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Aims Cardiac decompensation in aortic stenosis (AS) involves extra-valvular cardiac damage and progressive fluid overload
(FO). FO can be objectively quantified using bioimpedance spectroscopy. We aimed to assess the prognostic value
of FO beyond established damage markers to guide risk stratification.
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Methods
and results

Consecutive patients with severe AS scheduled for transcatheter aortic valve implantation (TAVI) underwent prospec-
tive risk assessment with bioimpedance spectroscopy (BIS) and echocardiography. FO by BIS was defined as ≥1.0 L
(0.0 L= euvolaemia). The extent of cardiac damage was assessed by echocardiography according to an established
staging classification. Right-sided cardiac damage (rCD) was defined as pulmonary vasculature/tricuspid/right ventric-
ular damage. Hospitalization for heart failure (HHF) and/or death served as primary endpoint. In total, 880 patients
(81± 7 years, 47% female) undergoing TAVI were included and 360 (41%) had FO. Clinical examination in patients
with FO was unremarkable for congestion signs in >50%. A quarter had FO but no rCD (FO+/rCD−). FO+/rCD+
had the highest damage markers, including N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels. After
2.4±1.0 years of follow-up, 236 patients (27%) had reached the primary endpoint (29 HHF, 194 deaths, 13 both).
Quantitatively, every 1.0 L increase in bioimpedance was associated with a 13% increase in event hazard (adjusted
hazard ratio 1.13, 95% confidence interval 1.06–1.22, p< 0.001). FO provided incremental prognostic value to tra-
ditional risk markers (NT-proBNP, EuroSCORE II, damage on echocardiography). Stratification according to FO and
rCD yielded worse outcomes for FO+/rCD+ and FO+/rCD−, but not FO−/rCD+, compared to FO−/rCD−.
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Conclusion Quantitative FO in patients with severe AS improves risk prediction of worse post-interventional outcomes compared
to traditional risk assessment.
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Graphical Abstract

Assessment of fluid overload identifies aortic stenosis (AS) patients at high risk and treatment of fluid overload may potentially improve the
post-interventional clinical course. TAVI, transcatheter aortic valve implantation.
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Introduction

In aortic stenosis (AS), progressive narrowing of the aortic valve
poses increased afterload on the left ventricle. Left ventricular (LV)
adaptation is required to maintain cardiac output. If the afterload
stimulus persists, LV compensatory mechanisms are exhausted
resulting in backward failure with damage affecting the left atrium,
pulmonary vasculature, and eventually the right ventricle.1 This
process of cardiac decompensation is accompanied by pulmonary
and systemic congestion.2–4 Since physical signs to assess fluid over-
load (FO) are not reliable,5 more sensitive and specific measures
are warranted. Bioimpedance spectroscopy (BIS) allows accurate
and reproducible quantification of FO. Clinical application of this
methodology initially involved patients undergoing dialysis to estab-
lish dry weight goals,6 but it has more recently also been proven
valuable in risk stratifying cardiac patients.2,3,7

The extent of cardiac damage – as described by a well-
established staging classification – allows prognostication of clin-
ical outcomes after aortic valve replacement.1 However, there is
concern that this staging system may be too simplistic to capture
the multi-faceted nature of remodelling in severe AS and warrants
refinement to achieve optimal risk stratification.8,9 We hypoth-
esized that FO by bioimpedance may provide incremental value
in the characterization of cardiac damage and prognostication ..
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. compared to traditional risk markers (N-terminal pro-B-type

natriuretic peptide [NT-proBNP], EuroSCORE II, cardiac damage
on echocardiography).

We quantitatively assessed fluid status and the extent of cardiac
damage in consecutively recruited severe AS patients scheduled
for transcatheter aortic valve implantation (TAVI). We aimed to
investigate whether FO associates with markers of cardiac dam-
age and provides incremental prognostic information following
intervention.

Methods
Study design and population
This large-scale single-centre observational study between 2017 and
2021 prospectively enrolled consecutive adult patients with severe
degenerative AS scheduled for TAVI at the Vienna General Hospital,
a university-affiliated tertiary centre. A multidisciplinary heart team
determined eligibility and decision for TAVI. Patients with clinical signs
of overt cardiac decompensation (i.e. pulmonary oedema, haemody-
namic instability), those eventually not receiving valvular treatment, and
patients with insufficient BIS data quality were excluded from the final
analysis (online supplementary Figure S1). The study was conducted
according to the Declaration of Helsinki and approved by the Ethics
Committee of the Medical University of Vienna (EK no. 2218/2016).
All patients provided written informed consent.

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Clinical measures at baseline
and follow-up
Standard pre-procedural evaluation included clinical and laboratory
assessment, a 12-lead electrocardiogram, and transthoracic echocar-
diography. EuroSCORE II was calculated. On the day preceding TAVI,
volume status was assessed with bioimpedance as well as clini-
cally (leg oedema, rales, pulmonary venous congestion/pleural effu-
sions on chest X-ray) in all patients. Leg oedema was considered
‘present’ if graded at least to the level of the ankles.3 Routine clin-
ical follow-up was performed at 3 months, 12 months, and every
1–2 years thereafter with a minimum follow-up duration of 12 months.
(Peri-)procedural complications were captured according to the Valve
Academic Research Consortium-3.10 The primary endpoint was the
occurrence of hospitalization for heart failure (HHF) and/or all-cause
death. HHF was determined from three sources, covering hospital-
izations in all Austrian hospitals: patient records of the Medical Uni-
versity of Vienna, Vienna HealthAssociation database, and the nation-
wide electronic health records. All-cause mortality was captured from
the Austrian Death Registry. Death and HHF were analysed individ-
ually as secondary study endpoints. Outcome assessment was 100%
complete.

Transthoracic echocardiography
Standard echocardiograms were performed by board-certified cardiol-
ogists using commercially available equipment (Vivid E95, GE Health-
care, and Acuson Sequoia, Siemens). Cardiac morphology was assessed
according to recent recommendations.11 The extent of cardiac damage
was assessed according to a previously proposed staging classification
(for details see online supplementary Table S1), where higher stages
represent increasing extra-valvular cardiac damage (stage 0: no cardiac
damage; stage 1: LV damage; stage 2: left atrial [LA] or mitral dam-
age; stage 3: pulmonary vasculature or tricuspid damage; stage 4: right
ventricular damage).1 According to this classification patients are hier-
archically classified into a given stage (worst stage) if at least one of the
proposed criteria is met within that stage. The present study defined
right-sided cardiac damage (rCD) as the presence of either stage 3
or 4. Centralized core-lab review blinded for clinical data was done
for all recorded echocardiograms to allocate a specific damage stage.
Valvular stenosis and regurgitation were quantified using an integrated
approach and graded as none, mild, moderate, and severe accord-
ing to the respective guidelines.12,13 AS was classified as severe when
transvalvular velocity exceeded 4 m/s, mean transvalvular gradient was
≥40 mmHg, and aortic valve area was <1 cm2. In case of low-gradient
AS, dobutamine stress echocardiography and/or calcium scoring by
computed tomography were applied to quantify stenosis severity.14

Bioimpedance spectroscopy
Patients underwent standardized evaluation of their fluid status using
a portable whole-body BIS device, the Body Composition Moni-
tor (Fresenius Medical Care, Bad Homburg, Germany), as previously
described.3 The principle of BIS has been outlined by previous work,3,15

and its reproducibility has been demonstrated.16 In short, BIS is based
on the principle that the body acts as a circuit with a given resistance
(opposition of current flow through extracellular and intracellular solu-
tions) and reactance (capacity of cells for energy storage), where
the total body fluid volume is largely reflected in the resistance. The
device measures impedance at 50 frequencies over a range from 5 to ..
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.. 1000 kHz to determine the electrical resistance of total body water and
extracellular water (ECW). FO as assessed by BIS is expressed as an
absolute value in litres or as a relative value in %, calculated as the ratio
between FO and the content of ECW (relative FO= FO/ECW×100).
According to previously established17 and validated3 cut-off values, the
present study defined FO as absolute FO≥1.0 L. Patients with FO were
further subclassified according to the presence of mild (1.0–3.0 L) or
severe FO (>3.0 L).3,17

Statistical methods
Continuous data are expressed as mean± standard deviation or as
median with corresponding interquartile range (IQR) and categorical
variables are presented as percentages or total numbers. Differences
between groups were analysed with the Wilcoxon rank sum and
Kruskal–Wallis test, as appropriate. Dunn–Bonferroni correction was
used for pairwise comparisons. Chi-square tests or Fisher exact tests
were used for categorical variables. Kaplan–Meier analysis (log-rank
test) was applied to evaluate the discriminative power of FO and rCD,
with the date of TAVI serving as the starting point. Uni- und multivariate
Cox regression analyses were performed to evaluate the prognostic
impact of different variables. Stepwise forward selection was used
for multivariate adjustment, including all significant parameters on
univariate testing. The incremental prognostic value of FO for 1-year
outcomes compared to traditional risk markers and congestion signs
was assessed using Harrell’s C-index and integrated discrimination
improvement (IDI); NT-proBNP levels, EuroSCORE II, and inferior
vena cava diameter were graded according to tertiles (1st: 0 points,
2nd: 1 point, 3rd: 2 points), LV ejection fraction was graded according
to established cut-off values (≥50%: 0 points, 35–49%: 1 point, <35%:
2 points), inferior vena cava collapsibility according to respiratory
diameter change (≥50%: 0 points, <50%: 1 point, no change: 2 points)
and then FO (no FO: 0 points, mild FO: 1 point, severe FO: 2 points)
was added and the discriminatory power of the respective models was
compared. Similarly, FO was added to an ‘optimal clinical congestion
model’, determined by the scoring method yielding the highest area
under the curve on receiver operating characteristic curve analysis,
with consecutive comparison of discriminatory power. Furthermore,
a restricted cubic spline model with knots placed at the 25th, 50th and
75th percentile was used to depict the continuous association of fluid
levels and the relative event risk. A two-sided p-value of≤0.05 was
considered statistically significant. Statistical analyses were computed
using SPSS 28 (IBM SPSS, IBM Corp., Armonk, NY, USA) and R
(version 4.2.2.).

Results
Patient characteristics
In total, 945 patients were eligible for study participation, of
whom 65 subjects had to be excluded for various reasons (online
supplementary Figure S1). The remaining 880 patients with valid
bioimpedance and echocardiographic data receiving TAVI were
stratified according to the presence of FO. Patients with FO were
further subdivided into mild and severe FO. Detailed characteris-
tics of patients with versus without FO are displayed in Tables 1

and 2. Stratification according to FO and rCD is displayed in online
supplementary Tables S2 and S3. The median age of the study pop-
ulation was 81 years (IQR 78–86), 47% were female.

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Fluid overload in aortic stenosis 1811

Table 1 Baseline characteristics according to presence of fluid overload (FO)

FO− (n= 520, 59.1%) FO+ (n= 360, 40.9%) p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Demographics
Age, years 81.1 (77.5–85.6) 80.8 (77.9–85.4) 0.912
Male sex, % 47.3 60.3 <0.001

BMI, kg/m2 27.4 (24.5–30.5) 25.5 (22.9–28.7) <0.001

Clinical parameters
EuroSCORE II 4.0 (3.9–4.4) 4.1 (3.9–4.7) 0.004
CAD, % 51.3 53.4 0.559
Diabetes, % 25.0 29.1 0.182
Hypertension, % 61.0 57.8 0.351

COPD, % 10.0 9.5 0.805
Liver disease, % 2.9 4.7 0.148
Cancer, % 12.3 19.0 0.006

Laboratory results
GFR, ml/min/1.73 m2 62 (48–77) 61 (41–78) 0.314
NT-proBNP, ng/dl 1443 (642–3291) 2812 (1231–8287) <0.001

CK, U/L 105 (74–165) 105 (68–194) 0.770
Haemoglobin, mg/dl 12.4 (11.1–13.5) 11.5 (10.1–12.9) <0.001

C-reactive protein, mg/dl 0.5 (0.2–1.5) 0.9 (0.2–3.9) <0.001

Symptoms
Asymptomatic, % 3.3 2.8 0.678
Dyspnoea, % 94.4 93.9 0.739
Chest pain, % 24.8 23.9 0.755
Syncope, % 15.3 15.4 0.941

Medication
Any diuretic drug, % 53.3 55.0 0.613
Loop diuretic, % 34.2 43.6 0.005
Thiazide diuretic, % 13.7 8.3 0.015
MRA, % 27.7 24.2 0.243
Xipamid, % 1.0 2.2 0.127

Clinical congestion signs
Any sign, % 23.7 44.7 <0.001

Chest X-raya, % 12.5 28.1 <0.001

Leg oedema, % 19.9 33.4 <0.001

Rales, % 4.1 10.8 <0.001

FO by BIS, L −0.1 (−1.0; 0.5) 2.1 (1.4; 3.0) <0.001

Values are given as % or median (interquartile range).
BIS, bioimpedance spectroscopy; BMI, body mass index; CAD, coronary artery disease; CK, creatine kinase; COPD, chronic obstructive pulmonary disease; EuroSCORE,
European System for Cardiac Operative Risk Evaluation; FO, fluid overload; GFR, glomerular filtration rate; MRA, mineralocorticoid receptor antagonist; NT-proBNP,
N-terminal pro-B-type natriuretic peptide.
aIncludes pleural effusion and/or pulmonary venous congestion.

Clinical characteristics
Quantitative fluid levels by bioimpedance in patients with versus
without FO were 2.1 L (IQR 1.4–3.0) versus 0.1 L (−1.0 to 0.5)
(p< 0.001). Patients with FO were more likely to be male (60.3%
vs. 47.3%), with lower BMI values (both p< 0.001) and higher surgi-
cal risk (EuroSCORE II: 4.1 [3.9–4.7] vs. 4.0 [3.9–4.4], p= 0.004)
compared to patients without FO. Cardiovascular comorbidities
were evenly distributed between groups, but the prevalence of can-
cer was higher in patients with FO (19.0% vs. 12.3%, p= 0.006).
Natriuretic peptide levels were significantly elevated (2812 ng/dl
[1231–8287] vs. 1443 ng/dl [642–3291], p< 0.001), and clini-
cal congestion signs (leg oedema, rales, and on chest X-ray; all
p< 0.001) more prevalent in patients with FO. Accordingly, intake ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. of loop diuretics was more frequent in patients with FO (43.6% vs.
34.2%, p= 0.005), whereas the prescription of any diuretic agent
was comparable between groups.

Cardiac damage on echocardiography
Markers of stenosis severity were comparable between groups.
Even though the distribution of cardiac damage stages according
to the traditional classification did not differ significantly between
patients with versus without FO (all stages p> 0.1), individual
components of cardiac damage were more pronounced in patients
with FO. This included markers of LV damage (LV mass index:
140 g/m2 [118–161] vs. 132 g/m2 [111–153]; E/e′: 21 [16–28]

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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1812 K. Halavina et al.

Table 2 Echocardiographic characteristics according to presence of fluid overload

FO− (n= 520, 59.1%) FO+ (n= 360, 40.9%) p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Valve
AV PPG, mmHg 73.0 (64.0–88.0) 73.0 (64.0–88.0) 0.480
AV MPG, mmHg 45.0 (38.0–55.0) 47.0 (40.0–55.0) 0.362
AV Vmax, m/s 4.3 (4.0–4.7) 4.3 (4.0–4.7) 0.567

Congestion signsa

IVC diameter, mm 17 (15–19) 18 (16–22) <0.001

IVC collapsibility <0.001

>50% 79.6 62.1
<50% 13.3 17.3
No change 7.0 20.6

Cardiac damage stages and individual components
Stage 0/1, % 34.6 30.0 0.151

LV mass index, g/m2 132 (111–153) 140 (118–161) 0.001

E/e′ 18 (15–24) 21 (16–28) 0.004
LV ejection fraction, % 58 (53–67) 56 (47–64) 0.003

Stage 2, % 34.2 31.4 0.378
LA volume index, ml/m2 41 (34–48) 43 (37–54) <0.001

MR≥moderate, % 16.2 24.2 0.005
Atrial fibrillation, % 27.1 33.8 0.033

Stage 3, % 26.9 31.9 0.106
sPAP, mmHg 52 (40–65) 53 (41–65) 0.686
TR≥moderate, % 14.8 24.6 <0.001

Stage 4, % 4.2 6.7 0.110
RV dysfunction ≥moderate, % 4.2 6.7 0.110

AV, aortic valve; FO, fluid overload; IVC, inferior vena cava; LA, left atrial; LV, left ventricular; MPG, mean pressure gradient; MR, mitral regurgitation; PPG, peak pressure
gradient; RV, right ventricular; sPAP, systolic pulmonary artery pressure; TR, tricuspid regurgitation; Vmax, maximum velocity.
aAvailable in 699/880 (79.6%); in the remainder, poor echocardiographic quality did not allow for the assessment of the IVC.

vs. 18 [15–24]; LV ejection fraction: 56% [47–64] vs. 58% [53–67],
all p< 0.05), LA and mitral damage (LA volume index: 43 ml/m2

[37–54] vs. 41 ml/m2 [34–48]; moderate or severe mitral regur-
gitation: 24.2% vs. 16.2%; atrial fibrillation: 33.8% vs. 27.1%; all
p< 0.05), and tricuspid damage (moderate or severe tricuspid
regurgitation: 24.6% vs. 14.8%, p< 0.001) (Table 2). Overall, higher
stages of cardiac damage were associated with higher natriuretic
peptide levels (p< 0.001) and higher fluid levels by bioimpedance
(p= 0.015) – there was, however, considerable overlap between
stages (online supplementary Figure S2). Finally, in patients with
sufficient echocardiographic quality (n= 699/880, 79.6%), FO was
associated with higher vena cava size (18 mm [16–22] vs. 17 mm
[15–19]) and attenuated respiratory motion (<50% collapsibility:
37.9% vs. 20.9%; both p< 0.001).

Fluid overload and advanced cardiac
damage
With the aim to provide new mechanistic insights into remod-
elling patterns in severe AS and define distinct phenotypes with
specific inherent risk, we combined FO with rCD, creating four
categories: FO−/rCD− (n= 358, 40.7%), FO−/rCD+ (n=162,
18.4%), FO+/rCD− (n= 221, 25.1%), and FO+/rCD+ (n=139,
15.8%) (Figure 1A). Clinically, patients with FO−/rCD+ were
more likely to be female and had a higher prevalence of arterial ..
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. hypertension compared to the other three categories (both
p< 0.05). Morphologically, FO−/rCD+ was characterized by a
significantly higher LV ejection fraction than all other groups
(p< 0.05). Furthermore, in comparison to FO+/rCD+, patients
with FO−/rCD+ had a lower LV mass index (131 g/m2 [111–156]
vs. 139 g/m2 [120–172], p= 0.01), lower LA volume index
(40 ml/m2 [35–48] vs. 47 ml/m2 [39–61], p< 0.001), less incom-
petent atrioventricular valves (mitral regurgitation ≥moderate:
30.1% vs. 42.1%; tricuspid regurgitation ≥moderate: 45.3% vs.
58.3%; both p< 0.05), but comparable levels of raised pulmonary
artery pressures and right ventricular dysfunction (both p> 0.05).
In addition, natriuretic peptide levels of FO−/rCD+ were com-
parable to FO−/rCD− (p> 0.05), and significantly lower than in
FO+/rCD− and FO+/rCD+ (both p< 0.05). Conversely, despite
the absence of advanced cardiac damage, FO+/rCD− was char-
acterized by an intermediate phenotype with markedly elevated
NT-proBNP levels – higher than FO−/rCD+ and FO−/rCD−, but
lower than FO+/rCD+ – and with similar left ventricles (LV mass
index and ejection fraction: both p> 0.05) but less pronounced
LA and mitral damage compared to FO+/rCD+ (both p< 0.05).

Outcomes
After a median follow-up of 2.3 years (1.6–3.3), 236 patients (27%)
had reached the primary endpoint (29 HHF, 194 deaths, 13 both).

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Fluid overload in aortic stenosis 1813

Figure 1 Risk refinement using fluid overload. Bioimpedance spectroscopy combined with the traditional staging system yielded different
categories defined by the presence of fluid overload (FO) and right-sided cardiac damage (rCD) (A). Only patients with FO (FO+/rCD− and
FO+/rCD+), but not FO−/rCD+ had higher cumulative event rates than FO−/rCD− (B). Similarly, when combined with the presence of
clinical congestion signs (CS) (C), only FO+/CS− and FO+/CS+, but not FO−/CS+ had worse outcomes than FO−/CS− (D). CI, confidence
interval; HR, hazard ratio.

A stepwise increase in risk was observed from mild FO (vs. no
FO: adjusted hazard ratio [adjHR] 1.40, 95% confidence interval
[CI] 1.03–1.90) to severe FO (vs. no FO: adjHR 1.39, 95% CI
1.13–1.71; vs. mild FO: adjHR 1.58, 95% CI 1.04–2.41; log-rank:
p< 0.0001) (Figure 2A). Quantitatively, every 1 L increase in fluid
levels was associated with a 20% increase in event hazard (HR
1.20, 95% CI 1.12–1.27, p< 0.001). This effect was consistent
across all studied subgroups, including cardiac damage stages and
NT-proBNP levels (online supplementary Figure S3). Restricted
cubic spline curves best depict the continuous effect of ascending
fluid levels on increased event hazard (online supplementary ..
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..
. Figure S4). The significant prognostic effect of fluid levels persisted

after multivariate adjustment (adjHR 1.13, 95% CI 1.06–1.22,
p< 0.001; Table 3). Landmark analysis demonstrated consistent
relationship between fluid levels and the occurrence of death
or HHF (Figure 2B) beyond 30 days. Results remained virtually
unchanged when death was analysed separately (adjHR 1.15, 95%
CI 1.07–1.24, p< 0.001; log-rank: p< 0.001) (online supplemen-
tary Figure S5), and when additional parameters of significant
MR (online supplementary Table S4), and severe renal failure
and daily furosemide equivalent dose (online supplementary
Table S5) were entered into the model. Also, fluid levels were

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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1814 K. Halavina et al.

Figure 2 Kaplan–Meier curves stratified according to the pres-
ence of fluid overload. A stepwise increase of risk was observed
for patients with no fluid overload (FO) to mild FO to severe FO
after adjustment for age, sex, and EuroSCORE II. (A) All-cause
death and/or hospitalization for heart failure (HHF). (B) All-cause
death and/or HHF with 30-day landmark analysis. adjHR, adjusted
hazard ratio; CI, confidence interval.

significantly associated with the occurrence of HHF (HR 1.18, 95%
CI 1.01–1.37, p= 0.04) – the relatively low number of events
precluded multivariate adjustment for this secondary endpoint.
In an outcome model containing all congestion parameters per-
formed in patients with available vena cava measurements, fluid
levels remained significantly associated with worse prognosis
(adjHR 1.11, 95% CI 1.03–1.21, p= 0.01) (online supplementary
Table S6). Finally, peri-procedural outcomes were comparable
between groups apart from slightly lower mean trans-prosthetic
gradients in patients with FO (online supplementary Table S7).

Fluid overload and refinement of risk
stratification
Using the traditional classification, higher stages of cardiac dam-
age on average had higher cumulative event rates (log-rank, ..
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.. p= 0.001) – an effect driven by stages 3 (vs. stage 0/1: HR
1.30, 95% CI 1.10–1.54) and 4 (vs. stage 0/1: HR 1.33, 95%
CI 1.12–1.59), but not stage 2 (vs. stage 0/1: HR 1.26, 95% CI
0.90–1.76) (online supplementary Figure S6). The combination of
bioimpedance results with the traditional staging system yielded
different categories defined by the presence of FO and rCD,
which showed significantly different inherent risk for adverse
outcomes (log-rank: p< 0.000001, Figure 1B). When compared
to FO−/rCD− as a reference, there was a stepwise increase
in hazard from FO+/rCD− (HR 1.25, 95% CI 1.05–1.47) to
FO+/rCD+ (HR 1.38, 95% CI 1.23–1.55). Conversely, outcomes
of FO−/rCD+ did not differ significantly from those of FO−/rCD−
(HR 1.34, 95% CI 0.91–1.98). Combining FO by bioimpedance
with clinical congestion signs (CS) yielded four categories, where
FO+/CS+ (p< 0.001) and FO+/CS− (p= 0.02), but not FO−/CS+
(p= 0.5) had worse outcomes compared to FO−/CS− as a ref-
erence, which conveyed the best prognosis (Figure 1C, D). The
addition of FO to traditional risk markers significantly improved
the discriminatory power of the respective models including an
additive clinical congestion score (area under the curve 0.632 vs.
0.673, p= 0.027) (Table 4).

Discussion
The present large-scale prospective study evaluated the role of
quantitative FO in risk stratifying patients with severe AS. Overall,
increasing fluid levels indicated higher stages of cardiac damage
and conveyed incremental hazard of death and heart failure
events post-TAVI – an effect consistent across all subgroups,
including patients without clinical congestion signs. However, the
incorporation of FO re-allocated patients into lower and higher
risk categories, respectively, compared to the traditional staging
classification, thereby refining cardiac damage and prognostication
in severe AS.

Congestion is common in patients with heart failure and carries
worse outcomes.18 Clinical signs of FO, however, have limited
reliability5,19 and hence great interest has accrued to develop
congestion monitoring devices that would ideally detect immi-
nent heart failure and enable early treatment initiation.20–22 In
the present study, we used a portable whole-body BIS device
to assess FO, which is an established tool in dialysis and has
lately gained importance in the risk assessment of cardiac patient
populations.2,3,7 Measurements are performed with the patient in
supine position and take ∼2 min. There are no reported adverse
events and given its good reproducibility one measurement is
sufficient for accurate assessment of volume status.16 Here, half of
patients with FO on bioimpedance had an unremarkable physical
examination for congestion signs, yet suffering worse outcomes
(Figure 1D), backing previous reports.3,5,19 We also assessed vena
cava size and respiratory motion on echocardiography. Patients
with FO on average had a larger vena cava size with attenuated
respiratory motion. However, poor echocardiographic quality
(precluding assessment in approximately one-fifth of patients in
our study) and the lack of standardized sex-specific and prog-
nostic cut-off values may limit the broad applicability of vena

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Fluid overload in aortic stenosis 1815

Table 3 Uni- and multivariate Cox regression analyses assessing the association of parameters with
mortality/hospitalization for heart failure

Parameter Univariate Multivariate
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hazard ratio (95% CI) p-value Hazard ratio (95% CI) p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Age, per year increase 1.038 (1.017–1.060) <0.001 1.049 (1.026–1.072) <0.001

Male sex 1.529 (1.178–1.986) 0.001 1.546 (1.164–2.053) 0.003
BMI, per kg/m2 increase 0.974 (0.948–1.002) 0.065
EuroSCORE II, per point increase 1.156 (1.108–1.206) <0.001 1.116 (1.050–1.185) <0.001

CAD 1.330 (1.027–1.722) 0.031

Diabetes 1.250 (0.945–1.653) 0.118
Hypertension 0.989 (0.761–1.285) 0.932
COPD 1.753 (1.229–2.500) 0.002
Liver disease 2.954 (1.824–4.783) <0.001 2.608 (1.552–4.384) <0.001

Cancer 1.506 (1.102–2.058) 0.010
GFR, per ml/min increase 0.988 (0.983–0.994) <0.001

NT-proBNP, per quartile increase 1.454 (1.288–1.640) <0.001 1.197 (1.044–1.373) 0.010
Haemoglobin, per mg/dl increase 0.854 (0.797–0.915) <0.001

C-reactive protein, per mg/dl increase 1.040 (1.021–1.059) <0.001 1.026 (1.003–1.049) 0.027
CK, per quartile increase 1.041 (0.928–1.167) 0.498
Diuretic drug use 1.465 (1.123–1.912) 0.005
Clinical signs of congestion 1.532 (1.178–1.992) 0.001

Stage of cardiac damage, per stage increase 1.253 (1.107–1.418) <0.001

AV PPG, per mmHg increase 0.987 (0.980–0.993) <0.001

AV MPG, per mmHg increase 0.979 (0.970–0.988) <0.001 0.987 (0.978–0.996) 0.006
AV Vmax, per m/s increase 1.016 (0.979–1.054) 0.411

PPM implantation 1.812 (1.201–2.731) 0.005 1.544 (1.007–2.367) 0.046
FO by BIS, per L increase 1.196 (1.122–1.274) <0.001 1.134 (1.055–1.218) <0.001

AV, aortic valve; BIS, bioimpedance spectroscopy; BMI, body mass index; CAD, coronary artery disease; CI, confidence interval; CK, creatine kinase; COPD, chronic obstructive
pulmonary disease; EuroSCORE, European System for Cardiac Operative Risk Evaluation; FO, fluid overload; GFR, glomerular filtration rate; MPG, mean pressure gradient;
NT-proBNP, N-terminal pro-B-type natriuretic peptide; PPG, peak pressure gradient; PPM, permanent pacemaker; Vmax, maximum velocity.

cava assessment for outcome prediction in AS. In line with the
concept of worse cardiac decompensation with higher degrees of
congestion,23 ascending fluid levels were strongly associated with
worse outcomes. We observed a 13% increase in the risk of heart
failure or death after TAVI with every 1 L increase in fluid levels.
This effect was independent of other well-established markers
of poor outcome and FO provided incremental prognostic value
to clinical and echocardiographic signs of congestion, natriuretic
peptide levels, EuroSCORE II, and cardiac damage on echocar-
diography. This unfavourable impact of FO on post-procedural
outcomes was consistent across all subgroups, including patients
in different cardiac damage stages according to the traditional
classification.

This concept of sequential backward failure in (severe) AS is
intriguing as it is physiologically intuitive and easily comprehensi-
ble. However, remodelling in AS may be highly heterogeneous.24

Hence, when the sequential staging classification was initially pro-
posed, authors already acknowledged that a significant proportion
of patients displayed rCD (stages 3 or 4) without cumulated
damage from earlier stages.1 These discrepancies in the evolu-
tion of extra-valvular cardiac damage may be related to various
factors, such as ventricular interdependence, hormonal response
to LV pressure overload and individual patient susceptibility and ..
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.. may potentially bear prognostic implications. Mechanistic insights

into rCD in AS are of particular interest, as worse outcomes
following intervention are mainly driven by stages 3 and 4.1,25,26

Indeed, in the present study, the incorporation of quantitative FO
into risk stratification allowed subdividing patients in advanced
cardiac damage stages into a lower and higher risk category,
respectively. Only patients with both rCD and FO (FO+/rCD+)
had significantly worse outcomes after TAVI, but not patients with
isolated rCD but no FO (FO−/rCD+, Figure 1B). On comparison
of remodelling types, FO−/rCD+, which made up approximately
one-fifth of the study population, resembled a more benign ‘heart
failure with preserved ejection fraction’ phenotype characterized
by a higher prevalence of females and hypertension, better LV
function, less hypertrophy and lower NT-proBNP levels com-
pared to FO+/rCD+ and FO+/rCD−. Conversely, the presence
of FO was linked to significantly worse outcomes despite the
absence of rCD (FO+/rCD−). Pulmonary venous congestion/lung
water accumulation can be detected in patients with left-sided
heart damage,4,27 has been linked to worse prognosis,4,27 and
may have been responsible for the unfavourable clinical course
in this subgroup. Of note, these patients would have been
assigned to a lower risk category based on the traditional staging
classification.

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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1816 K. Halavina et al.

Table 4 Assessment of additional prognostic value of fluid overload compared to traditional risk markers and
congestion signs alone by Cox regression, Harrell’s C-index and integrated discrimination improvement

Model Cox regression analysis Harrell’s C-index IDI
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hazard ratio (95% CI)a p-value p for comparison p for comparison
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Right-sided CD 1.297 (1.110–1.516) <0.001 0.570 – —
Right-sided CD+ FOb 1.525 (1.314–1.771) <0.001 0.622 0.010 0.023 <0.001

LVEFc 1.312 (1.148–1.499) <0.001 0.569 – –
LVEF + FO 1.519 (1.321–1.746) <0.001 0.622 0.007 0.021 <0.001

NT-proBNPd 1.537 (1.259–1.876) <0.001 0.605 – –
NT-proBNP + FO 1.638 (1.385–1.938) <0.001 0.645 0.011 0.017 <0.001

EuroSCORE IId 1.542 (1.298–1.834) <0.001 0.623 – –
EuroSCORE II+ FO 1.736 (1.482–2.035) <0.001 0.662 0.012 0.026 <0.001

IVC diameterd 1.554 (1.267–1.905) <0.001 0.621 – –
IVC diameter+ FO 1.734 (1.441–2.087) <0.001 0.663 0.013 0.023 <0.001

IVC collapsibilitye 1.536 (1.332–1.783) <0.001 0.624 — —
IVC collapsibility + FO 1.708 (1.462–1.996) <0.001 0.663 0.043 0.021 0.001

Clinical congestion 1.258 (1.076–1.471) 0.004 0.561 — —
Clinical congestion + FO 1.487 (1.279–1.728) <0.001 0.617 0.004 0.023 <0.001

Congestion scoref 1.603 (1.367–1.879) <0.001 0.632 – –
Congestion score+ FO 1.597 (1.414–1.804) <0.001 0.673 0.027 0.041 <0.001

CD, cardiac damage; CI, confidence interval; EuroSCORE, European System for Cardiac Operative Risk Evaluation; FO, fluid overload; IDI, integrated discrimination
improvement; IVC, inferior vena cava; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-B-type natriuretic peptide.
aShown as scaled hazard ratios (Z-scores).
bFO was graded into no FO, mild FO, and severe FO.
cLVEF was graded into ≥50%, 35–49%, and<35%.
dNT-proBNP, EuroSCORE II, and IVC diameter were graded into tertiles.
eIVC collapsibility was graded into ≥50%, <50%, and no respiratory change.
fAdditive score composed of IVC collapsibility (≥50%: 0 points, <50%: 1 point, no respiratory change: 2 points), rales (absence: 0 points, presence: 1 point), leg oedema
(absence: 0 points, presence: 1 point).

The present study provides evidence that measures of FO should
be included in the risk stratification of patients with severe AS.
Patients may be assigned to a specific risk category based on the
presence or absence of FO and the extent of cardiac damage on
echocardiography (Graphical Abstract). Importantly, the presence
of FO should always indicate elevated risk (intermediate-high or
highest), emphasizing the essential prognostic value of FO.

The clinical applicability of FO assessment may potentially
go beyond risk stratification. Reducing congestion has yielded
improved outcomes in patients with heart failure.18,22 We may
speculate that, in severe AS with volume overload, reverse
remodelling following afterload removal may theoretically sup-
port decongestion, whereas failure to recover from cumulated
cardiac damage may lead to persistent FO. Heart failure across
the spectrum of LV ejection fraction is frequent after left-sided
valve surgery and conveys impaired prognosis,28 which highlights
that patients with AS are not ‘cured’ once the diseased valve has
been replaced. Inclusion of quantitative FO in the assessment
of AS/heart failure patients is intriguing because it represents a
potentially modifiable risk factor as opposed to other markers of
poor prognosis (EuroSCORE II, NT-proBNP). Weighing the device
costs (∼8000 to 10 000$) against the economic burden of HHF
(∼10 000–18 000$ per HHF) demonstrates that prevention of
one single HHF through bioimpedance-guided decongestion would
already make this intervention cost-effective. The hypothesis that ..
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.. decongestive treatment tailored to the patient’s individual dry
weight may improve outcomes and alleviate the symptomatic
burden after valve replacement is currently being tested in a
randomized controlled trial (EASE-TAVR, NCT04556123).

Strengths and limitations
The current report has several strengths. We performed a com-
prehensive, multi-parametric risk assessment in a substantial num-
ber of patients with severe AS. For the first time, we present
quantitative FO in a large-scale format as a powerful predictor of
post-interventional heart failure admissions and death. The incor-
poration of FO allowed to refine cardiac damage, defining less and
more vulnerable categories as opposed to the traditional staging
classification alone. Furthermore, contrary to previous reports on
the prognostic value of staging cardiac damage,1,8,9,26 the present
study had a prospective design with a dedicated a priori defined
research aim. Potential research and clinical utility outside the cur-
rent study include: (i) improvement of risk stratification of AS
patients prior to valve replacement with implications on patient
information and expectations; (ii) support for the enhanced sci-
entific implementation of quantitative FO as a risk assessment
tool in cardiac patients; and (iii) definition of FO as a poten-
tial treatment target to further improve prognosis following valve
replacement.

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Fluid overload in aortic stenosis 1817

Several limitations of the present report merit comment. This
was a single-centre study with possible inherent selection and
referral bias. Nevertheless, the study design allowed us to follow
an identical protocol for FO and echocardiographic assessment
as well as TAVI throughout the entire study, enabling thorough
data acquisition and data consistency. The study population con-
sisted of (primarily symptomatic) patients with severe AS awaiting
intervention. Therefore, the applicability of bioimpedance to detect
patients with moderate AS or severe asymptomatic AS at increased
risk, who may potentially benefit from early intervention, remains
speculative. Efficacy of timely valve replacement in these patient
populations is currently being investigated by other trials (EASY-AS,
EVOLVED, EARLY TAVR, TAVR UNLOAD). Also, results of the
present TAVI population with a mean age of 81 years may not be
transferrable to younger, less vulnerable patients undergoing surgi-
cal aortic valve replacement.

Concusions
In conclusion, quantitative FO in patients with severe AS has a
strong association with worse post-interventional clinical out-
comes, refines risk stratification compared to the traditional
staging classification and clinical congestion signs, and provides
incremental prognostic information to common risk markers.
Future studies should clarify whether FO persists after valve
replacement and may serve as a potential therapeutic target to
improve prognosis.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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