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ABSTRACT

Objective: To evaluate the impact of severe tricuspid valve insufficiency (TVI) at
the time of left ventricular assist device (LVAD) implantation on the hemodynamic
and LVAD parameters in an acute ovine model.

Methods: Stable heart failure (HF) was induced in 10 ovines through the application
of 3 � 1 coronary ligations. Once stable HF was obtained (after 15 � 5 days), the
animals were supported with an LVAD. Hemodynamic data and pump parameters
were obtained and compared in 2 settings; first with LVAD in place after weaning
from the cardiopulmonary bypass machine (no TVI condition) and second following
the induction of severe TVI through resection of the tricuspid valve (TVI condition).

Results: There were no statistically significant differences in the hemodynamic and
pump parameters between TVI condition and no TVI conditions except for lower
cardiac output in the TVI condition (2 [1.38-2.8] L/min vs 3.2 [1.55-3.7] L/min,
P ¼ .027) and the expected greater central venous pressure in the TVI condition
(26 [24-31] mm Hg vs 15 [13-25] mm Hg, P ¼ .020). A median pump flow of 2.8
(2.45-3.75) L/min versus 2.9 (2.75-3.8) L/min in the TVI condition and no TVI condi-
tion was documented (P ¼ .160).

Conclusions: Results from this acute animal study suggest that severe TVI in HF
with preserved right ventricular function does not have significant impact on the
LVAD pump parameters. The observed reduction in cardiac output may warrant
further investigations, especially under loading conditions. (JTCVS Open
2020;4:16-23)
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LVAD parameters in both settings; with and without
TVI.
t

CENTRAL MESSAGE

In our acute ovine model with
preserved RV function, tricuspid
valve insufficiency did not nega-
tively impact ventricular assist
device parameters, although
cardiac output was significantly
reduced.
PERSPECTIVE
The impact of tricuspid valve insufficiency in pa-
tients with VAD is controversial. In this acute
study, animals with heart failure supported with
VAD and data were documented with and
without tricuspid valve insufficiency. In the
absence of RV dysfunction, pump parameters
were similar in both settings.

See Commentary on page 24.
of patients with end-stage HF. The
Heart failure (HF) is still one of the leading causes of death,
affecting more than 26million peopleworldwide.1 After the
exhaustion of symptomatic therapies, heart transplantation
and mechanical support systems are often ultimate resorts
for the treatment
increasing prevalence of patients with HF exceeds the num-
ber of organ donations, which has led to an increasing num-
ber of implantations of left ventricular assist devices
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Video clip is available online.

Abbreviations and Acronyms
bpm ¼ beats per minute
CO ¼ cardiac output
CPB ¼ cardiopulmonary bypass
CVP ¼ central venous pressure
HF ¼ heart failure
HR ¼ heart rate
LVAD ¼ left ventricular assist device
MAP ¼ mean arterial pressure
mPAP ¼ mean pulmonary artery pressure
PAPi ¼ pulmonary artery pulsatility index
RV ¼ right ventricular
RVF ¼ right ventricle failure
TVI ¼ tricuspid valve insufficiency
TVR ¼ tricuspid valve reconstruction
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(LVADs) in recent years as either bridge to transplantation
or destination therapy, improving patients’ survival and
quality of life.2-5

Up to 50% of patients with end-stage HF may present
with simultaneous tricuspid valve insufficiency (TVI).6

Due to a progressive failing of the left ventricle and the
consequent congestion, the afterload of the right ventricle
increases, resulting in TVI. Because TVI is associated
with right HF and worse overall outcome, the presence of
TVI raises the question whether tricuspid valve reconstruc-
tion (TVR) should be performed at the time of LVAD im-
plantation.6,7 The current International Society of Heart
and Lung Transplantation guidelines state that moderate-
to-greater TVI should prompt consideration of surgical
repair at implantation.8 However, recent studies regarding
treatment and outcome of TVI in patients with LVAD pro-
vide diverging results.9-16 Therefore, surgical approach
varies among surgeons, and a consistent treatment strategy
according to guidelines is missing. The aim of this study
was to examine the direct impact of acute TVI at the time
of LVAD implantation on the hemodynamic and LVAD
parameters using an acute ovine model with stabile left-
sided HF and preserved right ventricular (RV) function.
METHODS
All animals received humane care in compliance regarding “the EU

Directive 2010/63,” “the German Animal Welfare Act,” and “the Animal

Welfare Regulation Governing Experimental Animals,” all of which are

on par with “the Principles of Laboratory Animal Care” formulated by

the National Society for Medical Research and the “Guide for the Care
and Use of Laboratory Animals,” prepared by the Institute of Laboratory

Animal Resources and published by the National Institutes of Health (pub-

lication No. 86-23, revised 1996). The study protocol was approved by the

corresponding regional authorities.

Anesthesia and Surgical Procedures
All animals received midazolam and atropine intramuscularly as pre-

medication. After the induction of anesthesia using xylazine and ketamine

(intramuscularly), endotracheal intubation was implemented, and animals

were provided with a gastric tube. General anesthesia was continued using

1.3% isoflurane with oxygen air mixture, fentanyl, and pancuronium intra-

venously. Antiarrhythmic prophylaxis during induction of HF as well as

LVAD implantation was administered intravenously before skin incision,

before and after both coronary ligation, and LVAD insertion. The adminis-

tered antiarrhythmic prophylaxis consisted of intravenous application of

amiodarone, lidocaine, and magnesium. A continuous amount of glucose

5% or sodium chloride 0.9% solution at rates of 80 to 100 ml/h was given

during the procedures. No blood products were given and no inotropic

agents were administered to avoid arrhythmias. When necessary, intrave-

nous norepinephrine was administered in moderate dose as an infusion to

maintain a stable blood pressure. Notably, in all experiments, data were

only obtained when stable conditions over several minutes were achieved

to avoid variations due to fluidmanagements and/or vasoactivemedications.

Surgical Induction of Stable HF
The study was carried out in 2 main stages. The first stage included

induction of stable HF through coronary artery ligation. All animals under-

went open-heart surgery using the left thoracotomy approach. Ovines were

equipped with an arterial catheter in the left carotid artery, a central venous

catheter in the left jugular vein, a pulmonary artery catheter, and an ultra-

sonic perivascular flow probe (AD Instruments, Dunedin, New Zealand)

placed around the pulmonary artery for continuous cardiac output (CO)

measurement. Hemodynamic and echocardiographic data were obtained

at baseline, after coronary ligation, and before LVAD implantation.

Notably, stable HF was established through transmural ligation of diagonal

and marginal branches only. The hemodynamic data consisted of mean

arterial pressure (MAP), central venous pressure (CVP), mean pulmonary

artery pressure (mPAP), heart rate (HR), and CO. Once animals showed

echocardiographic, hemodynamic, and clinical signs of HF, the animals

were brought back to the operating room and LVAD implantation surgery

was conducted as the second-stage procedure. Notably, the actual LVAD

flow was not measured with flow probes. The pump flow measurements

were calculated flows (as it clinically used in patients with HeartWare

HVAD [HeartWare Inc, Framingham, Mass]). However, the hematocrit

values were adjusted every 10minutes to achieve accurate calculated flows.

Similar to previous chronic animal studies of HF, HF in our studies was

predefined as a 20% increase in pulmonary artery pressure and/or HR, and/

or 20% reduction in CO as well as echocardiographic findings of dilation

of the left ventricle and/or 20% reduction of left ventricular ejection

fraction.

Surgical Procedure of LVAD Implantation and TVI
Induction

The second surgical procedure consisted of LVAD implantation and in-

duction of TVI in animals with stable HF. All animals received heparin

(300 IU/kg) for anticoagulation throughout the second surgery. Right-

sided thoracotomywas performed in the fifth intercostal space and the peri-

cardial sac was opened. The carotid artery and internal jugular vein were

prepared for cannulation of cardiopulmonary bypass (CPB). A second

venous cannula for CPB was inserted in the inferior vena cava. CPB was

initiated and the LVAD was implanted. The correct placement of the

LVAD was verified by epicardial echocardiography. All animals were sup-

ported with HeartWare LVAD (HeartWare Inc). Figure 1 shows the LVAD
JTCVS Open c Volume 4, Number C 17



FIGURE 1. Intraoperative setting, left ventricular assist device in place.

Dr, Driveline; Og, outflow graft; LV, left ventricle; PAC, pulmonary artery

catheter.
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in place. The aforementioned hemodynamic data and LVAD parameters

(pump flow, speed, and power consumption) were obtained in 2 conditions,

first, after weaning of CPB (no TVI condition) with LVAD in place and sec-

ond, after reinitiating CPB, induction of TVI through surgical resection of

the tricuspid valve (TV), and weaning off CPB (TVI condition). The pump

speed was kept unchanged to allow reasonable comparison between both

conditions. Figure 2 shows TV resection procedure. Once data were

obtained, the animals were killed humanely in the operating room after

completion of surgical procedure using pentobarbital–sodium. For the first

stage of the study, hemodynamic and echocardiographic data were

compared between all animals at baseline, post-ligation, and before

LVAD implantation. In the second stage of the study, the hemodynamic

and LVAD parameters at TVI and no TVI condition were compared within

the same animal.

Statistical Analysis
Statistical analysis was performed using SPSS for Mac (Version 25;

IBM Corp, Armonk, NY). As not all variables were distributed normally
FIGURE 2. Resection of the tricuspid valve. RA, Right atrium; RV, right

ventricle.
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(tested by Shapiro–Wilk test), data evaluation was achieved through a Wil-

coxon signed-rank test (nonparametric paired t test). Data are reported as

median value (interquartile range).

Primary Outcomes
Primary outcomes are hemodynamic changes between LVAD no TVI

and LVAD with TVI setting, specifically CVP, MAP, CO, and mPAP, as

well as LVAD parameters, including flow, pump speed, and power

consumption.

RESULTS
Ten female ovines (mean weight 61 � 7 kg) underwent

surgical induction of HF through ligation of diagonal and
marginal branches. A total of 3 � 1 transmural ligations
were used. Stable HF was established after 15� 5 days. An-
imals showed clinical signs of HF, including reduced gen-
eral conditions, wheezing, tachypnea, and dyspnea, on
day 8 � 3 post-ligation. Main findings in hemodynamic
data were a significant increase in HR (72 � 9 beats per
minute [bpm] and 100 � 28 bpm, P ¼ .01) and mPAP
(15 � 4 mm Hg and 18 � 5 mm Hg, P ¼ .034) at baseline
and before LVAD implantation. Further, diastolic pulmo-
nary pressure increased from 9 � 4 mm Hg to 15 � 3 mm
Hg (P ¼ .018). Repeated echocardiography showed a
drastic decrease in the left ventricular ejection fraction
from baseline to latest measurements as well as a significant
dilation in the left ventricle shown through an increase in
left ventricular end-systolic and left ventricular end-
diastolic volume. The left ventricular ejection fraction
decreased significantly from 63 � 13% (baseline) to
43 � 6% (latest) (P ¼ .012), whereas left ventricular
end-diastolic volume and left ventricular end-systolic vol-
ume both increased from 55 � 12 mL (baseline) to
70 � 22 mL (latest) (P ¼ .03) and 22 � 5 mL (baseline)
to 42 � 16 mL (latest) (P ¼ .022), respectively.

Meanwhile, right ventricle function was assessed using
echocardiography and through calculating the pulmonary
artery pulsatility index (PAPi), a marker for RV dysfunc-
tion, at baseline and previous LVAD implantation. The right
ventricle function was described in echocardiography as
normal in all animals, and PAPi data revealed no significant
change (0.91� 0.63 at baseline vs 1.15� 0.56 in stable HF;
P ¼ .39) indicating that right ventricle function was not
impaired at the time of LVAD implantation.

All 10 animals underwent second surgery for LVAD im-
plantation and TVI induction. The animals were connected
to CPB for a total of 101 � 22 minutes and the total LVAD
support time was 41 � 20 minutes. Results comparing the
hemodynamic parameters in no TVI condition to the param-
eters in TVI condition are shown in Figures 3 and 4.
Changes in HR, MAP, and mPAP were not significant
when comparing the 2 groups. HR showed no changes
with 95 (82-127) bpm in no TVI and 98 (87-122) bpm in
TVI condition (P ¼ .953). MAP also remained stable at
64 (60-74) mm Hg (no TVI) and 68 (63-71) mm Hg
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FIGURE 3. Changes in hemodynamic data in both conditions (no TVI

versus TVI). LVAD, Left ventricular assist device; TVI, tricuspid valve

insufficiency;MAP, mean arterial pressure; mPAP, mean pulmonary artery

pressure; CVP, central venous pressure.
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FIGURE 5. Changes in LVAD parameters in both settings; TVI versus

no TVI. LVAD, Left ventricular assist device; TVI, tricuspid valve

insufficiency.
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(TVI) (P¼ .735). Similarly, no major changes in the mPAP
was observed (35 [26-43] mm Hg in no TVI and 32 [27-37]
mm Hg in TVI condition, P ¼ .352). As expected, a statis-
tically significant increase of the CVP was observed from
15 (13-25) mm Hg in no TVI to 26 (24-31) mm Hg in the
TVI condition (P ¼ .020). Furthermore, the CO decreased
from 3.2 (1.55-3.7) L/min in no TVI to 2 L/min (1.38-2.8)
in the TVI condition (P ¼ .027).
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tions. HR, Heart rate; CO, cardiac output; LVAD, left ventricular assist de-

vice; TVI, tricuspid valve insufficiency.
There were no significant changes displayed in the LVAD
parameters (Figure 5). A median LVAD pump speed of
2300 (2200-2400) revolutions per minute (no TVI condi-
tion) and 2300 (2200-2400) revolutions per minute (TVI
condition) was documented (P ¼ .317). Meanwhile, a me-
dian LVAD flow of 2.9 (2.75-3.8) L/min (no TVI condition)
and 2.8 (2.45-3.75) L/min (TVI condition) was obtained
(P ¼ .160). The median LVAD power consumption was
2.3 (2.05-2.45) Watt (W) (no TVI condition) and 2.2 (2.1-
2.45) W (TVI condition) (P ¼ .345) (Figure 6, A-D). A
summary of the hemodynamic and LVAD parameters is
portrayed in Table 1.
Comment
In this acute animal setting of stable HF and severe iatro-

genic TVI, no significant differences in the pump parame-
ters were observed between TVI condition and no TVI
condition. Further, the hemodynamic parameters stayed sta-
ble in both conditions except for a decrease in CO without
negative impact on the pump parameters.
Functional or secondary TVI is the most frequent form of

TVI.9,17 It can develop as a consequence of either single or
biventricular failure or, although less frequently, of high
pulmonary vascular pressure, all resulting in dilation of
the annular ring. Further, implantation of an implantable
cardioverter/defibrillator or pacemaker can also lead to a
hindrance of valve leaflet coaptation.17,18 All of the afore-
mentioned factors can be observed in patients with end-
stage HF requiring LVAD support. It has been described
that LVAD implantation alone improves RV function,
thereby leading to reduced TVI severity, which would
render TVR obsolete.19-21 The improvement of the RV
JTCVS Open c Volume 4, Number C 19



FIGURE 6. A-D, Intraoperative photographs of left ventricular assist device (LVAD)monitors depicting LVADparameters and pulsatility in tricuspid valve

insufficiency condition. Pulsatility was not analyzed qualitatively or included in the results. L/min, Liters per minute; U/min, revolutions per minute; Fluss,

flow; Zeit, time; s, seconds; VAD, ventricular assist device.
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function is mostly due to better unloading of the left
ventricle after LVAD implantation, resulting in a decrease
of pulmonary vascular pressure and therefore of the RV
afterload.22 RV dysfunction may improve over time after
LVAD implantation and better tricuspid valve competence
may be achieved.21,23 Meanwhile, it has also been reported
that LVAD implantation may also lead to a leftward devia-
tion of the interventricular septum, particularly if run at
TABLE 1. Comparison of hemodynamic and LVAD parameters in

both settings (no TVI vs TVI condition)

Variable LVAD* LVAD þ TVI* P valuey
HR, bpm 95 (82-127) 98 (87-122) .953

CO, L/min 3.2 (1.55-3.7) 2 (1.38-2.8) .027z
MAP, mm Hg 64 (60-74) 68 (63-71) .735

mPAP, mm Hg 35 (26-43) 32 (27-37) .352

CVP, mm Hg 15 (13-25) 26 (24-31) .020z
Flow, L/min 2.9 (2.75-3.8) 2.8 (2.45-3.75) .160

Power, W 2.3 (2.05-2.45) 2.2 (2.1-2.45) .345

Speed, rpm 2300 (2200-2400) 2300 (2200-2400) .317

LVAD, Left ventricular assist device; TVI, tricuspid valve insufficiency; HR, heart

rate; CO, cardiac output;MAP, mean arterial pressure; mPAP, mean pulmonary artery

pressure; CVP, central venous pressure; rpm, revolutions per minute. *Data are ex-

pressed as median (interquartile range). yWilcoxon signed-rank test. zP<.05 statis-

tically significant.
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greater speed mode, which might possibly cause an exacer-
bation of the TVI.24

Considering the association between TVI and right
ventricle failure (RVF), the presumption that concomitant
tricuspid valve procedures along with LVAD implantation
could possibly contribute to minimizing the chance of
RVF is postulated.6 While it has been demonstrated that
concomitant tricuspid valve procedure does not increase
the risk of operative mortality and early postoperative
morbidity, performing either TVR or replacement does
not affect the clinical outcome in patients with LVAD.25,26

Piacentino and colleagues showed that TVR reduces right
HF.27-29 Furthermore, they describe a prolonged CPB
time in the TVR cohort although shorter hospitalization.
However, a difference in mortality between the 2 groups
was not detected.

The question whether to perform TVR is heavily debated
and controversial. Recently, mostly single-center studies
have come to disparate conclusions.9-16 Saeed and
colleagues9 conducted a retrospective analysis of patients
undergoing LVAD implantation with or without TVR. The
main finding of this study was that TVR led to prolonged
CPB time and greater requirements of blood products,
thus concluding that omitting TVR is reasonable in VAD
candidates. Veen and colleagues30 have recently carried
out a meta-analysis of 8 publications. They showed that



VIDEO 1. The senior author explains the concept, importance, and rele-

vance of this study. Video available at: https://www.jtcvs.org/article/

S2666-2736(20)30107-8/fulltext.
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concomitant TVR during LVAD implantation provides
similar results in late mortality and RVF when compared
with LVAD implantation alone. Furthermore, they failed
to show any significant differences in early mortality,
RVF, acute kidney failure, hospital stay, and need for RV
assist device. The systematic review by Dunlay and col-
leagues31 focused on early outcomes supports the findings
of Veen and colleagues. The database analyses of INTER-
MACS (Interagency Registry for Mechanically Assisted
Circulatory Support), EUROMACS (European Registry
for Patients with Mechanical Circulatory Support), and
the Society of Thoracic Surgeons have led to comparable
results.7,32,33 These database analyses show that TVR is
associated with worse early postoperative outcomes but
do not affect surgical mortality.33 Furthermore, TVR led
to significantly improved TVI shortly after TVR, but differ-
ences in probability of TVI disappeared between the TVR
and the non-TVR group over a period of time.7,32 In addi-
tion, TVR does not show a survival benefit; thus, TVR
may not be beneficial.32 Meanwhile, Robertson and col-
leagues33 found longer hospital stays and a significantly
greater risk of renal failure in the TVR group and raised
the question that the decision for TVR should not solely
be based on echocardiographic findings. In summary, the
majority of currently available literature show that TVR
at the time of LVAD implantation may not be necessary.
Our study is the first animal and translational research

study dealing with this controversial topic (Video 1). We
have shown that the induction of severe iatrogenic TVI in
stable HF ovines with preserved right ventricle function is
feasible in acute settings. We appreciate that establishing
an animal model of HF that exactly simulates patients
with end-stage HF is challenging.34 We intentionally chose
a model that preliminarily causes left ventricular failure
without major impact on the RV function. We believe that
severely reduced RV function and functional TVI may
rather benefit from better preconditioning before the
pump implantation procedure (aggressive diuresis, etc.)
and/or biventricular support strategy in emergent cases
than TVR. That being said, we hypothesize that moderate
TVI without severe RV dysfunction, such as those caused
by defibrillator leads, may eliminate the need for TVR.
We postulate that adding TVR procedure may not provide
any advantage.9

In this study, we were able to establish stable HF with he-
modynamic and echocardiographic parameters mimicking
HF. In the second-stage procedure, severe acute TVI was
induced through surgical resection of the TV. All hemody-
namic parameters remain stable in the group with LVAD
alone or LVAD with TVI except for expected greater CVP
value in the TVI group (15 [13-25] mm Hg vs 26 [24-31]
mm Hg, P ¼ .020) and lower CO in the TVI group (3.2
[1.55-3.7] L/min vs 2 [1.38-2.8] L/min, P ¼ .027). The in-
crease of CVP was expected as a result from the TV resec-
tion. The decrease of the CO could possibly be due to the
second initiation of the CPB, which was conducted to
perform the resection of the valve resulting in prolonged
CPB time. The duration and re-initiation of the CPB cause
additional immunologic and operative trauma, which may
explain this finding. Another explanation of the reduction
in COmay be the fact that left ventricular filling may be bet-
ter in the absence of TVI leading to more CO. Notably, the
RV output, which was measured using ultrasonic flow
probes, represents total COwhereas pump flow only reflects
the flow through the pump. That being said, we assume that
in the TVI condition, the majority of the CO went through
the pump. Meanwhile, in the no TVI condition the remain-
ing CO went through the native aortic valve. Interestingly,
the performance of the LVAD remains similar in both con-
ditions. An average pump flow of 2.9 (2.75-3.8) L/min in
the no TVI group versus 2.8 (2.45-3.75) L/min in the TVI
JTCVS Open c Volume 4, Number C 21

https://www.jtcvs.org/article/S2666-2736(20)30107-8/fulltext
https://www.jtcvs.org/article/S2666-2736(20)30107-8/fulltext


Adult: Mechanical Circulatory Support Gomez Hamacher et al
group was documented (P ¼ .160). This finding may indi-
cate that having TVI per se without major RV dysfunction
may not negatively impact the pump performance. Needless
to say, the duration of the experiments was not long enough
to allow investigating the impact of chronic TVI on the
outcome.

Limitations of this study are similar to any other animal
study of HF, as a one-to-one model simulating patients
with end-stage HF is challenging. However, the changes
in the diastolic pulmonary pressures and echocardiography
findings indicated severe HF in our study. Further, we
believe that our model was representative enough to show
the effect of severe TVI in the setting of continuous flow
pumps. Notably, all of these animals had preserved RV
function. Therefore, our results may be limited to those
VAD candidates with TVI and preserved RV function
such as those caused by pacing leads. Furthermore, the val-
idity of this acute model is limited to the short period of
observation time as well as the rather short follow-up time
after induction of HF. In addition, the setting of an acute iat-
rogenic TVI might not reflect the pathophysiological
changes occurring in patients with chronic TVI over time,
which makes drawing a conclusion about clinical practice
difficult. Therefore, we plan to repeat this study in a chronic
model with an increased number of animals and random-
ized in comparable TVI and no TVI condition cohorts in
the near future. In fact, we already performed 2 successful
chronic experiments. One ovine survived LVAD implanta-
tion. However, the study was terminated after 5 days due
to LVAD pump thrombosis. Another ovine survived
LVAD implantation with TV resection but died afterwards
due to respiratory insufficiency. Additional limitation in-
cludes the fact that no detailed echocardiographic measure-
ment of the right ventricle was performed before LVAD
implantation. Nevertheless, all animals had a good right
ventricular function based on PAPi data and echocardio-
graphic observation at the time of LVAD procedure. The
induced HF was limited to the left ventricle in these ani-
mals. We hypothesize that presence of TVI with preserved
RV function would not impact the VAD parameters.
Another limitation is the fact that we were comparing
data of the same animals in 2 different conditions. The pre-
sumably negative impact of second round of CPB on CO
might have been eliminated if we would have had per-
formed either LVAD or LVAD with TVI. A true matched
control would have had a re-initiation of CPB in a second
group of animals and sham right atriotomy in the no TVI
condition. However, this would have necessitated more an-
imals and more resources. Needless to say, another limita-
tion is the fact that the pump flows were calculated flows
and even updated hematocrit values may not guarantee
real-time flow measurements.

In conclusion, our data suggest that TVI in subjects with
HF with preserved RV function did not negatively impact
22 JTCVS Open c December 2020
LVAD parameters. The observed reduction in CO may war-
rant further investigation, especially considering loading
conditions. Further chronic experiments as well as clinical
trials are needed to conclusively clarify the necessity of
TVR in patients with LVAD. However, results from this
study could possibly encourage omitting the TVR proced-
ure, particularly in LVAD candidates with preserved RV
function and moderate TVI and/or TVI due to pacing leads.
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