQR
20.0, 39.1, p = 0.006) and late diastolic impairment
(atrial thrust −3.8 IQR-2.1, −6.3 vs −5.4 IQR -3.7, −7.7,
p = 0.029) Table 2, Figs. 3 and 4.

HFpEF patients identified by stress thresholds only
show impaired systolic function compared with NCD,
(peak 41.5 IQR 30.3, 53.2 vs 52.4 IQR 38.5, 67.4,
p = 0.024 and impulse. 21.6 IQR 15.9, 27.8 vs 25.3 IQR
20.0, 39.1, p = 0.038) whilst diastolic deceleration in
these patients was increased (9.9 IQR 8.8, 11.8 vs 7.1
IQR 6.0, 9.0, p = 0.003). Comparing HFpEF patients
identified during stress to HFpEF patients identified at
rest reveals no decrease in systolic function, but a
decline in diastolic function is seen (early diastolic
filling 9.9 IQR 8.8, 11.8 vs 7.7 IQR 5.5, 9.1, p = 0.004)
Table 3. As a result, HFpEF patients showed a higher
early/late diastolic filling ratio compared with NCD (1.9
IQR 1.2, 3.3 vs. 1.3 IQR 0.7, 1.9, p = 0.018). Overall, the
reproducibility of HDF analyses was excellent (ICC
www.thelancet.com Vol 86 December, 2022
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Fig. 3: Hemodynamic Force in non-cardiac dyspnea. Top: Traced left ventricular contours in 2/3/4 chamber view (CV) orientations in end-
diastole and -systole in a patient with non-cardiac dyspnea and no cardiovascular hospitalisation during follow-up. Bottom: Associated he-
modynamic force (HDF) curve.
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≥0.89) and better for systolic than diastolic parameters
(ICC ≥0.95 vs. ≥0.89), Table S7.

In contrast to HDF assessments, conventional LV
volumetric indices (p ≥ 0.447) and LV feature tracking
(FT)-based deformation imaging (p ≥ 0.194) revealed no
statistically significant differences in LV function when
comparing HFpEF and NCD patients.
Diagnostic and prognostic accuracy
Systolic peak HDF outperformed LV LAS at rest in
detecting HFpEF (AUC 0.72 CI 0.60–0.84 vs. 0.55 CI
0.41–0.68, p = 0.022) and achieved a similar value
compared to LV LAS at stress (AUC 0.72 CI 0.60–0.84
vs. 0.76 CI 0.65–0.88, p = 0.573), Table S8 and Fig. S1.
Systolic peak HDF showed a numerically higher diag-
nostic accuracy for the detection of HFpEF compared
with LV GLS, which did not reach statistical significance
(AUC 0.72 CI 0.60–0.84 vs. 0.59 CI 0.46–0.73,
www.thelancet.com Vol 86 December, 2022
(p = 0.118). Furthermore, impairment of systolic peak or
impulse was associated with higher rates of CVH (HR
0.95 CI 0.91–0.99 and 0.90 CI 0.82–0.98 respectively,
p = 0.016 for both, Table 4). This is also seen on the
Kaplan Meier curves (p = 0.018 for both, Fig. 5). Supe-
rior prognostic implications are seen for systolic peak
HDF over LV GLS (AUC 0.76 CI 0.62–0.90 vs. 0.61 CI
0.44–0.78, p = 0.048). Area under the receiver operating
characteristic curve analyses are shown in
supplementary Table S3.
Discussion
HFpEF is defined according to preserved LV systolic
function assessed by volumetric measurement. How-
ever, the novel advances in deformation imaging post-
processing used in this study shed new light on LV
dysfunction assessment in HFpEF. Firstly, HDF ana-
lyses were able to detect systolic impairment in HFpEF
7
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Fig. 4: Hemodynamic Force in Heart Failure with preserved Ejection Fraction. Top: Traced left ventricular contours in 2/3/4 chamber view
(CV) orientations in end-diastole and -systole in a patient with heart failure and preserved ejection fraction as well as cardiovascular hospi-
talisation during follow-up. Bottom: Associated hemodynamic force (HDF) curve.
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where volumetric and FT-based deformation imaging
did not. Secondly, HDF systolic function quantification
analyses were better predictors of cardiovascular hospi-
talisation and superior for risk assessment compared to
conventional FT deformation imaging.

CMR is the reference standard for cardiac function
assessment based on volumetric analyses.30 However,
from a volumetric point of view, LV function in HFpEF
is, by definition, preserved. Beyond volumetric assess-
ments, CMR allows the assessment of myocardial
contractility and relaxation.24 Indeed, FT LV GLS corre-
lates with invasive assessments of the LV relaxation time
constant, Tau.31 Park et al.32 reported impaired LV
function based on deformation imaging in HFpEF.
Whilst in the present study population LV GLS was
numerically smaller in the HFpEF population, we were
unable to detect statistically significant differences in LV
function using FT deformation imaging. However, in
contrast to the study population by Park et al.32 based on
1335 HFpEF individuals, the present HFpEF pop-
ulations accounted for 34 HFpEF and 34 NCD patients
only. Consequently, from a statistical point of view,
requirements for sensitivity and specificity of LV GLS
are more demanding in the present population to detect
subtle differences. Importantly and despite the small
study population, HDF analyses were able to detect
systolic impairment in the present population.

The HFpEF-Stress Trial demonstrated the distinct
importance of exercise-stress to induce cardio-
pulmonary congestion and unmask cardiac functional
failure for early diagnosis in HFpEF.10 The fact that 56%
of HFpEF patients were exclusively identified by
exercise-stress testing, with a median NTproBNP level
of only 255 ng/l in laboratory testing, is suggestive of an
early stage of diastolic dysfunction in the present pop-
ulation. This is further supported by data from spi-
roergometric assessment with peak O2 uptake falling in
the range where additional exercise-tests would be
www.thelancet.com Vol 86 December, 2022
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Variable Hazard ratio
(95% CI)

Significance p

Cardiovascular magnetic resonance volumetry

LV EDV 1.01 (0.97–1.05) 0.775

LV ESV 1.01 (0.94–1.09) 0.779

LV SV 1.01 (0.95–1.07) 0.827

LV EF 0.97 (0.89–1.06) 0.539

Cardiovascular magnetic resonance deformation imaging

FT LV GLS 1.10 (0.93–1.31) 0.259

FT LV GCS 0.97 (0.92–1.04) 0.409

FT LV GRS 1.02 (0.98–1.06) 0.391

LV LAS rest 0.83 (0.67–1.02) 0.081

LV LAS exercise-stress 0.92 (0.80–1.06) 0.258

Cardiovascular magnetic resonance hemodynamic force

LV longitudinal force (RMS) 0.89 (0.79–1.01) 0.063

Systolic peak 0.95 (0.91–0.99) 0.016

Systolic impulse 0.90 (0.82–0.98) 0.016

LV systolic/diastolic transition 1.01 (0.91–1.12) 0.917

Diastolic deceleration 1.00 (0.89–1.13) 0.977

Atrial thrust 1.02 (0.93–1.12) 0.682

LV, left ventricular; EDV, end-diastolic volume; ESV, end-systolic volume; SV,
stroke volume; EF, ejection fraction; FT, feature-tracking; GLS/GCS/GRS, global
longitudinal/circumferential/radial strain; LAS, long axis strain; RMS, root mean
square; HDF, hemodynamic force. Volumes are given in ml/m2 body surface
area, strain and HDF values in %. Hazard rations for the occurrence of
cardiovascular events were calculated using Cox regression analyses. Bold
p-values indicate statistical significance.

Table 4: Prognostic implication of different LV function parameters.
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Fig. 5: Cardiovascular hospitalisation. Left: The graph shows the
percentage of patients with cardiovascular hospitalisation (CVH) in
patients with systolic peak hemodynamic force (HDF) assessed by
cardiovascular magnetic resonance HDF analyses above or below the
median. Right: The graph shows the percentage of patients with
CVH in patients with a systolic impulse in HDF analyses above or
below the median.
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advised.33 However, whilst lower natriuretic peptide
levels are associated with better diastolic function, car-
diac remodelling is likely already present, impacting
both overall cardiac function and outcome.34 In fact,
microvascular disease and tissue remodelling play an
early role in disease pathophysiology and progression in
HFpEF.35,36 Fibrosis and collagen deposition can be
appreciated from increased extracellular volume on
CMR.37 Furthermore, compared to HFpEF patients with
an LVEF >60%, HFpEF patients with an LVEF of
50–60% have increased extracellular volumes paralleled
by decreased systolic contractility appreciated from
PVL.38 This highlights the importance of an early diag-
nosis, suggestive that early collagen deposition and
degrading LV systolic function can be at different stages
whilst still having a preserved LVEF. Indeed, HDF an-
alyses in this study were able to detect subtle differences
in LV function at rest, highlighting the precision of
HDF assessment for LV function quantification. In
contrast, LV LAS at rest was unable to detect LV
impairment; diagnostic accuracy was vastly improved
during exercise-stress testing, thus confirming the
importance of exercise-stress imaging in HFpEF.8

Interestingly, HDF systolic force analyses exceeded the
value of LV LAS at rest to detect HFpEF and showed
similar worth when compared with LV LAS exercise-
stress imaging. Furthermore, impaired systolic peak
www.thelancet.com Vol 86 December, 2022
and impulse HDF were associated with a higher rate of
CVH. Park et al.32 previously reported an association of
impaired LV GLS to all-cause mortality and heart failure
hospitalisation in their large HFpEF population. Within
this study population, the value of LV GLS for risk
prediction was distinctly less pronounced. Indeed, the
accuracy of HDF systolic force exceeded the value of LV
GLS for CVH prediction appreciated from AUC com-
parison. However, it should be noted that none of the
cohort died from a cardiovascular cause in the follow-up
period.
9
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Advances in non-invasive CMR imaging techniques
have allowed us to move on from the need for invasive
intraventricular pressure gradient (IVPG) assessments.39

Whilst sophisticated 4D flow CMR techniques have
merit, they are limited to specialised centres.15,17 This
study demonstrates that it is possible to assess HFpEF
in more detail using routinely acquired bSSFP cine
imaging based on LV geometry, endocardial tissue
movement as well as aortic and mitral valve orifice
areas.14,19,20 Invasive PVL, the current reference-standard
for cardiac hemodynamic assessments, with derived LV
end-systolic elastance (Ees) as a reference for contrac-
tility, indicates increased contractility in HFpEF at rest.40

This stands in contradiction to other measurements of
reduced systolic function.41 This mismatch has been
attributed to the susceptibility of Ees to changes in LV
geometry caused by concentric myocardial remodelling
and ventricular stiffening.42 Though systolic function is
more mildly impaired in HFpEF compared with
HFrEF,42 this mild impairment is associated with
increased mortality.41 Indeed, within this study popula-
tion, systolic impairment emerged as the most promi-
nent change. However, whilst Ees is influenced by the
overall LV geometry, this is also taken into consideration
for HDF calculation. As such, systolic functional quan-
tification showed the highest correlation to PCWP dur-
ing exercise-stress.

bSSFP-derived data confirms a gap between healthy
volunteers and HFpEF within the systolic aspect of the
HDF curve, whilst the diastolic aspect of both curves
seemingly overlap.23 In contrast, a recent study reporting
4D flow-derived data did not detect systolic nor diastolic
functional differences between HFpEF and the control
group.43 However, that particular study classified the
cardiac cycle as having one systolic and one diastolic
phase; instead, this research addresses specific phases
within systole and diastole. This may explain why subtle
differences were detected within different functional
phases in our study. Within our population, early dia-
stolic filling was comparable between both HFpEF and
NCD patients, potentially due to the overall early stage of
diastolic dysfunction in our population. This is con-
trasted with the findings previously seen in patients via
invasive PVL assessment.13 On the one hand side HDF
analyses were able to demonstrate reduced early dia-
stolic filling in HFpEF patients diagnosed at rest
compared with HFpEF patients which were only iden-
tified by exercise-stress thresholds. On the other hand
side HFpEF patients diagnosed at rest showed similar
diastolic functional values compared to NCD. Whilst
HDF analyses may thus be able to quantify different
phases of diastolic function, in this small patient
population at a relatively early disease stage, HDF ana-
lyses emerge not sensitive enough to quantify functional
alterations as seen in PVL.

Beyond LV function, impaired atrial function has
come to the fore in HFpEF.40,44 HDF analyses
demonstrated impaired late diastolic filling by failing
atrial thrust and subsequently increased early/late dia-
stolic filling ratio in HFpEF compared to NCD which is
in line with data from echocardiography.45 Whilst atrial
thrust is statistically significantly correlated to LAVI, this
correlation is low, suggesting further value of thrust
quantification beyond sole morphologic assessment. As
such, HDF analyses may allow non-invasive monitoring
of declining diastolic dysfunction. Consequently,
advancements in CMR post-processing enabled HDF
analyses to sensitively detect LV systolic and diastolic
dysfunction at rest. Future developments in HDF ana-
lyses should incorporate exercise-stress imaging to allow
further insight into stress-induced cardiac congestion
and myocardial functional failure.
Study limitations
The HFpEF stress trial was a single centre feasibility
study to evaluate real-time exercise-stress testing in
CMR. Consequently, conclusions based on that study
population are single centre experiences only with
limited statistical power given the small size of the
study population. All eligible patients undergoing
echocardiography were approached. However, without
appropriate randomization, the decision to participate
in the study may be affected by an inherent selection
bias. Furthermore, limitations of the case–control
setting apply. Disease progression in HFpEF may
be slower compared to HFrEF and given that more
than half of the patients studied were diagnosed ac-
cording to stress thresholds only, a follow-up of 24
months may be too short for progressive cardiac
remodelling leading to adverse cardiovascular events.
Despite this, eleven events were noted and distinct
differences for LV functional parameters could be
identified. Invasively obtained PVL were not assessed
within this study, and as such no invasive validation
was possible. Furthermore, reference-standard non-
invasive 4D flow measurements were not performed
to compare the assessment of HDF between both
methods.
Conclusion
HDF analyses reveal a particular perspective on the
intracardiac pressure dynamics and indicate impair-
ment of LV ejection force beyond the capabilities of
volumetric and strain analyses in HFpEF.
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