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Abstract

Background: Our current understanding of right heart failure (RHF) post-LVVAD is lacking.
Recently, a new INTERMACS definition of RHF was introduced. Based on this definition, we
investigated natural history, risk factors and outcomes of post-LVAD RHF.

Methods: Patients implanted with continuous flow LVAD between 6/2/2014-6/30/2016 and
registered in the INTERMACS/STS Database were included. RHF incidence and predictors, and
survival after RHF were assessed. The manifestations of RHF which were separately analyzed
were elevated central venous pressure, peripheral edema, ascites and use of inotropes.

Results—Among 5,537 LVAD recipients (mean 57+13 years, 49% destination therapy, support
18.9 months) prevalence of 1-month RHF was 24%. Of these, RHF persisted at 12 months in
5.3%. In contrast, de novo RHF, first identified at 3 months, occurred in 5.1% and persisted at

12 months in 17% of these, and at 6 months occurred in 4.8% and persisted at 12 months in
25%. Higher pre-implant blood urea nitrogen (ORs:1.03-1.09 per 5 mg/dl increase; P<0.0001),
previous tricuspid valve repair/replacement (ORs:2.01-10.09; P<0.001), severely depressed right
ventricular systolic function (ORs:1.17-2.20, P=0.004) and centrifugal vs. axial LVAD (ORs:1.15—
1.78; P=0.001) represented risk factors for RHC incidence at 3 months. Patients with persistent
RHF at 3 months had the lowest 2-year survival (57%) while patients with de novo RHF or RHF
which resolved by 3 months had more favorable survival outcomes (75% and 78% at 2-years,
respectively; P<0.001).

Conclusions: RHF at 1 or 3 months post-LVVAD was a common and frequently transient
condition, which, if resolved, was associated with relatively favorable prognosis. Conversely, de
novo, late RHF post-LVAD (>6 months) was more frequently a persistent disorder and associated
with increased mortality. The 1-, 3- and 6-month time points may be used for RHF assessment and
risk stratification in LVAD recipients.

Subject terms:

heart failure

Keywords
LVAD; right ventricular failure; mechanical circulatory support

Introduction

Right heart failure (RHF) often complicates the post-operative course of patients undergoing
a left ventricular assist device (LVAD) implantation and has a dramatic impact on outcomes
[1,2]. Although it more commonly occurs in the early post-operative period (early RHF
[ERHF]) [3], the potential for late presentation, months to years after LVAD implantation
(late RHF [LRHF]), has been recently described [4-6]. The incidence of post-LVAD

RHF ranges between 5% and 46% [7,8]. Small cohorts, variable definitions of RHF and
differences between ERHF and LRHF partly account for this heterogeneity. Therefore,

the Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS)
introduced a universal definition of RHF post-LVAD in 2014 [8,9]; RHF was defined as
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the presence of findings or symptoms of persistent right ventricular failure characterized by
both documented signs of increased central venous pressure (CVP) and presence of relevant
manifestations (peripheral edema, ascites or palpable hepatomegaly, worsening hepatic or
renal dysfunction) [9]. Furthermore, RHF was graded as mild, moderate and severe based
on (a) the duration of post-LVAD inotropic support for the LVAD implantation admission
and (b) the presence and number of RHF-related hospitalizations, the need for inotropes

or a right ventricular assist device (RVAD) and/or RHF-related death for the post-implant
surveillance period [9].

Several risk scores predicting the ERHF post-LVAD have been developed but have
significant limitations [10-13], being derived from small, single-center populations

with heterogeneous definitions of RHF and from populations predominantly bridged to
transplantation (BTT) with first-generation LVADs [13]. Similarly, the few studies to date on
LRHF have similar limitations. The characteristics previously associated with development
of LRHF are pre-implant serum creatinine, systematic vascular resistance [4]; blood type O,
hemoglobin [5]; body surface area (BSA), blood urea nitrogen (BUN) and central venous to
pulmonary capillary wedge pressure (CVP/PCWP) ratio [6]. Thus, in the era of continuous
flow LVADs we investigated the epidemiology, natural history, and prognostic significance
of RHF following the device implantation.

Access & Publications Acknowledgment (A&P)

STS INTERMACS—The data for this research were provided by The Society of Thoracic
Surgeons’ National Database Access and Publications Research Program. The Society

of Thoracic Surgeons (STS) Interagency Registry for Mechanically Assisted Circulatory
Support (INTERMACS) is a prospective registry of all FDA approved durable mechanical
circulatory support (MCS) devices in the United States [14]. It is funded by the NHLBI
and participation is mandatory for all Centers for Medicare and Medicaid Services approved
implantation centers. All patient level data are securely processed and analyzed by the
Kirklin Institute for Research in Surgical Outcomes (KIRSO) at the University of Alabama
at Birmingham (UAB) with the UAB IRB oversight for all such research activities. The
database is maintained by the University of Alabama and is approved by the institutional
review of board of each participating center.

Study population

The study patients were 5,537 patients, implanted with a continuous flow LVVAD between
6/2/2014 and 6/30/2016 and registered in the STS/INTERMACS Database.

Study design and definitions

We used the new definition of RHF according to INTERMACS [9].

RHF definition—Right Heart Failure (RHF) was defined as “symptoms or findings of
persistent right ventricular failure characterized by both:

A. Documentation of elevated central venous pressure (CVP) by:
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Al.  Direct measurement (e.g., right heart catheterization) with evidence
of a central venous pressure (CVP) or right atrial pressure (RAP)>16
mmHg, OR

A2.  Findings of significantly dilated inferior vena cava with absence of
inspiratory variation by echocardiography, OR

A3.  Clinical findings of elevated jugular venous distension at least half way
up the neck in an upright patient.

AND
B. Manifestations of elevated central venous pressure characterized by:

B1.  Clinical findings of peripheral edema (=2+ either new or unresolved),
OR

B2.  Presence of ascites or palpable hepatomegaly on physical examination
(unmistakable abdominal contour) or by diagnostic imaging, OR

B3.  Laboratory evidence of worsening hepatic (total bilirubin>2.0 mg/dl)
or renal dysfunction (creatinine>2.0 mg/dl).”

Importantly, presence of RHF was assessed by each INTERMACS investigator, who also
provided the RHF elements of elevated CVP manifestation and documentation that were
present.

RHF manifestations—The manifestations of RHF which were separately assessed and
analyzed were a) elevated right atrial/central venous pressure (>16mmHg), b) presence of
peripheral edema, c) presence of ascites and d) use of inotropes.

Definitions of RHF subtypes based on RHF persistence—When studying changes
in the incidence of RHF between two sequential assessment time points (1-3 months and
3-6 months) RHF was further divided into:

a. denovo RHF: present at latter but absent at former time point,
b. persistent RHF: present at both time points,
C. resolved RHF: absent at latter but present at former time point

d. no RHF: absent at both time points.

Variable selection

Outcomes

Medical history, clinical, laboratory, echocardiography and hemodynamic data at LVAD
implantation and intra-operative factors from all patients were recorded. Data on medical
history and clinical status are listed in Table 1.

The STS/INTERMACS registry routinely collects follow-up data post-LVAD implantation
at 1 week, 1, 3, 6 months and every 6 months thereafter. Major outcomes (i.e. death,
readmission, explant, and adverse events) are entered as part of the defined follow-up and
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within 30 days of occurrence. The outcome of interest for the current analysis were a)
RHF and (with censoring at death) b) all-cause mortality. For post-LVAD RHF, conditional
analyses including only the patients who survived at the time-point of interest (1, 3, and 6
months) were used.

Statistical analysis

Continuous variables are expressed as mean + SD and were compared using unpaired t-test.
Categorical variables are expressed as counts and percentages and were compared using
chi-square test. Kaplan-Meier survival curves were created to evaluate survival, which was
defined as continued LVVAD support at the time of the end of study time-window, LVAD
exchange, or explant due to recovery, or cardiac transplant. Survival between groups was
analyzed by log-rank for linear trend. Risk factors associated for the dichotomous outcome
of RHF at 3 months were identified using logistic regression. The prognostic significance of
the different RHF subtypes was assessed with Cox proportional hazard models. All baseline
covariates shown in Supplemental Table 1 were tested in the univariate model. If they were
significant at a level <0.05 and had at least 80% of available data, they were entered in a
stepwise selection. Covariates remaining at the last step were included in the multivariable
model to identify independent associations. In order to address the potential bias due to early
death, a competing outcomes analysis of death after 3months (looking at patterns of RHF
before 3 months) was also performed. All significance tests were 2-tailed, and P<0.05 was
considered statistically significant. Statistical analyses were done using SAS.PC 9.4.

Results

Baseline characteristics

Among 5,537 patients with primary LVAD implant, mean age was 57.0 +12.8 years, 79%
were male and 49% of patients received L\VVAD as DT. Mean duration of support was 18.9
months which represented 8,734 patient-years of follow-up. Baseline characteristics are
shown in Table 1.

Epidemiology and natural history of right heart failure

The prevalence of RHF at 1 month was 24%. Thereafter, the prevalence of RHF among
LVAD recipients fell and remained relatively constant at a rate of 8-10% over the entire
3-year follow-up period (Figure 1). The stable prevalence of RHF, at least during the first
12 months of follow-up, was not a result of persistence of RHF in a fixed percentage, but
a combination of de novo, resolved and persistent RHF. Namely, de novo RHF at the 3-,
6- and 12-month time points developed in 5.1%, 4.8% and 5.0% of patients, respectively
(Figure 1). Among patients with RHF at 1 month, RHF persisted at 3, 6 and 12 months in
27%, 9.2% and 3.5%, respectively. De novo RHF first identified at 3 months persisted at 6
months in 32% and at 12 months in 11% of cases, while de novo RHF first identified at 6
months persisted at 12 months in 25% of cases, thus indicating that the further away from
implantation RHF appears the higher the risk of persisting. The diagram of persistence of
RHF according to timing of onset post-LVAD is depicted in Figure 2.
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Risk factors for RHF at 3 months post implantation

RHF at 3 months was present in 456/4651 patients (9.8%), of who 263 (58%) had persistent
RHF present from 1 month, 174 (38%) presented with de novo RHF at month 3 and 19

(4%) patients were missing data on RHF status at 1 month. The pre-implant variables that
were independently associated with presence of RHF at 3 months are depicted in Table

2. Significant associations were demonstrated between implantation of a centrifugal LVAD
(HR: 1.43; 95% ClI: 1.15-1.78, P=0.001), pre-implant BUN (HR: 1.06 per 5-mg/dl increase;
95% CI: 1.03-1.09, P<0.001), severely depressed pre-operative RV function (HR: 1.60; 95%
Cl:1.17-2.20, P=0.004) and previous repair/replacement of the tricuspid valve (HR: 4.50;
95% CI: 2.01-10.09, P<0.001) and a higher risk of RHF at 3 months.

Prognostic significance of type and number of right heart failure manifestations

The detrimental impact of individual RHF manifestations at 1 month on patient outcomes
is cumulative and shown in Figure 3a. LVAD patients with no RHF had survival of 92% at
1-year of follow-up. The respective survival with 1, 2 and 3 or more RHF manifestations
were 86%, 68% and 58% (P<0.0001). The 2-year survival rates for patients with no

RHF and with 1, 2, and 3 or more RHF manifestations at 1-month post-LVAD were

82%, 76%, 56% and 50% (P<0.0001), respectively. For example, presenting with isolated
elevation of CVP was accompanied by a much more favorable prognosis compared to
simultaneous presentation with elevated CVP, ascites and peripheral edema, as the presence
of each additional RHF manifestation increased the risk of death by >60% (HR: 1.62 per
manifestation; 95%CI:1.52-1.73, P<0.001). Patients with no or one RHF manifestation had
comparable survival at 1- (86% vs 92%, P<0.0001) and 2-year follow-up (76% vs 82%,
P<0.0001, Figure 3a), which was significantly better than the respective of patients with >1
RHF manifestation (65% at 1 year and 55% at 2 years, P<0.0001 for both comparisons,
Figure 3b).The type of RHF manifestation carried prognostic significance (Supplemental
Figure 1), but the dominant factor was the number of manifestations, with low survival
among patients presenting with multiple manifestations of RHF at 1 month.

Prognostic significance of RHF subtypes based on RHF persistence

Survival during follow-up also differed according to the subtype of RHF and the time
points at which it was present (Figures 4a and 4b, Supplemental Figures 2a and 2b). For
patients who were alive at 3 months post implant and had completed both 1-month and
3-month follow-up, survival was highest among the ones without RHF and lowest among
those with persistent RHF (P<0.0001, Figure 4a). Patients with RHF which either resolved
or presented de novo at 3 months had comparable and relatively favorable survival (P

for comparison=0.22, Figure 4a). In multivariable Cox regression analysis, all subtypes of
RHF were significantly associated with an increased risk of death compared with no RHF
but the magnitude of the association was considerably higher with persistent vs de novo
and resolved RHF (Supplemental Table 2). This was also the case when a multivariable
competing risk model was used (Supplemental Table 3).

Similarly, for patients who were alive at 6 months and had completed both 3-and 6-month
follow-up, survival was also highest among those without RHF and lowest among those
with persistent RHF (P<0.0001, Supplemental Figure 2a). In contrast to de novo RHF
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at 3 months, new onset RHF at 6 months was accompanied by a worse survival, which
approximated that of the persistent RHF group (P=0.36, Supplemental Figure 2a). If

RHF had resolved between 3 and 6 months patients presented with favorable prognosis,
comparable to the one of no RHF patients (P=0.16), and significantly higher survival
compared with persistent/de novo RHF (HR: 2.14; 95%CIl: 1.51-3.03, P<0.001). Finally, for
patients who were alive at 12 months and had completed both 3-, 6 and 12-month follow-up,
survival was high only among those without RHF (Supplemental Figure 2b). Conversely,
presence of RHF at this time point was accompanied by unfavorable survival at 2 and 3
years of follow-up, irrespectively of whether RHF was de novo, persistent or even resolved
(P>0.05, Supplemental Figure 2b).

Discussion

In this large contemporary and generalizable cohort of LVAD patients included in the STS/
INTERMACS Registry after the introduction of the new RHF definition, we demonstrated
that the incidence of RHF was as high as 24% at 1-month post-LVAD but declines and
remains stable with a prevalence of 8-10% thereafter. Several pre-implant factors predicted
RHF at 3 months. The increase in the number of RHF manifestations present was paralleled
by an increase in mortality. The prognostic impact of RHF differed significantly according
to timing and subtype of RHF.

Prevalence and natural history of right heart failure

The prevalence of RHF was 24% at 1 month and ranged between 8-10% at all time points
following the first month, whereas de novo RHF at the 3-, 6- and 12-month time points
developed in approximately 5%. RHF persisted less the earlier it occurred. Most studies
investigating the incidence of RHF have focused on the immediate post-operative period.

A meta-analysis of 36 studies including a total of 4,428 LVVAD patients (fewer than in our
single but generalizable cohort) reported a 25% pooled incidence of RHF, which differed
substantially according to study design and proportion of continuous-flow LVVADs implanted
[7]. This entity seems to differ significantly in terms of incidence, natural history and risk
factors compared with RHF that manifests later on, weeks to years after LVAD implantation
[5,6,15]. However, sparse data on the latter are available and have limited value due to
variable definitions of RHF. Imamura et al. reported in a small cohort that the prevalence of
LRHF, defined as right ventricular stroke work index<4.0 g/m? was 36.8% at 5 weeks post-
implantation [15]. Another single-center reported LRHF, defined as HF requiring medical
intervention >4 weeks after implantation, in 15% of BTT patients and in 11% of all patients
at a median 141 days post-implant [4,16]. In another small cohort of DT patients RHF,
defined as symptoms and signs necessitating up-titration of diuretics or use of inotropes,
presented in 45% of patients after 2.3+1.5 years (median 2.1 years) of support. However,
only 4/20 (20%) patients required inotropes and were the only ones that subsequently died
due to RHF [5]. Finally, in a large cohort of 537 DT LVVAD recipients LRHF, defined as

the development of clinical RHF accompanied by need for inotropes and re-hospitalization
occurring >30 days from LVAD implant hospitalization, was reported in 8% a median 480
days post-implant [6].

Circ Heart Fail. Author manuscript; available in PMC 2023 June 06.
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Heterogeneity in RHF definitions, leading to the inconsistency of reported results incited
INTERMACS to universally define RHF [8]. Nonetheless, few studies have investigated the
epidemiology of RHF based on this new definition. In a recently published study examining
526 LVAD patients, 16.5% developed ERHF and 14.4% LRHF, defined as RHF occurring
more than 30 days after L\VAD implantation [17]. Importantly, 16 (3%) patients presented
with both ERHF and LRHF, a condition that would fulfill our definition of persistent RHF.
Even fewer data are available on dynamic changes of RHF prevalence over time. Teuteberg
et al. demonstrated in a population of 3,065 patients from the STS INTERMACS Registry
that the prevalence of RHF at 1 week, 1, 3, 6 and 12 months post-implantation was 34%,
16%, 12%, 11%, and 14%, respectively [18], whereas a second STS INTERMACS analysis
raised the prevalence of RHF at 3 months post-implant to 9%, with mild RHF representing
4% and moderate 5% [19]. Finally, in another analysis from the same database the incidence
of mild RHF at 1, 3, 6 and 12 months was reported to be 6%, 5%, 6%, and 6%, respectively,
whereas that of moderate RHF 15%, 3%, 3% and 3% respectively [20], findings which are
in accordance with ours. Our study is among the largest to date studies on post-LVAD RHF.
It provides for the first-time insight into the fact that the relatively stable prevalence of RHF
overtime is not the result of persistence of RHF in a fixed proportion of patients, but rather
a mix of de novo, resolved and persistent RHF. Furthermore, we are the first to demonstrate
that prevalence of RHF remains stable between 8 and 10% of patients up to at least 3 years
post-implant.

Risk factors for development of RHF

We have identified multiple pre-implant factors, which are independently associated with
appearance of RHF at 3 months after LVAD implantation. Several of the predictors we
recognized, such as BUN, LVEF etc. have been previously reported to differ between
patients with and without RHF [4-6,14-16]. Nonetheless, our analysis did not confirm other
findings, such as the presumed prognostic significance of body mass index, hemoglobin,
platelets, LV end-diastolic diameter and concomitant aortic valve repair. However, these
early reports were limited by their selected study populations as well as the different
definitions of LRHF, thus rendering their results of limited clinical significance. Therefore,
contrary to the multitude of risk factors and scores available for ERHF [7,8,10-13,21], this
is not the case with LRHF. Apart from the Columbia group which recently recognized
tricuspid annulus diameter as an independent predictor of LRHF [22], the only systematic
attempt to find risk factors for LRHF was based on an STS/INTERMACS registry analysis
[23]. Although this study attributed prognostic value to several parameters which were also
identified as risk factors in our analysis (pulmonary arterial pressures, RV systolic function),
its limitations lie in that it defined RHF based on the old INTERMACS definition and that it
considered LRHF as every RHF occurring >14 days from implantation, thus encompassing
a large proportion of ERHF events. Interestingly, previous tricuspid valve repair/replacement
was associated with an increased risk for RHF incidence at 3 months of follow-up,

possibly indicating the presence of subtle, unidentified RV dysfunction in these patients.
Furthermore, this is the first time that implantation of a centrifugal (vs an axial-flow) pump
has been independently associated with the appearance of RHF post-LVVAD, though a higher
incidence of RHF following centrifugal (vs an axial-flow) pump implantation has been
previously reported [24]. Hints that incidence of RHF may be higher with centrifugal pumps

Circ Heart Fail. Author manuscript; available in PMC 2023 June 06.
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were also evident in the seminal MOMENTUM-3 trial [25]. Although the study was not
powered to detect differences in RHF events and statistical significance was not reached
(P=0.18), a considerable higher incidence of RHF was reported with centrifugal (34.2%) vs
an axial-flow (28.3%) pump [25]. This finding, which may be inherent to the different way
of unloading of the two pump types [26], warrants further investigation in properly designed
studies. Importantly, our analysis covered a period prior to the initiation of Heartmate 111
data collection in INTERMACS. In regard to BSA, several studies have demonstrated an
association between BSA and post-implant RHF. Given that this association was inverse

in the early days of LVADs [27,28] but direct in more recent studies possibly indicates
LVAD-specific parameters as the underlying mechanism of this relationship [5,29]. Focused
studies on the topic are necessary to clarify mediators and prevent RHF, possibly through
adjusting device parameters.

Prognostic significance of type and number of right heart failure manifestations

Although appearance of LRHF has been consistently associated with worse prognosis [2—
7,13,15,16], our data indicate that RHF should not be considered, from a risk stratification
standpoint, as a uniform clinical entity. Patients presenting only with elevated CVP or
peripheral edema have a relatively favorable prognosis whereas need for inotropes has a
significant association with worse survival. Signals that inotropes are the manifestation

of LRHF which mainly determines outcome have been previously reported [5,18]. Apart
from type of manifestation, number of manifestations also differentiates patients regarding
their outcomes; patients with one RHF manifestation have impressively better prognosis
compared with the ones with >1 RHF manifestations, a finding which has not been reported
to date.

Prognostic significance of RHF subtypes based on RHF persistence

The differential association of timing and subtype of RHF with outcomes is also reported
for the first time. RHF which persists between assessment time points (1-3 months or 3-6
months) was associated with the worse overall survival, finding which has been previously
reported among patients with both ERHF and LRHF compared with patients with one of
the two disorders alone [17]. Moreover, de novo RHF at 3 months or resolved RHF up

to 6 months had relatively favorable prognosis, contrary to RHF being present from 6
months onward which was accompanied by dismal prognosis, regardless of its subtype. The
significant differences in outcomes, based on the subtypes and timing of RHF, indicate that
the 1-, 3- and 6-month time points may be routinely used to assess RHF, stratify patients’
risk and potentially guide therapeutic interventions, if not redefine RHF.

Limitations

As with any observational study, causality cannot be inferred from our study. Furthermore,
as only a few intra-operative and post-operative data were collected and analyzed, we could
not identify additional such parameters that may have been associated with RHF appearance.
Thus, although variables from different domains were associated with the post-operative
appearance of RHF, our study cannot clarify whether RHF is attributable to patient factors,
device factors, treatment factors or combination of all the above, as well as the mechanisms
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underlying these associations. Further studies targeted on mechanistic aspects of RHF would
be needed to clarify this issue and set the grounds for studies aiming the prevention or
treatment of post-L\VVAD RHF. The diagnosis of RHF was based on treating physicians and
not adjudicated by a central committee. However, the need for documentation of elevated
CVP based on the new INTERMACS definition reduces the risk of RHF misdiagnosis.
Nonetheless, a proportion of the de novo RHF cases could still represent RHF pre-existing
from an earlier timepoint post-operatively which was not recognized promptly. The STS/
INTERMACS registry that was used is of high external and internal validity, though our
analysis was limited to the data collected which might have omitted confounders. Finally,
recently a new definition of updated definitions of adverse events, among which RHF, for
trials and registries of mechanical circulatory support was introduced by the mechanical
circulatory support academic research consortium [30]. Unfortunately, our data did not
suffice to capture epidemiology of RHF with this new definition. Finally, our predictive
model for RHF at 3 months does not separately account for death prior to 3 months, possibly
due to RHF. However, death after 3 months is analyzed with a competing outcomes model to
examine the relationship between patterns of RHF and subsequent mortality.

Conclusion

The incidence of RHF, according to the new INTERMACS definition, was 24% at 1-month
post-LVVAD and the prevalence approximately 8-10% at all time points thereafter. Multiple
pre-implant variables independently predicted the presence of RHF post-implantation.
Presence of >1 RHF manifestation has a significant adverse effect on patients’ outcomes;
among these manifestations elevated RAP/CVP is the most benign and inotropes the most
malignant in terms of prognostication. RHF at 1-month post-LVVAD or de novo RHF
occurring relatively early post-LVAD (<3 months) was a common and often transient
condition, which if resolved was not accompanied by considerable long-term survival
compromise. Conversely, RHF which presents late post-LVAD (>3-6 months) was more
frequently a persistent disorder, which carries a significant risk of mortality. The 1-, 3-

and 6-month time points should be used to assess RHF, stratify risk and potentially guide
therapeutic interventions, if not redefine post-L\VAD RHF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Short commentary
What is new?

Prevalence of post-LVAD RHF is 24% at 1-month post-implantation but declines and
ranges between 8-10% up to 36 months thereafter. The later RHF presents, the higher
the chance it represents a persistent, rather than a transient, abnormality. Several variables
can predict the incidence of 3-month RHF, including pre-existing (pre-operative or post-
operative) RV disease and implantation of a centrifugal L\VAD. Increase in the number

of manifestations with which RHF presents is paralleled by an increase in mortality. The
prognostic impact of RHF differs significantly according to timing and subtype of RHF
with persistent RHF representing the most unfavorable subtype.

What aretheclinical implications?

Our study provides insight in the epidemiology of RHF post-LVAD. First, it clarifies that
the stable prevalence of RHF over time is a result of the combination of de novo, resolved
and persistent RHF. Second, it indicates that post-L\VAD RHF should not be considered
and dealt with as a uniform, in terms of prognosis, entity, as resolved and de novo RHF
may have a quite favorable course, especially when presenting early post implantation.
Third, the 1-, 3- and 6-month time points should be used to assess RHF, stratify risk and
potentially guide therapeutic interventions in patient post-LVAD implantation.
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Incidence of de novo right heart failure and prevalence of right heart failure
following LVAD implantation
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Figure 1. Incidence of de novo right heart failure and prevalence of right heart failure following
LVAD implantation.

Follow-up was performed at 1, 3 and 6 months, and every 6 months thereafter.
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Persistence of post-LVAD RHF according to timing of onset
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Figure 2. Bar chart depicting persistence of post-LVAD right heart failure (RHF) according to

timing of onset.

RHF presenting for the first time at 1 month resolves during follow-up in most patients,
persisting up to 12 months in only 3.5%. RHF presenting at 3 months persists up to 12
months in 11% of patients. Contrary, RHF presenting for the first time at 6 months is more
often a persistent condition, continuing to affect 25% of patients at 12 months post-implant.
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Survival by RHF groups for patients who are alive at 1 month post-implant according to

number of RHF manifestations
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Figure 3. Survival by RHF groupsfor patientswho are alive at 1 month post-implant according
to number of RHF manifestations.

Panel A. Novsonevstwo vsthree RHF manifestations. Panel B. No vs onevs more
than one RHF manifestations. Patients alive at 1 month were N=5176. Event was death
censored at transplant, recovery or exchange. Patients with vena cava distension (n=17,
deaths=8) and patients with missing RHF information (n=329, deaths=75) were excluded
from the analysis.

Circ Heart Fail. Author manuscript; available in PMC 2023 June 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kapelios et al. Page 19

Survival by RHF groups for patients who are alive at 3 months post-implant and have completed both
1- and 3-month follow-up according to subtype of RHF
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Figure 4.
Panel A. Survival by RHF groupsfor patientswho are alive at 3 months post-implant

and have completed both 1- and 3-month follow-up accor ding to subtype of RHF.
Curves estimated using Kaplan-Meier survival analysis with transplant, and recovery or
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exchange as censoring events. Panel B. Mortality by RHF groupsfor patientswho are
aliveat 3 months post-implant and have completed both 1- and 3-month follow-up
according to subtype of RHF.
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Baseline characteristics of study cohort™

Table 1.

Patient characteristics Data available on N patients Value
Age (years) 5537 57.0+12.8
Male 5522 4340 (78.6)
Caucasian 5537 3661 (66.1)
Married 5405 3406 (63.0)
Body mass index (kg/m?) 5514 28.6 £7.4
Body surface area (m?) 5514 21+03
Blood type O 5468 2540 (46.5)
Severely depressed RV systolic function pre-operatively 4442 584 (13.2)
Pre-implant INTERMACS patient profiles 5537 5537 (100.0)
Level 1 763 (13.8)
Level 2 1913 (34.6)
Level 3 2066 (37.3)
Level 4 666 (12.0)
Level 5 98 (1.8)
Level 6 22 (0.4)
Level 7 8(0.1)
Unspecified 1(0.0)
Device strategy 7 5537 5510 (100.0)
Bridge to Transplant: Listed 1523 (27.6)
Bridge to Transplant: Likely to be listed 749 (13.6)
Bridge to Transplant: Moderately likely to be listed 416 (7.5)
Bridge to Transplant: Unlikely to be listed 134 (2.4)
Destination Therapy 2688 (48.6)
New York Heart Association class 4 5349 4399 (82.2)
Stroke 5537 200 (3.6)
Cancer 5537 260 (4.7)
Severe diabetes 5537 553 (10.0)
Peripheral vascular disease 5537 251 (4.5)
Current smoker 5537 265 (4.8)
Current drug abuse 5537 427 (7.7)
Alcohol abuse 5537 412 (7.4)
History of hepatitis 5537 73(1.3)
Dialysis 5537 71 (1.3)
History of CABG 5537 1026 (18.5)
History of valve surgery 5537 380 (6.9)
Intra-cardiac defibrillator 5501 4411 (80.2)
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Patient characteristics Data available on N patients Value
Ventilator 5537 284 (5.1)
Intra-aortic balloon pump 5537 1031 (18.6)
B-Blockers 5348 4230 (79.1)
ACE Inhibitors 5131 2522 (49.2)
Systolic blood pressure (mmHg) 5450 106.3+16.1
Diastolic blood pressure (mmHg) 5435 65.3+11.3
Heart rate (beats per minute) 5515 89.0+17.3
Hemoglobin (mg/dL) 5518 11.4+2.10
White blood cells (K/uL) 5521 85+37
Platelet (K/uL) 5518 198.4+77.9
INR 5349 13+04
Albumin (g/dL) 5231 34+06
Total bilirubin (mg/dL) 5300 13+18
Creatinine (mg/dL) 5531 14+0.7
Blood urea nitrogen (mg/dL) 5528 28.4+16.7
Cholesterol (mg/dL) 3281 130.4 +42.3
AST (u/L) 5301 49.7+149.4
ALT (u/L) 5290 60.3 +190.7
Sodium (mmol/L) 5530 135.1+4.7
BNP (pg/ml) 2602 1102.6 + 1045.1
CRP (mg/L) 1781 19.2 +38.7
LVEDD (cm) 4370 6.8+ 1.1
Moderate/Severe mitral regurgitation 5184 2956 (57.0)
Moderate/Severe tricuspid regurgitation 5152 2114 (41.0)
Moderate/Severe aortic regurgitation 4841 212 (4.4)
LVEF < 20% 5304 3679 (69.4)
Severely depressed pre-operative RV function 4442 584 (13.15)
Right atrial pressure (mmHg) 3761 12.4+8.0
Pulmonary systolic pressure (mmHg) 4927 49.9+ 14.7
Pulmonary diastolic pressure (mmHg) 4886 248 +8.9
Pulmonary wedge pressure (mmHg) 4096 249+93
Cardiac index (L/min/m?) 4695 2209
Pulmonary vascular resistance (wood units) 3885 23124
Pulmonary artery pulsatility index (PAPi) 4764 33+34
Pulmonary circulation elastance (PCE, mmHg/ml) $ 4602 1.2+0.7
Concomitant surgery 5535 2163 (39.1)
Failure to wean 5537 31(0.6)
ECMO 5537 162 (2.9)
Patient profile modifier TCS 4742 1336 (28.2)
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*
Values are shown as means + SD or N (%), as appropriate.

ACE: Angiotensin-converting enzyme; ALT: alanine aminotransferase; AST: aspartate transaminase; BNP: B-type natriuretic peptide; CABG:
coronary artery bypass grafting; CRP: c-reactive protein; ECMO: extra-corporeal membrane oxygenation; INR: international normalized ratio;
LVEDD: left ventricular end-diastolic diameter; LVEF: left ventricular ejection fraction; RV: right ventricular; TCS: temporary circulatory support

fThe remaining 27 patients were either Rescue Therapy or ‘Other’ device strategy.

PAPi was calculated based on the formula (systolic PAP-diastolic PAP)/RAP and if RAP was missing (systolic PAP-diastolic PAP)/CVP. PCE was
calculated based on the formula systolic PAP/Stroke volume and stroke volume from Cardiac output*1000/heart rate.
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Multi-variable logistic regression for RHF at 3 months post-implant

Table 2.

Effect Oddsratio (95%Cl) | p-value
Pre-Implant Characteristics
Previous TV Repair/Replacement 4.50 (2.01 -10.09) <0.001
Severely depressed pre-operative RV function 1.60 (1.17 -2.20) 0.004
Elevated Systolic Blood Pressure (>120 mmHg) 1.40 (1.07 -1.82) 0.014
Blood urea nitrogen (mg/dL) 4 1.06 (1.03 -1.09) <0.001
Pulmonary Diastolic Pressure (mmHg) 1.02 (1.01 -1.03) 0.004
LVEF < 20% 0.75 (0.59 -0.94) 0.013
Implant Details
Left ventricular centrifugal pump vs axial 1.43 (1.15-1.78) 0.001
Post Implant Events
RHF at 1 Month Post Implant 6.35 (5.13 -7.86) <0.001
Sepsis Post Implant 2.74 (1.16 -6.50) 0.022

Page 24

*
LVEF: left ventricular ejection fraction diameter; RHF: right heart failure; RV: right ventricular; TV: tricuspid valve. All variables shown in
Supplemental Table 1 were potential covariates in the regression models.

I . .
Blood urea nitrogen represents a 5-unit increase
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