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Abstract

Replacement of a stenotic aortic valve reduces immediately the ventricular to aortic gradient and is expected to improve
diastolic and systolic left ventricular function over the long term. However, the hemodynamic changes immediately after
valve implantation are so far poorly understood. Within this pilot study, we performed an invasive pressure volume loop
analysis to describe the early hemodynamic changes after transcatheter aortic valve implantation (TAVI) with self-expand-
able prostheses. Invasive left ventricular pressure volume loop analysis was performed in 8 patients with aortic stenosis
(mean 81.3 years) prior and immediately after transfemoral TAVI with a self-expandable valve system (St. Jude Medical
Portico Valve). Parameters for global hemodynamics, afterload, contractility and the interaction of the cardiovascular sys-
tem were analyzed. Left ventricular ejection fraction, (53.9% vs. 44.8%, p=0.018), preload recruitable stroke work (68.5
vs. 44.8 mmHg, p=0.012) and end-systolic elastance (3.55 vs. 2.17, p=0.036) both marker for myocardial contractility
declined significantly compared to baseline. As sign of impaired diastolic function, TAU, a preload-independent measure of
isovolumic relaxation (37.3 vs. 41.8 ms, p =0.018) and end-diastolic pressure (13.1 vs. 16.4 mmHg, p=0.015) raised after
valve implantation. Contrarily, a smaller ratio of end-systolic to arterial elastance (ventricular-arterial coupling) indicates an
improvement of global cardiovascular energy efficiency (1.40 vs. 0.97 p=0.036). Arterial elastance had a strong correlation
with the number of conducted rapid ventricular pacings (Pearson correlation coefficient, r=0.772, p=0.025). Invasive left
ventricular pressure volume loop analysis revealed impaired systolic and diastolic function in the early phase after TAVI with
self-expandable valve for the treatment of severe aortic stenosis. Contrarily, we found indications for early improvement of
global cardiovascular energy efficiency.
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STS-PROMM  The Society of Thoracic Surgeons’ Risk
Model Predicting the Risk of Operative
Mortality and Morbidity

Y Stroke volume

SVI Stroke volume index

Sva Valvulo-arterial impendance

SW Stroke work

Introduction

Replacement of the aortic valve is regarded as the gold
standard for patients with symptomatic aortic valves ste-
nosis. Severe aortic stenosis (AS) is primarily defined by
transvalvular velocity, mean gradient and valve area accord-
ing to the European and North American guidelines for
the treatment of valvular heart disease. Peak velocity of
4 m/s, a mean gradient of 40 mmHg and an aortic valve
area < 1.0 cm? are defined as cut-off values for severe aortic
stenosis [1, 2]. Aortic stenosis increases afterload and left
ventricular end-diastolic pressure (LVEDP). Both entities
may induce left ventricular dysfunction, an important trig-
ger of heart failure in patients with severe aortic stenosis [3,
4]. Moreover, besides the obstruction of the left ventricular
(LV) outflow tract, stiffness of the systemic arterial system
plays a crucial role for afterload and contributes for LV sys-
tolic as well as diastolic dysfunction in patients with severe
aortic stenosis [5, 6]. With increased afterload, the workload
for the LV intensifies and the LV mass increases. Character-
istically a concentric hypertrophy and LV remodeling leads
to LV stiffness and eventually to increased LV afterload.
The exhausted compensatory mechanism contributes finally
to systolic dysfunction of the LV [7, 8]. Replacement of
a stenotic aortic valve reduces immediately the ventricu-
lar to aortic gradient and is expected to improve both, the
diastolic and systolic LV function over the long-term [9,
10]. Nevertheless, the immediate, intraprocedural hemody-
namic changes affecting the aortic-left ventricular system
after aortic valve replacement are so far poorly understood.
To answer this question, we performed invasive LV pressure
volume loop analysis prior and immediately after TAVI with
self-expandable prothesis.

Methods
Patient population

Within this pilot study, eight patients with severe AS under-
going transfemoral TAVI were included in this study. The
interdisciplinary heart team, consisting of an interventional
cardiologist, cardiac surgeon and anaesthesiologist, made
the decision for the interventions. All patients gave written
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informed consent for the procedure prior to intervention.
Only patients older than 18 years of age, with feasible trans-
femoral access, absence of bleeding disorders and cardio-
genic shock were included. Exclusion criteria were planned
hybrid procedures, intubated and mechanically ventilated
patients and urgent or emergency interventions.

Data analysis was approved by the ethics committee of the
University Hospital of Frankfurt (296/16). This pilot study
was not registered at a trial database, because this study
did not aim to evaluate the impact of early hemodynamic
changes post TAVI on longitudinal outcome measures.

Transcatheter aortic valve implantation and PV loop
measurements

PV loop measurements were conducted prior and after TAVI
in a hybrid operation room. All patients received analgo-
sedation and local anesthesia at the femoral puncture sites
(Fentanyl 1 pg per KG body-weight and Mepivacain 1%,
40 ml). Shortly, arterial femoral access was accomplished
with the use of a pre-closure device (ProGlide, Abbott Vas-
cular, Abbott Park, Illinois, USA). For rapid ventricular pac-
ing (RVP) a temporary pacing wire was placed in the right
ventricular apex via transfemoral venous access. First, sten-
otic aortic valve was passed per interventionist standards and
the pigtail shaped pressure volume conductance catheter (7F,
CD Leycom, Zoetermeer, Netherlands) was placed into the
left ventricle over a stiff guide wire (Radifocus Guidewire
M Stiff, 0.025", 260 cm, angeled distal curve, Terumo Cor-
poration, Shibuya, Japan). PV loop analysis was performed
in extrasystole free cardiac cycles. Then PV loop catheter
was removed, switched for a pre-shaped stiff wire (Safari,
Boston Scientific, Marlborough, USA) and a delivery sheath
for the prosthetic valve was placed in the femoral vessel (all
Portico Valves, St. Jude Medical Saint Paul, USA). RVP
was performed as per interventionist standard either for pre-
dilatation or for prosthesis post-dilatation if required. After
successful valve implantation, the stiff ventricle wire was
removed and another PV loop analysis was performed. Post
procedure, all patients were transferred to an intermediate
care unit and were monitored for at least 48 h.

PV loop assessments

Parameters for global hemodynamics, afterload, contractil-
ity and the interactions of the cardiovascular system were
measured in a steady-state for each cardiac cycle and means
were used for further analysis [11]. Extrasystolic beats were
excluded for analysis and data was analyzed using Con-
ductNT software (CD Leycom, Zoetermeer, Netherlands).
The mean transvalvular aortic gradient, as well as mean and
systolic arterial pressure were measured invasively prior and
after valve implantation by pulse wave analysis.



Early hemodynamic changes after transcatheter aortic valve implantation in patients with... 193

Reflecting global cardiac hemodynamics the following
parameters were analyzed: heart rate (HR, beats/min), ejec-
tion fraction (EF, %; EDV — ESV/EDV; EDV, end-diastolic
volume, ESV, end-systolic volume), stroke volume (SV, ml;
EDV-ESV), stroke volume index (SVI, ml/m?%; SV/BSA;
BSA, body surface area), stroke work (SW, mmHg X ml;
defined as area of the PV loop), cardiac output (CO, 1/min,
HR X SV) and cardiac index (CL I/min/m?; SV x HR/BSA)
[11].

Myocardial contractility was assessed by end-systolic
and end-diastolic volume (ESV and EDV, ml), end-systolic
and end-diastolic pressure (ESP and EDP, mmHg), preload
recruited stroke work (PRSW, mmHg; linear regression of
stroke work with end-diastolic volume), the maximal and
minimal rate of pressure change (dP/dt,,, and dP/dz,;,,
mmHg/s), the relaxation time constant Tau (ms, exponential
decay of the ventricular pressure during isovolumic relaxa-
tion, defined as the time required for the LV pressure at dP/
dt,;, to be reduced by half) and the Starling contractile index
(SCI, mmHg/ml s, maximal rate of pressure change over
time during isovolumetric contraction (dP/dt,,,,) normalized
to EDV) [11].

For determination of afterload arterial elastance (E,,
mmHg/ml; ESP/SV) and valvulo-arterial impedance, an
index of global left ventricular afterload (Sy,, mmHg m?/
ml; systolic arterial pressure + mean gradient)/SVI) were
assessed. The interaction of left ventricle performance and
the arterial load was described by end-systolic elastance
(Egs, mmHg/ml; the slope of ESP/ESV =ESPVR, end-sys-
tolic pressure volume relationship) and end-diastolic stift-
ness (Egp, mmHg/ml; the slope of EDP/EDV =EDPVR,
end-diastolic pressure volume relationship) for calculating
ventricular-arterial coupling ratio (Egg/E,) [12].

Graphs displaying pre and post TAVI PV loops were
plotted using Engauge digitizing software (http://digitizer.
sourceforge.net/) as described before [13]. Briefly, PV loop
images were converted into numerical data by turning the
PV loop picture into a series of individual pressure volume
data points (10 per point per limp of each curve, in total 40
data points per each PV loop). Mean for every data point was
calculated and the final graph drawn using Excel (Microsoft
Office 365, Microsoft, Seattle, USA).

Data assessment and statistics

The severity of aortic valve stenosis was determined before
intervention by transthoracic echocardiography (TTE), tran-
soesophageal echocardiography and computed tomography
(CT) as recommended by the European Society of Cardi-
ology [1] [14],. Left ventricular geometry was determined
by left ventricular mass index and relative wall thickness
as recommended by the European Association of Cardio-
vascular Imaging (EACVI) and the American Society of

Echocardiography (ASE) [15]. In addition to the PV-loop
analysis, basic hemodynamic parameters such as heart rate,
LVEDP, LVESP, systolic, mean and diastolic aortic pressure
and mean aortic valve gradient were assessed by two pig-
tails catheters positioned in the aorta and the LV before and
after TAVI. We collected a 30-day follow-up and reported
adverse side events and device success according to VARC-2
[16]. The post TAVI transthoracic echocardiography was
performed before discharge from the index hospitalization.

Continuous variables are shown as mean =+ standard
deviation and categorical data are shown as number + per-
centage. Hemodynamic parameters were taken as means
for every patient (pre and post valve implantation) and ana-
lyzed by paired two-sided Wilcoxon—-Mann—Whitney-Test
for continuous variables. Subgroups (reduced left ventricular
ejection fraction defined as <40%, presences of atrial fibril-
lation and severe mitral valve insufficiency) were analyzed
separately and differences in hemodynamic changes assessed
by Wilcoxon—Mann—Whitney-Test. Non-parametric Kend-
all’s Tau was calculated to measure the correlation of the
amount of administered contrast medium with parameters
for global hemodynamics and myocardial contractility. The
a priori level of statistical significance was set at p <0.05 for
all analyses, which were always 2-tailed and performed with
SPSS, version 25 (IBM SPSS, Chicago, USA).

Results
Baseline characteristics and intraprocedural course

Mean age of the patients undergoing TAVI with left ventric-
ular PV loop analysis was 81.3 years (n=3 women, 37.5%)
with a median STS score of 2.1% (Table 1). Cardiovascu-
lar risk factors were common, such as hypertonia (87.5%),
chronic kidney disease (75%), diabetes (50%) and known
coronary artery disease (50%). All patients had severe
stenosis of the aortic valve with a mean aortic valve area
of 0.7 cm?, a mean pressure gradient of 37.6 mmHg and
a peak gradient of 44.7 mmHg (all values determined by
transthoracic or transesophageal echocardiography prior to
the intervention, Table 2). Minor aortic valve insufficiency
was present in three patients (37.5%).

Mean ventricular mass index was 138.6 g/m* and rela-
tive wall thickness 49.3 mm. In four cases LV geometry
was classified as concentric left ventricular hypertrophy, in
two as eccentric left ventricular hypertrophy and in two as
concentric left ventricular remodeling.

In all cases self-expandable Portico Valve (Abbot Lab-
oratories, Abbott Park, USA, mean size 27.3 mm) was
implanted and a mean of one RVP per procedure either for
pre-dilatation or prosthesis post-dilatation was performed
(no RVP in two patients, Table 3). Significant or more than
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Table 1 Baseline characteristics

Table 2 Baseline echocardiographic characteristics

Age (years) 81.3 (£5.3)
Female (n) 3(37.5%)
BMI (kg/m?) 28.6 (+3.2)

STS-PROM (%)*
STS-PROMM (%)*

2.1 (1.59-4.13)
11.8 (8.43-18.48)

Hypertonia (n) 7 (87.5%)
CKD (n) 6 (75%)
Diabetes (1) 4 (50%)
ATRIAL fibrillation (n) 6 (75%)
CAD (n) 4 (50%)
History of myocardial infarction (n) 2(25%)
Previous PCI (n) 4 (50%)
PAVK (n) 2 (25%)
History of stroke () 2 (25%)
NT-proBNP (pmol/L) 0.44 (+0.69)
Serum creatinin (mmol/L) 0.13 (+0.05)
MDRD (ml/min/1.73 m?) 38.0 (x11.7)
High sensitive Troponin-T (pg/ml) 44.5 (+48.9)
C-reactive protein 0.94 (£0.68)
Hemoglobin (g/L) 119 (£23)
INR 1.27 (+0.29)

Data are shown as mean (+ standard deviation) or frequency (%)

Al aortic insufficiency, AV aortic valve, AVA aortic valve area, BMI
body mass index, CKD chronic kidney disease, CAD coronary artery
disease, INR International Normalized Ratio, LVEDD left ventricu-
lar end-diastolic diameter, LVEF left ventricular ejection fraction,
MDRD Modification of Diet in Renal Disease formula for estima-
tion of glomerular filtration rate, MI mitral valve insufficiency, PAP
pulmonary artery pressure, PCI percutaneous coronary intervention,
STS-PROM and STS-PROMM The Society of Thoracic Surgeons’
Risk model Predicting the Risk of Operative Mortality and Mortality
and Morbidity, 77 tricuspid valve insufficiency

2Shown as median (interquartile range)

mild paravalvular leakage could be ruled out in all patients
post intervention by final root angiogram and transthoracic
echocardiography. Thirty-day mortality was 0% but one
patient suffered from an early postoperative thrombem-
bolic stroke and in one patient a permanent pacemaker was
implanted due to third-degree atrioventricular block. Minor
access site bleeding occurred in 3 patients (37.5%) but could
be managed conservatively.

Global hemodynamics

We observed a non-significant increase in SV (47 vs.
53.50 ml, p=0.735) and CI (1.63 vs. 2.03 1/min, p=0.31),
on the other hand SW (6435 vs. 5736 mmHg ml, p=0.161)
and LVEF (53.9% vs. 44.8%, p=0.018) decreased post pros-
thesis implantation (Table 4). Schematic pre and post TAVI
PV loops derived from the means of each measured cardiac
cycle are shown in Fig. 1.
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LVEF (%) 44.4 (£14.7)
LVEDD (mm) 50.9 (£6.7)
Interventricular septum (mm) 13.6 (= 1.4)
Posterior wall thickness (mm) 12.1 (£1.3)
LV mass (g) 270.5 (£62.9)
LV mass index (g/m?) 138.6 (+33.9)
Relative wall thickness (mm) 49 (=1.0)
AVA (cm?) 0.7 (+0.18)
AV Pmax, (mmHg) 44.7 (£22.2)
Al

I 3 (37.5%)

I 0 (0%)

11 0 (0%)
MI

I 4 (50%)

I 1(12.5%)

11 3 (37.5%)
TI

I 6 (75%)

Il 0(0%)

11 1(12.5%)
Systolic PAP (mmHg) 42.6 (+11.0)

Data are shown as mean (+ standard deviation) or frequency (%) and
were eather assessed by transthoracic or transesophageal echocardi-
ography at baseline. Relative wall thickness was defined as two times
posterior wall thickness divided by the left ventricular (LV) end-dias-
tolic diameter and LV mass index was defined as LV mass divided by
body surface area

Al aortic insufficiency, AV aortic valve, AVA aortic valve area, LV left
ventricular, LVEDD left ventricular end-diastolic diameter, LVEF left
ventricular ejection fraction, MI mitral valve insufficiency, PAP pul-
monary artery pressure, PCI percutaneous coronary intervention, 77
tricuspid valve insufficiency

Myocardial contractility

Marker for myocardial contractility, such as PRSW (68.5 vs.
44.8 mmHg, p=0.012) and Egg (3.55 vs. 2.17, p=0.036)
both decreased significantly compared to baseline (Table 5).
Relaxation time constant Tau, a preload-independent meas-
ure of isovolumic relaxation (37.3 vs. 41.8 ms, p=0.018)
and dP/dt;, (— 1168.0 vs. — 1024.5 mmHg/s, p=0.036)
increased and reflect a state of impaired diastolic function
early after prosthesis implantation. Moreover, LVEDP (13.1
vs. 16.4 mmHg p=0.015) as well as ESV (44.1 vs. 58.3%,
p=0.035) raised after valve implantation.

Afterload and the interactions of the cardiovascular
system

Arterial elastance, a measure for arterial load, remained
stable after prosthesis implantation (3.61 vs. 3.67, mmHg/
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Table 3 Basic invasive hemodynamic assessment and intraprocedural
data

Pre TAVI or balloon valvuloplasty

Heart rate 59.4 (£9.7)
Aortic pressure (mmHg) systolic/mean/diastolic) 129.6 (£ 18.7)
80.4 (+x9.4)
54.8 (+4.6)
Left ventricular pressure (mmHg) (systolic/LVEDP) 154 (+19.5)
15 (24.5)
AV Pmean, mmHg 253 (x11.1)
AV Pmax, mmHg 28 (£15.0)
Intraprocedural data
Rapid ventricular pacing (n) 1(x0.77)
Contrast medium (ml) 140 (£54.3)
Post TAVI or final balloon valvuloplasty
Heart rate 64 (£13.7)
Aortic pressure (mmHg) (systolic/mean/diastolic) 135 (£21.8)
82.6 (x15.4)
54.8 (+9.6)
Left ventricular pressure (mmHg) (systolic/LVEDP) 138 (+25.5)
13.6 (+x4.4)
AV Pmean (mmHg) 3.75 (£4.9)
AV Pmax (mmHg) 6(£5.2)

Data assessed by standard invasive, simultaneous measurement and is
shown as mean (+ standard deviation)

AV aortic valve, LVEDP left ventricular end-diastolic pressure,
Pmean mean valvular gradient, Pmax maximal valvular gradient

ml, p=0.779, Table 6). The ratio of arterial to end-systolic
elastance (ventricular-arterial coupling) was smaller after
the procedure indicating a recovery of the cardiovascu-
lar energy efficiency (1.40 vs. 0.97 p=0.036). We found
a strong correlation of the absolute change in arterial
elastance (difference post-minus values) with the number
of conducted rapid ventricular pacings (Pearson correla-
tion coefficient, 0.772, p =0.025, mean one rapid ven-
tricular pacing per procedure). The postprocedural course

and the short-term outcome of the cohort is displayed in
Table 7.

Correlation and subgroup analysis

The amount of administered contrast medium ranged from
40 to 200 ml (mean 140 ml). A correlation analysis ruled out
relevant associations between administered contrast medium
and parameters for global hemodynamics and myocardial
contractility (Table 8).

The study cohort was inhomogeneous concerning relevant
comorbidities known to impact hemodynamics during TAVI,
such as reduced systolic left ventricular function, prevalence
of severe mitral insufficiency and atrial fibrillation. Cardiac
index as well as preload recruitable stroke work declined sig-
nificantly in patients with LVEF <40% compared to patients
with preserved LVEF (Table 9). Further statistical discrepan-
cies were not found between the subgroups.

Discussion

Valve replacement in patients with severe stenosis is
expected to reduce immediately the ventricular to aortic
gradient in patients with preserved ejection fraction.
Beneficial long-term effects of TAVI are driven by posi-
tive remodelling of the LV, morphologically mainly due
to reduction in LV wall thickness [17]. However, besides
prompt gradient reduction and beneficial LV remodelling
over the long term, the early hemodynamic changes imme-
diately after valve implantation in patients with severe aortic
stenosis are so far poorly understood. Our data demonstrates
that besides sole, immediate gradient lowering, adverse
hemodynamic effects occur in the early phase post TAVI,
such as reduced myocardial contractility and impaired dias-
tolic function. On the other hand, we found indications for
improved global cardiovascular energy efficiency.
Immediately after TAVI we observed reduced LVEF,
assessed invasively by PV Loop conductance catheter.

Table 4 Parameters for global

. Global hemodynamics Pre TAVI Post TAVI p value
hemodynamics

HR (beats/min) 64.71 (+8.87) 74.49 (£19.39) 0.069
EF (%) 53.88 (+19.38) 44.75 (£19.17) 0.018
SV (ml) 47.00 (+18.93) 53.50 (+37.45) 0.735
SVI (ml/m?) 24.20 (+9.76) 27.64 (+19.68) 0.735
SW (mmHg ml) 6435.13 (+3319.02) 5736.75 (£3985.53) 0.161
CO (I/min) 3.16 (+1.25) 3.94 (£2.58) 0.237
CI (I/min/m?) 1.63 (+0.66) 2.03 (+1.36) 0.31

Data assessed by PV-loop catheter and is shown as mean (+standard deviation)

CI cardiac index, CO cardiac output EF ejection fraction, HR heart rate, SV stroke volume, SVI stroke vol-

ume index, SW stroke work
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Fig. 1 Schematic left ven-
tricular pressure volume loops
derived from the means of
generated pressure volume data
points of each cardiac cycle.
After TAVI pressure volume
loop shifts to the right and
slightly upwards, indicating

an increase of end-diastolic
pressure (EDP) as well as end-
systolic volume (ESV)

Table 5 Parameters
for myocardial contractility

Table 6 Parameters for
afterload and LV-afterload
interactions

Nevertheless, over the long-term TAVI is known to improve
LVEF in patients with preserved as well as with reduced
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PV Loop pre and post TAVI
140
ESV/ESP
120
100
o 80
s
g
8 60
40
20
EDV/EDP
0
0 20 40 60 80 100 120 140
ml
—pre post
Myocardial contractility Pre TAVI Post TAVI p value
EDV (ml) 94.00 (+12.57) 120.13 (+37.79) 0.094
ESV (ml) 44.13 (£18.51) 58.25 (£ 11.60) 0.035
EDP (mmHg) 13.13 (£3.91) 16.38 (£5.53) 0.015
ESP (mmHg) 134.88 (+21.94) 121.75 (£20.26) 0.176
PRSW (mmHg) 68.49 (+32.75) 44.78 (£20.88) 0.012
dP/dt+ (mmHg/s) 1099.00 (£300.61) 977.13 (+288.86) 0.093
dP/dt — (mmHg/s) —1168.00 (+193.39) —1024.50 (£254.17) 0.036
TAU (ms) 37.25 (+£5.63) 41.75 (£ 7.50) 0.018
End-systolic elastance (mmHg/ml) 3.55 (£ 1.51) 2.17 (x0.61) 0.036
SCI (mmHg/ml s) 11.85 (+3.17) 8.88 (+3.87) 0.069

Data assessed by PV-loop catheter and is shown as mean (+ standard deviation)

dP/dt + and dP/dt maximum and minimum rate of pressure change, EDP end-diastolic pressure, EDV end-
diastolic volume, ESP end-systolic pressure, ESV end-systolic volume, PRSW preload recruitable stroke
work, SCI starling contractility index, TAU isovolumic relaxation constant

Afterload and LV-afterload interactions Pre TAVI Post TAVI p value
Arterial elastance (mmHg/ml) 3.61 (£2.51) 3.67 (£2.87) 0.779
Valvulo-arterial impedance (mmHg m?/ml) 7.98 (£5.42) 8.06 (£6.03) 0.889
Enddiatolic stiffness (mmHg/ml) 0.14 (£0.03) 0.15 (£0.06) 0.575
Ventricular-arterial coupling 1.40 (£1.04) 0.97 (£0.69) 0.036

Data assessed by PV-loop catheter and is shown as mean (+ standard deviation)

LV left ventricular

LVEF. The follow-up of the randomized controlled Partner A
trial comparing TAVI with surgical aortic valve replacement
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Table 7 Postprocedural course and 30-day outcome

Need for pacemaker (1) 1(12.5%)

AKI with need for RRT (n) 0 (0%)

Minor access site bleeding (n) 3(37.5%)

Stroke (n) 1(12.5%)
Pre discharge echocardiography

LVEF (%) 48.6 (+20.9)

LVEDD (mm) 51.6 (+18.9)

Interventricular septum (mm) 13.1 (£4.8)

AV Pmean (mmHg) 7.8 (£4.2)

AV Pmax (mmHg) 15(x7.2)
PVLPVL

0 4 (50%)

I 4 (50%)
MI

I 4 (50%)

I 4 (50%)
TI

0 2 (25%)

I 4 (50%)
I 2 (25%)
Systolic PAP (mmHg) 38 (+38.1)

30-day mortality (n) 0 (0%)

Data is shown as mean (+ standard deviation) or frequency (%)

AKI acute kidney injury, AV aortic valve, LVEDD left ventricular end-
diastolic diameter, LVEF left ventricular ejection fraction, MI mitral
valve insufficiency, PAP systolic pulmonary artery pressure, Pmean
mean valvular gradient, Pmax maximal valvular gradient, PVL para-
valvular leakage, RRR renal replacement therapy, 77 tricuspid valve
insufficiency

in patients with severe aortic stenosis (PARTNER A) dem-
onstrated, that ejection fraction improves after TAVI with
most improvement occurring within the first 30 days after
the procedure and independently of preoperative LVEF [18].
Markus et al. described cardiac output and cardiac index

pre and post TAVI using a non-invasive whole body electri-
cal bio-impedance monitoring system in a cohort with 52
patients. The group found cardiac output and cardiac index
unchanged 6-8 h after TAVI [19]. Similar to their findings,
in our study cohort, cardiac output as well as cardiac index
remained stable in the early phase after TAVIL.

Immediately after TAVI, we found markers for myocar-
dial contractility to be reduced. Preload recruitable stroke
work and end-systolic elastance declined significantly com-
pared to baseline. Both are a valid marker for myocardial
contractility. Moreover, preload recruitable stroke work is
considered to be insensitive to preload and afterload [19,
20]. Cabaco et al. suggest that patients with aortic steno-
sis and preserved EF with LV hypertrophy have diminished
contractile reserve, especially during increased heart rate, a
condition that is given during rapid ventricular pacing [22].
However, robust data or more conclusive explanations for
this phenomenon do not exist so far.

Besides reduced myocardial contractility, we found indi-
cations for impaired diastolic function early after prosthe-
sis implantation. Relaxation time constant Tau, a preload-
independent measure of isovolumic relaxation, and dP/d¢,;,
increased in our cohort compared to baseline. Consequently,
end-diastolic pressure as well as end-systolic volume was
raised after valve implantation. This finding is surprising, as
over the long-term diastolic function is expected to recover
and, therefore, EDP to decline. The fundament for these
favorable hemodynamic changes are a larger valve orifice
and remodeling of the LV after TAVI [22, 23]. Our results
suggest, that in the early phase after valve implantation,
diastolic function is impaired. Our observations resemble
the results of an observational study conducted by Toyota
et al., who measured LVEDP during TAVI using an intra-
cardiac catheter. The group described a mean LVEDP rise
of 8.7 mmHg immediately after TAVI that was independent
of paravalvular leakage or intraoperative fluid balance [25].

Table 8 Correlations between administered contrast medium and hemodynamic parameters

Kendal Tau-b LVEF SVI CI EDV ESV EDP ESP

Correlation coefficient 0.074 0.000 -0.519 -0.226 —0.231 0.555 0.000

Significance (two sided) 0.802 1.000 0.079 0.448 0.444 0.081 1.000

Kendal Tau-b SwW PRSW TAU dpP/dr — dP/dt+ End-systolic SCI
elastance

Correlation coefficient 0.148 0.371 0.154 0.000 0.074 0.371 0.148

Significance (two sided) 0.615 0.209 0.610 1.000 0.802 0.209 0.615

Kendal Tau B correlation analysis to assess statistical dependence between amount of administered contrast medium and parameters for global

hemodynamics and myocardial contractility

CI cardiac index, dP/dt+ and dP/dt maximum and minimum rate of pressure change, EDP end-diastolic pressure, EDV end-diastolic volume,
ESP end-systolic pressure, ESV end-systolic volume, PRSW LVEF left ventricular ejection fraction, preload recruitable stroke work, SCI starling

contractility index, TAU isovolumic relaxation constant
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How do we explain our findings of impaired myocardial
contractility and diastolic function in the early period after
valve implantation?

Hemodynamic changes of TAVI in patients with severe
aortic stenosis and LV hypertrophy are usually well-tolerated
and the need for hemodynamic support is rare in clinical
practice. However, one possible explanation of the early
negative side-effects may be the phenomenon of temporary
myocardial stunning provoked by rapid ventricular pacing
[24, 25]. Myocardial stunning is characterized by a condition
of postischemic mechanical dysfunction that persists after
reperfusion despite the absence of irreversible injury [28].

Rapid ventricular pacing during TAVI is considered to
be safe but ventricular tachycardic rate provokes demand
ischemia mainly in consequence of increased myocardial
oxygen demand and coronary low flow due to insufficient
ventricular pump work and shortened diastole [27-30]. As
a result, cardiac output drops and causes transient coronary
hypoperfusion and systemic hypotension, a condition that
can lead to myocardial stunning [33]. Following TAVI car-
diac biomarkers sensitive for myocardial injury increase and
are valid surrogates for poor long-term outcomes [32, 33].
But interestingly, the duration of rapid ventricular pacing
itself seems to have no relevant correlation with periproce-
dural myocardial injury, defined by the elevation of ischemic
markers [32].

Moreover, we found a strong correlation of the absolute
change in arterial elastance with the number of conducted
rapid ventricular pacings. Arterial elastance incorporates
vascular load including peripheral resistance, vascular com-
pliance and impedance as well as systolic and diastolic time
intervals [36]. It is estimated by the ratio of end-systolic
pressure to stroke volume, a solid marker for arterial load.
More detailed, arterial elastance determines how much the
aortic pressure responds to a given degree of stroke vol-
ume and allows a measure of how much the aortic pressure
will rise for a given degree of cardiac ejection [37]. Arte-
rial load itself correlates with markers for diastolic function,
more exactly with relaxation time constant Tau [38]. We
assume that repetitive and prolonged rapid ventricular pac-
ing increases arterial elastance. Heart rate is an important
determinant of cardiac function, and accelerated heart rate
increases the ESP/SV ratio: Arterial elastance itself also
incorporates information about heart rate. More exactly,
about the systolic and diastolic period. Theoretically, arte-
rial elastance is described by the three-element Windkes-
sel model and expressed as followed: E, =R/[t,+ tau
(1 — e~1d/auy]. Ry, total mean vascular resistance; ¢, and ,
systolic and diastolic period; tau, diastolic pressure decay
time constant [13, 36, 37]. Our analysis is consistent with
the report of Freeman et al., who described the enhance-
ment of arterial elastance during rapid ventricular pacing in
an experimental dog model. Appropriate interpretation of

the dynamics of arterial elastance during TAVI might help
to improve periprocedural fluid and hemodynamic support
management. Further studies are warranted to explain the
intraprocedural changes in arterial elastance and possible
implications for clinical care.

The interaction between left ventricle and arterial system
can be expressed comprehensively by the ratio of arterial to
end-systolic elastance, named ventricular-arterial coupling.
It is recognized as an important determinant of global car-
diovascular performance [38, 39]. If the ratio of arterial to
end-systolic elastance is about 1, the ventricular and arterial
system are considered to be optimally coupled [42]. If the
ratio is greater than 1.0, stroke work significantly declines
and the left ventricle works less efficiently [43]. We found a
significantly lower ratio of arterial to end-systolic elastance
after valve implantation compared to baseline, indicating
an improvement of global cardiovascular efficiency. Lam
et al. reported a smaller ratio of arterial to end-systolic
elastance as a predictor for a reduction in LV mass, BNP
levels and pronounced concentric left ventricular remod-
eling in patients with hypertension, diastolic dysfunction
and preserved left ventricular function [44]. Even though
the beneficial effects of valve replacement with greater valve
orifice and reduced valvular gradient are not reflected in
the early phase by global hemodynamics such as ejection
fraction or by markers for diastolic function, improvement
in ventricular-arterial coupling suggests a more sufficient
interaction of the left ventricle and the arterial system.

The early phase post TAVI is often the most critical part
of a TAVI procedure, sometimes requiring aggressive and
prompt hemodynamic management. Our findings may give
a small insight of the underlying pathophysiolocigal mecha-
nism causing these phenomena. Our data suggest a reduc-
tion of myocardial contractility and diastolic function early
after valve implantation. Especially, patients with impaired
systolic or diastolic ventricular function are endangered in
this part of the procedure. Our results underline the impor-
tance of a few key requirements for a successful TAVI pro-
cedure, such as avoiding unnecessary RVP, optimization of
body fluid balance to reduce ventricular filling pressures
and decisive vasopressor and inotropic support if needed.
Besides that, PV loop analysis may help to detect and evalu-
ate the hemodynamic relevance of a paravalvular leakage
post TAVI, a condition known to be associated with worse
long-term outcomes. However, larger studies with detailed
hemodynamic measurements and follow-up are needed to
understand the long-term effects these early hemodynamic
changes may imply.

Our study has important limitations. This is a single-
center study and we analyzed the data of a small and het-
erogeneous patient cohort, because recruitment of a larger
patient sample is mainly limited by the complexity of this
analysis method. Baselines left ventricular geometries were
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not homogeneous and due to the small cohort, a subgroup
analysis to determine the impact of left ventricular geometry
on hemodyanamics during TAVI was not feasible. We only
performed PV loop measurements in TAVI with one self-
expandable valve system, and our findings have no validity
for TAVI procedures with other valve employment systems
or self-expandable valves of other manufactures. Due to the
small number of enrolled patients and investigators, who
performed the measurements, relevant bias, such as selection
bias, measurement bias, observer bias an ascertainment bias
may influence our results significantly. We present obser-
vations and no statistical certainties. Therefore, a general
extrapolation of our results is not valid.

Conclusion

Invasive left ventricular pressure volume loop analysis
revealed impaired systolic and diastolic function in the
early phase after TAVI with self-expandable valves for the
treatment of severe aortic stenosis. Left ventricular ejection
fraction was impaired and end-diastolic pressure and end-
systolic volume increased after valve implantation compared
to baseline. Contrarily, a smaller ratio of arterial to end-
systolic elastance, known as ventricular-arterial coupling,
suggests an early improvement of global cardiovascular
energy efficiency.
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