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ORIGINAL RESEARCH

Noninvasive Hemodynamic Evaluation 
Following TAVI for Severe Aortic Stenosis
Tzlil Grinberg , MD; Yaron Aviv , MD; Mordehay Vaturi, MD; Leor Perl , MD; Maya Wiessman , MD;  
Hanna Vaknin-Assa, MD; Pablo Codner, MD; Yaron Shapira, MD; Ran Kornowski , MD; Katia Orvin , MD

BACKGROUND: Various hemodynamic changes occur following transcatheter aortic valve implantation (TAVI) that may impact 
therapeutic decisions. NICaS is a noninvasive bioimpedance monitoring system aimed at hemodynamic assessment. We 
used the NICaS system in patients with severe aortic stenosis (AS) to evaluate short-term hemodynamic changes after TAVI.

METHODS AND RESULTS: We performed hemodynamic analysis using NICaS on 97 patients with severe AS who underwent TAVI 
using either self-expandable (68%) or balloon-expandable (32%) valves. Patients were more often women (54%) and had mul-
tiple comorbidities including hypertension (83%), coronary artery disease (46%), and diabetes (37%). NICaS was performed at 
several time points—before TAVI, soon after TAVI, at hospital discharge, and during follow-up. Compared with baseline NICaS 
measurements, we observed a significant increase in systolic blood pressure and total peripheral resistance (systolic blood 
pressure 132±21 mm Hg at baseline versus 147±23 mm Hg after TAVI, P<0.001; total peripheral resistance 1751±512 versus 
2084±762 dynes*s/cm5, respectively, P<0.001) concurrent with a decrease in cardiac output and stroke volume (cardiac 
output 4.2±1.5 versus 3.9±1.3 L/min, P=0.037; stroke volume 61.4±14.8 versus 56.2±15.9 mL, P=0.001) in the immediate post-
TAVI period. At follow-up (median 59 days [interquartile range, 40.5–91]) these measurements returned to values that were 
not different from the baseline. A significant improvement in echocardiography-based left ventricular ejection fraction was 
observed from baseline to follow-up (55.6%±11.6% to 59.4%±9.4%, P<0.001).

CONCLUSIONS: Unique short-term adaptive hemodynamic changes were observed using NICaS in patients with AS soon 
after TAVI. Noninvasive hemodynamic evaluation immediately following TAVI may contribute to the understanding of complex 
hemodynamic changes and merits favorable consideration.
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Transcatheter aortic valve implantation (TAVI) for 
the treatment of severe aortic stenosis (AS) is ac-
companied by various short- and long-term he-

modynamic and physiologic effects.1–6 Among these 
are improved aortic valve area, decreased mean trans-
valvular gradients, and reverse cardiac remodeling 
characterized by reduced left ventricular (LV) mass 
index, augmented systolic and diastolic LV function, 
and lower natriuretic peptide levels.1–6 In addition, 
shortly after the aortic valve gradient reduction during 
the TAVI procedure, augmented blood pressure (BP) 

response has been frequently reported7,8 accompa-
nied by higher stroke volume (SV) and cardiac output 
(CO). The elevated BP is thought to be associated with 
a decrease in muscle sympathetic nerve activity and 
an increase in systemic arterial baroreflex response.9 
These hemodynamic changes may have a significant 
impact on patient management and/or clinical out-
comes following TAVI interventions.7,8

NICaS (NI Medical Ltd, Ra’anana, Israel), a nonin-
vasive cardiac system, is a bedside monitoring sys-
tem designed for a comprehensive assessment of the 
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body’s hemodynamics.10 It is based on bioimpedance 
changes measured throughout the peripheral tissues’ 
vasculature during systole and diastole, using 2 surface 
limb leads.10,11 Making available near-instantaneous re-
sults, NICaS is capable of estimating total body water, 
CO and cardiac index, SV, and total systemic periph-
eral resistance (TPR). Thus, it can guide treatment 
goals such as the need for antihypertensive drugs or 
vasopressors, fluid volume, or diuretics.12 This method 
has been validated against invasive means of hemo-
dynamic assessment, such as thermodilution,13-15 and 
has proven accurate in estimating CO, SV, and other 
measurements for a range of cardiac and other clinical 
settings.11,16-19 The NICaS system also demonstrated 
a good correlation with Doppler echocardiography16,20 
and cardiac magnetic resonance21 imaging-derived 
CO and SV. There is, however, a paucity of data on the 
practice of NICaS for the assessment of hemodynamic 
changes following TAVI among patients with severe 
AS.22-24 In this setting, peri-procedural NICaS may be of 
use in detecting deviations from expected physiologic 
adaptations, thereby guiding tailored management.

Thus, in the current clinical investigation, we aimed 
to evaluate the acute and short-term hemodynamic 

changes after TAVI among patients with severe AS 
using the NICaS system.

METHODS
Data Availability Statement
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Study Population
We performed a single-center prospective cohort 
study in the cardiac intensive care unit of a tertiary hos-
pital in Israel, where a substantial number of TAVI pro-
cedures are performed each year. The study included 
183 consecutive patients with severe AS who un-
derwent TAVI between October 2019 and December 
2020. We excluded patients referred to TAVI for com-
bined severe stenosis and regurgitation or any addi-
tional severe valvular disease. Other excluded patients 
were patients who underwent the procedure with gen-
eral anesthesia, patients with unstable hemodynamics 
attributable to cardiogenic or hemorrhagic shock who 
required inotropes, vasopressors, or mechanical circu-
latory support, and those who died during the peripro-
cedural period.

All recruited patients signed an informed consent 
form following the approval of the institutional re-
view board ethics committee in compliance with the 
Declaration of Helsinki.

Study Procedures
Baseline patient characteristics were collected includ-
ing patient demographics, comorbidities, clinical sta-
tus, and background medical treatment.

NICaS Study
NICaS (NI Medical Ltd, Ra’anana, Israel) is a US Food 
and Drug Administration and European conformity-
mark-approved completely noninvasive hemodynamic 
monitoring tool. It is based on bioimpedance changes 
in peripheral tissues when transmitting a small elec-
trical current through the body by using 2 surface 
limb leads in a wrist-to-ankle configuration. With each 
heartbeat, the volume of blood in the arterial system 
changes, and this results in a change in the body’s 
electrical resistance—NICaS measures this change. 
Also, 1 lead electrocardiography monitor is recorded. 
CO as well as other hemodynamic and respiratory 
parameters are calculated by a proprietary algorithm 
(Figure S1 and Table S1). Upon measuring bioimped-
ance changes throughout the cardiac cycle, and de-
pendent on additional data (such as blood hematocrit 
and sodium), SV calculations and other hemodynamic 

CLINICAL PERSPECTIVE

What Is New?
•	 There are few experiences with noninvasive 

hemodynamic monitoring following transcath-
eter aortic valve implantation.

•	 Using a noninvasive cardiac system in patients 
with severe aortic stenosis following transcathe-
ter aortic valve implantation, major acute hemo-
dynamic alterations were noted shortly after the 
procedure and reverted to near baseline values 
at follow-up.

What Are the Clinical Implications?
•	 Noninvasive hemodynamic monitoring may 

provide insights into the complex physiologic 
changes occurring during the periprocedural 
time in patients with transcatheter aortic valve 
implantation and thereby promotes a more pre-
cise treatment strategy.

Nonstandard Abbreviations and Acronyms

AS	 aortic stenosis
CO	 cardiac output
SV	 stroke volume
TAVI	 transcatheter aortic valve replacement
TPR	 total systemic peripheral resistance
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measures can be made. Accordingly, patients’ weight, 
systolic and diastolic BP, blood hematocrit, sodium, 
and peripheral oxygen saturation data were taken sep-
arately and given as input for NICaS at each analysis. 
All measurements were performed in a supine position 
after 5 minutes at rest. At least 3 measurements were 
performed at each analysis, and the recorded meas-
urement was an average of all 3 readings to ensure 
analysis validity. Each analysis was performed by an 
independent investigator trained in the study operation 
and blinded to prior and follow-up results.

Before assessing the study population, we performed 
an internal validation of NICaS measurements against in-
vasive hemodynamic measurements in a cohort of 15 
stable elective patients with heart failure (Figure S2).

Patients were assessed by NICaS at the follow-
ing time points—before valve implantation (baseline), 
within 6 hours after the procedure (ie, soon after TAVI), 
before hospital discharge, and during the first clinical 
follow-up. The hemodynamic parameters measured 
were SV, SV index (SVi), CO, cardiac index, TPR, and 
total body water. The NICaS software enabled col-
lected data to be transferred directly to an XLS file, a 
feature that minimized possible errors. We excluded or 
skipped NICaS measurements if the patient’s condi-
tion was significantly altered during the periprocedural 
period (for example because of arrhythmias, significant 
anemia, high fever, sepsis) to avoid including possible 
confounders that might significantly affect the hemo-
dynamic results.

All patients underwent transthoracic echocardi-
ography assessment parallel to NICaS evaluation at 
baseline, during the procedure, before discharge, and 
at follow-up. Echocardiographic variables were defined 
by standard European definitions according to the 
European Society of Cardiology guidelines available 
during the study period, and included among others, 
left ventricular ejection fraction (LVEF), transvalvular 
aortic gradients, and presence and severity of aortic 
regurgitation following TAVI (paravalvular leak).

TAVI Procedure
Patients underwent implantation of either the self-
expandable Medtronic Evolut R/Evolut Pro (Medtronic, 
Minneapolis, MN) and SYMETIS ACURATE Neo 
(Boston Scientific, MA) or the balloon-expandable 
Edwards Sapien 3 valve (Edwards LifeSciences, Irvine, 
CA, USA). Transfemoral access was the default ap-
proach. Characteristics of the TAVI procedure and 
periprocedural complications were collected and de-
scribed. Further patient data, such as medical treat-
ment at discharge, was collected as well.

The study’s primary endpoint was to assess hemo-
dynamic changes before and following TAVI at various 
time points using the NICaS system.

Statistical Analysis
Patient characteristics were presented as n (%) for cat-
egorical variables, and as mean ± SD or median (inter-
quartile range [IQR]), as appropriate, with few missing 
values and the valid percent reported. NICaS param-
eters at 2 time points were compared using paired-
sample t-test, and at 3 or 4 time points using the 
general linear model repeated measures ANOVA and 
presented with box plots. Echocardiographic char-
acteristics over time were compared by the general 
linear model repeated measures ANOVA in the case 
of symmetrically distributed continuous variables, by 
Friedman nonparametric test in the case of asymmetri-
cally distributed continuous or ordinal variables, and 
by Cochran test in the case of binomial (dichotomous) 
variables. To compare every 2 paired ordinal variables, 
Wilcoxon signed-rank test was used. Correlation be-
tween NICaS and invasive catheterization-derived 
hemodynamic measures was conducted by Pearson 
correlation and agreement between the methods 
was examined using the Bland–Altman plot and the 
intraclass correlation coefficient. For all comparisons, 
the exact number of patients (n) was specified with 
no missing measurements for the patients included. 
All tests were conducted at a 2-sided alpha level of 
0.05, which was considered statistically significant. All 
statistical analyses were performed using IBM SPSS 
Statistics for Windows, Version 27.0 (Armonk, NY: IBM 
Corp, 2020).

RESULTS
Out of 183 patients admitted for TAVI during the study 
period, 99 patients were eventually enrolled (64 patients 
were excluded because of mixed valvular pathology, 
other significant valvular pathology, or hemodynamic in-
stability, and 20 patients were unattainable or unwilling 
to sign an informed consent). Two additional patients 
were excluded because of periprocedural fatality. Thus, 
the final study population included 97 patients. Baseline 
characteristics of patients are presented in Table  1. 
There were slightly more women than men and the 
median age was 82 (IQR, 77–86) years. The study co-
hort had multiple comorbidities, of which hypertension 
(83%), dyslipidemia (79%), and coronary artery disease 
(46%) were the most prevalent. At baseline, the Doppler-
based median aortic valve area was 0.7 cm2 (0.6–0.8 
cm2), and median valve pressure gradients were 67/44 
mm Hg (59/38–91/60 mm Hg, max/mean gradient). 
Thirty-two patients (34%) had low-flow, low-gradient 
severe AS, of which 27 patients had low gradients in 
the presence of preserved LV function (“paradoxical 
AS”), and 5 patients had low gradient in the presence of 
reduced LV function. The median transvalvular peak-to-
peak pressure gradient was 50 mm Hg (40–65 mm Hg) 
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during TAVI and before valve implantation. Most patients 
had a good systolic LV function with a median ejection 
fraction (EF) of 60% (50%–65%), while 22 patients (23%) 
had a reduced EF (<50%). Significant diastolic dysfunc-
tion (≥grade II) was present in 12% of patients (Table 1). 
Significant LV hypertrophy (>mild) occurred in 18% of 
patients. TAVI was performed predominantly via the 
transfemoral route, using either the Medtronic Evolut 
(54%), Edwards Sapien 3 (32%), or SYMETIS ACURATE 
Neo (14%). Immediately following the aortic valve im-
plantation, the echocardiographic median gradients 
declined from previous values to 10/5 mm Hg (7/3–15/8 
max/mean gradient mm Hg). Postprocedural complica-
tions are presented in Table 2, with 21 (22%) requiring 
a permanent pacemaker and 7% experiencing vascular 
complications. Repeat echocardiography results be-
fore hospital discharge are presented in Table 3.

NICaS Results
First, we compared NICaS hemodynamic measure-
ments between baseline (within 24 hours before TAVI) 
and the first hours after TAVI among the entire cohort 

Table 1.  Demographics and Baseline Characteristics of 
Patients

All cohort (n=97)

Sex, men 45 (46.4)

Age, y 82 [77–86]

BMI, kg/m2 27.9±4.6

BSA, m2 1.8±0.2

Hypertension 80 (83.3)

Dyslipidemia 76 (79.2)

Diabetes 35 (37.2)

Peripheral vascular disease 14 (14.6)

Atrial fibrillation, persistent 6 (6.3)

Atrial fibrillation, paroxysmal 16 (16.7)

Permanent pacemaker 8 (8.3)

CAD 44 (45.8)

CKD 28 (29.5)

Chronic anemia 26 (27.7)

Baseline echocardiographic parameters

Ejection fraction 60 [50–65]

AVA, cm2 0.7 [0.6–0.8]

Peak pressure gradient, mm Hg 67 [59, 91]

Mean pressure gradient, mm Hg 44 [38–60]

Stroke volume, mL 70.2±17.6

Diastolic dysfunction 62 (75.6)

Grade 1 52 (63.4)

Grade 2 9 (11)

Grade 3 1 (1.2)

Systolic pulmonary artery pressure, mm Hg 37.5±12.8

Aortic regurgitation 47 (52.2)

Mild 35 (38.9)

Moderate 12 (13.3)

Mitral regurgitation 60 (65.9)

Mild 39 (42.9)

Moderate 19 (20.9)

Tricuspid regurgitation 46 (51.1)

Mild 34 (37.8)

Moderate 11 (12.2)

Mitral stenosis, up to moderate 18 (19.8)

RV failure 5 (5.5)

LVH 68 (74.7)

Baseline medical treatment

Beta blockers 61 (63.5)

Furosemide 44 (45.8)

Spironolactone 12 (12.5)

ACEi/ARBs 48 (50.5)

CCB 19 (30.6)

Other vasodilators 22 (23.2)

ACEi indicates angiotensin-converting enzyme inhibitor; ARBs, angiotensin 
receptor blocker; AVA, aortic valve area; BMI, body mass index; BSA, body 
surface area; CAD, coronary artery disease; CCB, calcium channel blocker; CKD, 
chronic kidney disease; LVH, left ventricular hypertrophy; and RV, right ventricular.

All values are presented as n (%), mean±SD, or median [interquartile 
range].

Table 2.  Characteristics of the TAVI Procedure and 
Complications

All cohort (n=97)

Peak-to-peak pressure gradient, 
mm Hg

50 [40–65]

Valve type

Evolute R/Pro 52 (54.2)

Sapien 3 31 (32.3)

SYMETIS/ACURATE neo 13 (13.5)

Valve size, mm 26 [26–29]

Access

Transfemoral 94 (97.9)

Axillary 1 (1)

Valve in valve 9 (9.4)

Peak pressure gradient post-TAVI, 
mm Hg*

10 [7–15]

Mean pressure gradient post-TAVI, 
mm Hg*

5 [3–8]

PVL per TTE—mild* 29 (31.2)

PVL per TTE—moderate* 9 (9.7)

PVL per angiography* 18 (18.8)

Need for permanent pacemaker 21 (21.9)

CVA 1 (1)

Bleeding 6 (6.3)

Vascular complications 7 (7.2)

Pericardial effusion 4 (4.2)

CVA indicates cerebrovascular accident; PVL, paravalvular leak; and TTE, 
transthoracic echocardiography.

*Peak and mean pressure gradients and the presence of paravalvular 
leak by angiography and transthoracic echocardiography were estimated 
immediately following TAVI.

All values are presented as n (%), or median [interquartile range].
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and found significant differences with respect to all 
hemodynamic parameters evaluated by NICaS: a 
mean increase of 15±21 mm Hg in systolic BP (132±21 
to 147±23 mm Hg, P<0.001), parallel with a decrease in 
SV and CO (61.4±14.8 to 56.2±15.9 mL, P=0.001, and 
4.2±1.5 to 3.9±1.3 L/min, P=0.037, respectively), and an 
increase of 333±828 dynes×s/cm5 in TPR (1751±512 to 
2084±762, P<0.001) and in total body water (38.8±8.2 
to 43.6±10.7%, P<0.001). Subsequently, we compared 
the NICaS measurements of patients (n=76) between 
the 3 time points—before TAVI, within the first hours 
post-TAVI, and at a median follow-up of 59 days (40.5–
91 days)—and observed a reciprocal significant de-
crease in systolic BP, TPR, and total body water, with 
an increase in SV and CO from early post-TAVI to 

values at follow-up not statistically different from the 
baseline (Table 4, Figure 1). CO, SV, SVi, and cardiac 
index showed minor and nonsignificant improvements 
from baseline to follow-up (Table  4). A comparison 
of NICaS measurements between all 4 time points 
(n=67), including hospital discharge, was performed as 
well, and demonstrated nonsignificant differences in 
hemodynamic measurements between discharge and 
follow-up values (Table S2).The stratification of the co-
hort by high-gradient AS versus low-flow, low-gradient 
AS (mean gradient ≥40 mm Hg or <40 mm Hg, respec-
tively) revealed a similar trend in SV, CO, and TPR over 
time after TAVI (Figure 2A); yet those with a low mean 
gradient (n=23) had higher values of TPR and lower 
values of SV and CO. However, the interaction with the 
mean gradient was statistically insignificant (P=0.47 for 
SV, P=0.18 for CO, and P=0.09 for TPR).

Comparing NICaS measurements at the 3 time 
points stratified by the presence of a significant LV dys-
function (defined as EF≤40%), we observed conflicting 
temporal trends in the subgroup of patients with a re-
duced EF (n=8); TPR following TAVI decreased com-
pared with baseline measurements, while SV and CO 
increased (Figure 2B). However, this interaction with a 
significantly reduced EF was not statistically significant 
(P=0.46 for SV, P=0.76 for CO, and P=0.39 for TPR).

Concerning the comparison between echocar-
diographic measurements over time, LVEF improved 
modestly from baseline to follow-up values, from 
55.6%±11.6% to 59.4%±9.4% (P<0.001; n=63 with 
available data).  Echocardiographic parameters com-
pared over time are presented in Table 5.

DISCUSSION
The present study represents a single-center experi-
ence with the NICaS system as a peri-procedural non-
invasive hemodynamic monitoring system in patients 

Table 3.  Echocardiographic Characteristics and 
Medications at Discharge

All cohort (n=97)

Ejection fraction 60 [57.5–65]

Peak pressure gradient, mm Hg 15.5 [12–25]

Mean pressure gradient, mm Hg 8 [6–14]

PVL, mild 42 (45.2)

PVL, moderate 7 (7.5)

Pulmonary hypertension, mm Hg 36 [29.5–44.5]

Mitral regurgitation, ≥mild 50 (54.3)

Tricuspid regurgitation, ≥mild 52 (56.5)

Mitral stenosis, ≥moderate 13 (14.1)

RV failure 4 (4.3)

Beta blockers 52 (56.5)

Furosemide 41 (44.6)

Spironolactone 8 (8.7)

ACEi/ARB 50 (54.3)

Vasodilators 28 (30.4)

ACEi indicates angiotensin-converting enzyme inhibitors; ARB, angiotensin 
receptor blockers; PVL, paravalvular leak; and RV, right ventricular.

Values are presented as n (%) or median [interquartile range].

Table 4.  NICaS Parameters Over Time (n=76)

Baseline NICaS (1)
NICaS shortly 
Following TAVI (2)

Follow-up 
NICaS (3) P value

Significant difference 
between time points

Systolic BP, mm Hg 132.5±22.3 148.4±23.9 137.2±17.2 <0.001 1–2 (<0.001), 2–3 (<0.001)

Diastolic BP, mm Hg 65±12 61.5±11.8 68.8±10.5 <0.001 only 2–3 (<0.001)

MAP, mm Hg 87.1±11.9 90.1±13.1 91.3±10.1 0.024 only 1–3 (0.02)

HR, bpm 69.6±12.6 69.5±13.5 70.2±11.8 0.9

SV, mL 62.1±15 56±15.8 62.6±17.9 0.002 1–2 (0.003), 2–3 (0.013)

SVi, mL/m2 34.6±7.6 31±7.7 34.8±8.8 0.001 1–2 (0.001), 2–3 (0.009)

CO, L/min 4.3±1.2 3.9±1.2 4.4±1.3 0.013 only 2–3 (0.03)

Cardiac index,  
L/min/m2

2.38±0.61 2.14±0.61 2.43±0.68 0.006 1–2 (0.047), 2–3 (0.019)

TPR, dynes×s/cm5 1754±520 2094±752 1808±548 <0.001 1–2 (0.002), 2–3 (0.011)

TBW, % 38.9±8.4 44.1±11.5 39.5±8.2 <0.001 1–2 (<0.001), 2–3 (0.008)

BP indicates blood pressure; CO, cardiac output; HR, heart rate; MAP, mean arterial pressure; RR, respiratory rate; SV, stroke volume; SVi, stroke volume 
index; TBW, total body water; and TPR, total systemic peripheral resistance.
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who undergo TAVI for severe AS. Several findings were 
demonstrated; first, the immediate hemodynamic re-
sponse to TAVI in our cohort showed a significant in-
crease in systolic BP and TPR and declining CO and 
SV. However, all hemodynamic measurements re-
turned to baseline (ie, pre-TAVI levels) with only minor, 
nonsignificant improvement in CO, SV, SVi, and car-
diac index during follow-up. Notably, the early period 
after TAVI was characterized by the most prominent 
hemodynamic fluctuations which may have a bearing 
on clinical status and require tailored monitoring and 
reaction.

The progressive severe AS process is associated 
with a gradual increase in LV afterload, elevated LV 
end-diastolic pressure, outflow tract obstruction, and 
stiffening of the systemic arterial system.25,26 The latter 
is an additive factor to the stenosis of the valve that 
maintains increased LV afterload, although, unlike the 
valve, the arterial stiffness does not immediately re-
verse with TAVI. The elevated LV afterload is key to the 
characteristic increased LV mass in severe AS, which 
evolves into a stiff hypertrophic ventricle.27 Furthermore, 
the valvular stenosis may conceal intraventricular ob-
struction induced by the small-cavity hypertrophied 

Figure 1.  Comparison of NICaS parameters over time.
A total of 76 patients with available data for the 3 time points: baseline, post-transcatheter aortic valve replacement, and follow-up; 
95% CI for cardiac output (L/m): baseline (3.98–4.52), post-transcatheter aortic valve replacement (3.58–4.15), follow-up (4–4.6); 95% 
CI for stroke volume (mL): baseline (58.6–65.5), post-transcatheter aortic valve replacement (52.4–59.6), follow-up (58.5–66.7); and 
95% CI for total peripheral resistance (dynes ×s/cm5): baseline (1685–1873), post-transcatheter aortic valve replacement (1922–2266), 
follow-up (1683–1933). CO indicates cardiac output; SV, stroke volume; TAVI, transcatheter aortic valve replacement; and TPR, total 
peripheral resistance.

Figure 2.  Comparison of NICaS parameters over time according to mean gradient and ejection fraction.
A, NICaS parameters over time stratified by a low transvalvular mean gradient. A low mean gradient was defined as <40 mm Hg. B, 
NICaS parameters over time stratified by a reduced ejection fraction. Reduced ejection fraction was defined as ejection fraction 
<40%. CO indicates cardiac output; EF, ejection fraction; SV, stroke volume; TAVI, transcatheter aortic valve replacement; and TPR, 
total peripheral resistance.
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ventricle.28-30 However, the abrupt elimination of the 
valvular stenosis unmasks and even augments the dy-
namic obstruction with hemodynamic collapse known 
as “suicide ventricle” in its extreme manifestation.31,32 
The latter is a representative example to support the 
need for careful hemodynamic monitoring in the early 
period after TAVI.

Several studies investigated the unique hemody-
namic changes occurring following TAVI4,7,9; a hy-
pertensive response immediately following TAVI was 
reported and was thought to result from myocardial 
contractile reserve and a relative improvement in car-
diac function4,7 or be related to the sympathetic nerve 
activity and arterial baroreflex response.9 This phe-
nomenon was in fact associated with improved patient 
outcomes.7 Additionally, the prompt elimination of the 
LV to aortic pressure gradient was associated with 
augmented SV and CO.7

Our study showed a similar pattern and magnitude 
of blood pressure augmentation after TAVI as reported 
in previous studies.4,7,9 However, we observed a con-
tradicting trend of decreased SV and CO immediately 
after TAVI as assessed by the NICaS system. A pos-
sible explanation to this observation may be the com-
bination of a compromised LV contractile reserve (that 
does not recover as quickly as the eliminated pressure 
gradient) in our cohort and a relatively shallow reduc-
tion in LV afterload because of an increase in mean BP. 
Hence, CO did not increase as expected despite the 
elimination of valvular stenosis, and TPR (being roughly 
the mean arterial pressure divided by CO) increased 
accordingly. On follow-up examination, CO and SV 
have modestly recovered, probably reflecting delayed 
adaptation of the LV to the new hemodynamic state. 
Another explanation lies in the hypertrophic myocar-
dium, which becomes hyperdynamic following the 
elimination of the aortic valve pressure gradient. The 

hyperdynamic contraction of the hypertrophied ventri-
cle generates a narrow functional LV cavity which re-
sults in low SV and CO. This phenomenon may also 
be further augmented by a relatively hypovolemic state 
because of long-standing diuretic treatment, fasting 
before the procedure, and, rarely, bleeding complica-
tions. This explanation may also settle the inconsis-
tency between the higher values of LVEF measured 
by echo-Doppler (hyperdynamic contractility) and the 
lower SV and CO (compared with baseline) measured 
by NICaS shortly after the TAVI procedure.

Our findings are supported by the study of Yotti et 
al, who explored the interaction between valvular and 
vascular functions in patients with AS after TAVI by 
measuring aortic pressure and flow simultaneously. 
They demonstrated stiffer vascular behavior with a hy-
pertensive response in half of the patients post-TAVI 
and a decrease in SVi and cardiac index that cor-
related with indices of increased arterial load (elevated 
SVR and impedance and reduced arterial compliance) 
that limited the procedure’s acute afterload relief.33 Our 
findings are also supported by the study of Seppelt et 
al, who revealed impaired systolic and diastolic func-
tions in the early phase after TAVI using an invasive 
pressure-volume loop analysis but nonetheless found 
indications for early improvement of global cardiovas-
cular energy efficiency.34

Noninvasive hemodynamic evaluation follow-
ing TAVI using NICaS was previously performed by 
Markus and colleagues.22 They found an increment 
in CO and cardiac index, and a decline in TPR when 
comparing baseline to discharge values, yet no signifi-
cant changes in SV and SVi were observed. When 6 to 
8 hours post-TAVI measurements were compared with 
baseline, no significant changes in CO, cardiac index, 
and TPR were observed. These findings are clearly 
different, in part even inverse, from our study findings 

Table 5.  Echocardiographic Parameters Compared Over Time

Baseline 
echocardiography (1)

Echocardiography at 
procedure (2)

Echocardiography 
before discharge (3)

Follow-up 
echocardiography 
(4) P value

EF, mean±SD 55.6±11.6 … 58.3±11.1 59.4±9.4 <0.001

SPAP, mean±SD 39.1±12.8 … 41±15.4 36.3±15.1 0.17

Peak gradient, median, [IQR] 68 [59–87] 10 [7–15] 15 [12–24] 14 [10–20] <0.001

Mean gradient, median, [IQR] 44 [37–57] 5 [3–8] 8 [6–13] 8 [5–10] <0.001

PVL≥mild, n (%) 35 (42.1) 46 (55.4) 48 (57.8) 0.23

Diastolic dysfunction≥grade 
1, n (%)

53 (75.7) … … 59 (84.3) 1

MR≥mild, n (%) 52 (64.2) … 44 (54.3) 53 (65.4) 0.023

TR≥mild, n (%) 42 (52.5) … 45 (56.3) 48 (60) 0.23

Mitral stenosis, n (%) 16 (19.8) … 11 (13.6) 19 (23.5) 0.14

RV failure, n (%) 4 (4.9) … 3 (3.7) 2 (2.5) 0.37

EF indicates ejection fraction; IQR, interquartile range; LVH, left ventricular hypertrophy; MR, mitral regurgitation; PVL, paravalvular leak; RV, right ventricular; 
SPAP, systolic pulmonary artery pressure; and TR, tricuspid regurgitation.
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(Table S2). It may be partially explained by the distinct 
timing at when measurements were taken (a median 
of 6–8 hours compared with 2–4 hours in our study for 
the early-after-TAVI measurements, and at a mean of 
6.2±1.1 days compared with a median of 24 hours for 
the prior-to-discharge measurements). The notably 
lower mean LVEF and the different statistical methods 
used compared with our study may have also contrib-
uted to the differing results. However, in agreement 
with our results, SV and the Granov-Goor-Index,35 a 
surrogate for LV systolic function, diminished immedi-
ately after TAVI. Given the unchanged heart rate and 
the reduced SV found early after TAVI in the study by 
Markus et al, a diminished rather than unchanged CO 
would have been expected. This may support the va-
lidity of our study findings.

Implementing the NICaS system in harmony with 
transthoracic echocardiography enables more com-
prehensive and accessible monitoring of the pa-
tient’s hemodynamic state and fluctuations after TAVI. 
Furthermore, NICaS may be helpful to overcome pit-
falls in echocardiography assessments such as poor 
imaging or Doppler biases because of inaccurate flow 
sampling. It has been previously shown that transtho-
racic echocardiography has significant limitations in 
critical patients under certain conditions which may 
interfere with the acoustic window and alignment of 
the doppler beam while sampling the left ventricular 
outflow tract for SV calculations.36

Our findings are useful for identifying a unique and 
intriguing acute hemodynamic response to TAVI and 
have potential implications for the acute medical man-
agement of this cohort. Our study may serve as a start-
ing point for further studies to be conducted aiming 
to improve the management of patients following TAVI 
by better understanding the complex hemodynamic 
changes occurring during the periprocedural time and 
thereby promoting a more precise treatment strategy.

Our prospective study is one of few reports de-
picting the experience with the NICaS system in this 
population. However, the study is limited because it is 
relatively small in size, conducted in a single-center, 
and observational. Furthermore, follow-up data are 
incomplete because of the COVID-19 pandemic re-
strictions and the “stay-home” policy that prevented 
patients from arriving at the hospital. Specifically, 21 
measurements during the third time point were miss-
ing or excluded because of altered patient conditions 
and concern for introducing a potential bias in the he-
modynamic evaluation. Finally, the hemodynamic data 
of both echocardiography and NICaS cannot be chal-
lenged by direct measurements as in invasive monitor-
ing. Nevertheless, before study initiation, we performed 
an internal validation of NICaS measurements against 
invasive hemodynamic measurements in a cohort 
of stable elective patients and demonstrated good 

correlation and agreement between the 2 methods 
(Figure S2). Another internal validation was performed 
in 46 patients of the study population for SV calculated 
by NICaS compared with echocardiography the day 
after the procedure, also demonstrating good cor-
relation (correlation coefficient index=0.58, P<0.001, 
Figure S3).

CONCLUSIONS
In the present study, a unique pattern of adaptive 
hemodynamic changes following TAVI was demon-
strated using the NICaS system in patients with AS. 
This pattern was characterized primarily by major 
transient hemodynamic alterations shortly after the 
procedure, which reverted to near baseline values at 
follow-up while LVEF increased. Hence, the implemen-
tation of this diagnostic modality in patients with TAVI 
merits favorable consideration and may provide new 
insights into physiologic changes occurring after TAVI.
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Figure S1 and Table S1: The NICaS -whole body (regional) impedance cardiography-

parameters derivation and formulas (courtesy of NImedical).  

 

 

 

 

Parameter Definition Normal Range Derivation/Formula

Heart Rate HR Number of heart beats each minute
60 - 90 bpm (beats per 

minute)

Measurement of the R-R 

interval on the ECG

Stroke Volume SV
Amount of blood pumped by the left 

ventricle each heartbeat
60 - 130 ml  SV ~ ∆R / R

Stroke Index SI
Stroke volume normalized for body 

surface area
35 - 65 ml/m2 SI = SV/ BSA

Cardiac Output CO
Amount of blood pumped by the left 

ventricle each minute
4.0 – 8.0 l/min CO = HR x SV / 1000

Cardiac Index CI
Cardiac Output normalized for 

body surface area
2.5 - 4.0 l/min/m2  CI = CO / BSA

Cardiac Power 

Index
CPI

An indicator of myocardial 

contractility 
0.45 – 0.85 w/m2  CPI = CI x MAP x 0.0022

Granov Goor 

Index
GGI

An indicator of Left Ventricular 

Function, which is strongly related 

to Ejection Fraction

> 10.0 (equals an 

Ejection Fraction > 55%)
 GGI = ∆R/R x α x HR

Total Peripheral 

Resistance
TPR

The resistance to the flow of blood 

in the arterial system (“Afterload”)

770 - 1500 dynes x sec 

/cm5
TPR = MAP / CO x 80

Total Peripheral 

Resistance Index
TPRI

The resistance to the flow of blood 

in the arterial system normalized 

for body surface area 

1600 - 3000 dynes x sec 

/cm5 x m2 TPRI = MAP / CI x 80

Total Body Water TBW
The amount of fluids as a % of body 

weight

Individually calculated 

as per gender and BMI
 TBW ~ Ht2 / R

Respiration Rate RR Number of breaths each minute 8 – 24 breaths / minute



Table S2: NICaS parameters over time – 4-time points (n=67) 

 

mean±SD Baseline 

Nicase (1) 

Nicase shortly 

Following 

TAVI (2) 

Nicase before 

discharge (3) 

Follow-up 

Nicase (4) 

P-value  

Systolic BP, mmHg 132.7±23.2 148.5±24.7 136.6±20.1 136.6±16.5 <0.001 

Diastolic BP, mmHg 64.1±11.7 60.9±11.4 62.7±11.5 68.5±10.8 <0.001 

MAP, mmHg 86.6±12.1 89.7±13.1 87±11.5 90.8±10.1 0.028 

HR, bpm 68.5±12.4 69±13 76.6±13.4 68.8±10.1 <0.001 

RR,  breaths per 

minute 

19.4±3.6 17.1±3.5 19.5±3.7 19.3±3.3 <0.001 

SV, mL 62.3±14.2 56.1±15.5 57.7±19.6 63.3±18 0.002 

SVi, mL/m2 34.8±7.2 31.2±7.5 32±9.7 35.3±8.8 0.001 

CO, L/min 4.2±1.1 3.8±1.2 4.31.3 4.3±1.36 0.02 

CI, L/min/m2 2.35±0.58 2.14±0.58 2.39±0.66 2.42±0.68 0.013 

TPR, dynes*s/cm5 1762±484 2110±767 1769±801 1833±557 0.002 

TBW, %  38.3±8.17 44.2±11.8 43.3±17.6 38.8±8.13 0.007 

BP – blood pressure; CO – cardiac output; CI – cardiac index; HR – heart rate; MAP – mean arterial pressure; RR – respiratory 

rate; SD – standard deviation; SV – stroke volume; SVi – stroke volume index; TBW – total body water; TPR - total systemic 

peripheral resistance. 

 

 

 

 

 

 

 

 

 

 



Figure S2:  

A. Correlation between hemodynamic measures assessed by invasive catheterization and NICaS 

in a validation cohort 

 

B. Bland-Altman plot of agreement between hemodynamic measures assessed by invasive 

catheterization and NICaS in a validation cohort 

 

CO - cardiac output; SVR - systemic vascular resistance; TPR - total peripheral resistance. 

The internal validation cohort consisted of 15 stable elective patients with advanced heart failure 

either before or after a heart transplant. Cardiac output calculations were performed using the 

Fick formula (indirect method) during invasive catheterization. The hemodynamic measures of 

CO and SVR (or TPR in the case of NICaS) correlated well between the invasive and non-

invasive (i.e., NICaS) methods. The two methods showed a level of agreement concerning CO 

measurements but not concerning SVR measurements (i.e., there is a proportional bias between 

the two methods in SVR assessment).  

 



Figure S3: 

Correlation between hemodynamic SV measures assessed by non-invasive NICaS and 

echocardiography in 46 patients prior o discharge.  
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