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Background-—Although implantation of a left ventricular assist device (LVAD) generally improves tricuspid regurgitation (TR) in
short-term follow-up, the clinical significance of residual TR in patients with mid- to long-term LVAD support is unknown. This study
aimed to identify the prevalence, predictors, and prognostic value of residual TR in LVAD patients in association with tricuspid valve
(TV) deformation.

Methods and Results-—The study cohort consisted of 127 patients who underwent LVAD implantation without TV procedure and
were supported with LVAD at least 1 year. All patients underwent echocardiographic examination preoperatively and 1 year after
LVAD implantation. TR was quantitatively assessed by ratio of TR color jet area/right atrial area, and significant residual TR was
defined as ≥20% of %TR at follow-up echocardiographic examination. Detailed echocardiographic measurements were also
performed, including TV annulus diameter, TV leaflet displacement, and left ventricular and right ventricular systolic function. LVAD
implantation significantly improved ratio of TR color jet area/right atrial area as well as left ventricular and right ventricular systolic
function and tethering distance (all P<0.05), whereas it enlarged TV annulus diameter (P=0.002). Significant residual TR was
observed in 30 (23.6%) patients. Age, preoperative TV annulus diameter, and residual mitral regurgitation were significantly
associated with significant residual TR (all P<0.05), whereas TV tethering was not. During a mean follow-up of 21�17 months,
patients with residual TR had significantly higher mortality than those without residual TR (log-rank P<0.001).

Conclusions-—Significant residual TR was observed in �25% patients supported with LVAD over 1 year and was associated with
unfavorable outcome. ( J Am Heart Assoc. 2018;7:e008813. DOI: 10.1161/JAHA.118.008813.)
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F unctional tricuspid regurgitation (TR) is an important
complication in patients with advanced heart failure.

The etiology of functional TR is annulus enlargement and
leaflet tethering secondary to right ventricular (RV) over-
load, pulmonary hypertension, and left ventricular (LV)
dysfunction.1–3 As annular dilation progresses, mainly in the
anterolateral direction, the valve becomes more planar in
shape and its dynamic excursion diminishes.4 Leaflet tether-
ing progresses, as the lower points of the annulus are
stretched away from the papillary muscle and displaced.5

These tricuspid valve (TV) deformations reduce leaflet coap-
tation causing TR.6 The occurrence of TR initiates a vicious
cycle of further RV dilatation and dysfunction and, conse-
quently, worsening of TR.7 TR severity is independently
associated with worse survival in heart failure patients8–11 as
well as in patients with isolated TR.12,13

Continuous-flow LV assist devices (LVADs) are becoming
the standard of care for management of refractory
advanced heart failure patients.14–17 Although implantation
of an LVAD leads to mechanical unloading of the LV, may
induce ventricular reverse remodeling, and generally
improves TR in the short term,18–20 nonimprovement of
significant preoperative TR or TR worsening (namely “resid-
ual TR”) is observed in some patients during mid- to
long-term LVAD support. However, the frequency and
mechanisms of residual TR in LVAD patients are not
extensively evaluated. Furthermore, it is also unknown
whether patients with residual TR after LVAD implantation
have unfavorable outcomes. This study aimed to identify
the prevalence, predictors, and prognostic significance of
residual TR in patients with over 1 year of LVAD support in
association with TV deformation.
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Methods
The data, analytical methods, and study materials will
not be made available to other researchers for pur-
poses of reproducing the results or replicating the
procedure.

Study Population
The records of 423 consecutive patients who underwent
continuous-flow LVADs between April 2007 and March
2016 at Columbia University Medical Center were reviewed
for this study. Among those, 5 patients with history of TV
procedure, 81 who underwent concomitant TV procedure at
the time of LVAD implantation, and 20 with in-hospital
death were initially excluded. The decision to perform TV
procedure was made by the surgeon’s discretion on the
basis of severity of TR. Of the remaining 317 patients, 147
patients with less than 1 year of LVAD support and 43 with
inadequate visualization on echocardiography or without
follow-up echocardiographic examination were also
excluded. Thus, the final population of this study comprised
127 patients (103 men; mean age, 58�15 years). All
clinical data were collected through a review of electronic
medical records. These included baseline demographics,
laboratory values, and hemodynamic parameters. The study
was approved by the Institutional Review Board of Columbia
University Medical Center. The requirement of informed
consent was waived because of the retrospective nature of
the study.

Distribution of Devices and Postoperative Device
Management
Most patients (n=108; 85.0%) received the HeartMate II
device (Thoratec Corp, Pleasanton, CA). Other LVADs
implanted included 14 (11.0%) HeartWare HVADs (HeartWare
International, Inc, Framingham, MA), 4 (3.2%) Jarvik 2000
(Jarvik Heart, Inc, New York, NY), and 1 (0.8%) DuraHeart Left
Ventricular Assist Systems (Terumo Heart, Ann Arbor, MI).
After device implantation, all patients received a standardized
heart failure medical regimen including neurohormonal antag-
onists, diuretics, and antiarrhythmic agents, if needed, on the
basis of the individual clinical picture. Heparin was bridged
according to the Columbia University Medical Center’s
protocol. Antithrombotic therapy with aspirin and warfarin
was implemented once adequate hemostasis had been
achieved. Patients were followed at 1 week after the initial
discharge and monthly thereafter unless any issue necessi-
tated more-frequent visits. Clinic visit frequency varied among
patients depending on individual medical issues and travel
distances.

2-Dimensional Echocardiographic Examination
Echocardiographic examination was performed using a
commercially available system (iE33 or EPIQ; Philips Health-
care Corp, Andover, MA) by a trained, registered cardiac
sonographer before and 1 year (median, 366 days;
interquartile range, 337–441) after LVAD implantation. In
addition, early postoperative echocardiography (<7 days
after LVAD implantation) was also analyzed in 101 (79.5%)
patients with adequate image quality. Dimensions of the left
cardiac chambers were measured in the standard manner.21

LV ejection fraction (LVEF) was obtained by using the
Simpson’s method from apical 4- and 2-chamber views.21 TR
severity was assessed by color Doppler flow mapping of
spatial distribution of the regurgitant jet within the right
atrium. The TR jet area on color flow mapping and right
atrium in the same frame was measured by planimetry, and
the ratio of the maximal regurgitant area to right atrium area
(%TR) was then obtained. TR severity was graded as follows
based on Framingham Heart Study criteria: mild if the %TR
was up to 19%; moderate if 20% to 40%; or severe if
≥41%.10,12,22 Significant TR was defined as moderate or
severe TR (≥20% of %TR). Mitral regurgitation (MR) severity
was also assessed by color Doppler flow mapping of spatial
distribution of the regurgitant jet within the left atrium in
both apical 4-chamber and apical 2-chamber views, and the
ratio of the maximal regurgitant area to left atrium area was
obtained. Significant MR was defined as moderate or severe
MR (≥20% of the ratio of the maximal regurgitant area to left
atrium area).23,24

Clinical Perspective

What Is New?

• Left ventricular assist device implantation improved
the tricuspid regurgitation (TR) and tricuspid valvular
tethering, as well as right ventricular and left
ventricular systolic function, whereas it worsened annulus
dilatation.

• Significant residual TR was observed in �25% patients with
over 1 year left ventricular assist device support.

• Preoperative tricuspid valvular annulus diameter was signif-
icantly associated with residual TR.

• Patients with residual TR had higher mortality compared
with those without residual TR.

What Are the Clinical Implications?

• Evaluation of tricuspid valvular annulus diameter before left
ventricular assist device implantation might be useful to
identify patients at high risk for significant residual TR.

• Close follow-up should be performed in left ventricular
assist device patients with significant residual TR.
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The following echocardiographic parameters were also
obtained from a modified apical 4-chamber view encompass-
ing the entire RV. First, the RV end-diastolic and end-systolic
areas were measured by planimetry, tracing the endocardial
outline of RV and the plane of TV. RV fractional area change
(RVFAC) was then calculated: (RV end-diastolic area�RV end-
systolic area)/RV end-diastolic area9100.21 RV contractility
was also evaluated by using the peak systolic tissue velocity of
the RV lateral wall assessed at the tricuspid annulus. Second,
measurements of the TV annulus diameter were performed at
the time of the maximum TV diastolic opening between the 2
hinge points at the junction between the valvular leaflets and
the TV annulus.25–27 Finally, the distance and area of TV
tethering were measured by tracing between the atrial surface
of the leaflets and the tricuspid annular plane at the time of
maximal systolic closure. All variables were acquired with at
least 3 beats and averaged. All measurements were per-
formed blinded to patient clinical information.

Statistical Analysis
Categorical variables are presented as numbers and percent-
ages and were compared using the chi-square test. Contin-
uous variables are expressed as mean�SD and were
compared using a paired/unpaired t test or Mann–Whitney
U test, as appropriate. Univariable and multivariable logistic
regression analyses were conducted to identify the variables
that were independently associated with residual TR. Related
factors with a P<0.05 in univariable analysis were selected as
independent variables for multivariable analysis. Sensitivity
and specificity of the cut-off point for the prediction of
residual TR were determined using the receiver operating
characteristic curve. Univariate and multivariate Cox propor-
tional hazards regression analyses were used to evaluate the
association between residual TR and mortality, adjusting for
significant potential cofactors (variables with P<0.05 in the
univariate analysis) in the multivariate model. Kaplan–Meier
curves were used to represent survival and were compared
using the log-rank test. P<0.05 was considered significant.
Statistical analyses were performed using JMP 10 software
(version 10; SAS Institute Inc, Cary, NC).

Results

Patient Characteristics
Patient characteristics are shown in Table 1. Mean age was
58�15 years, and 103 (81.1%) weremen. Etiology of heart failure
was ischemic in 51 (40.2%) patients and nonischemic in 76
(59.8%). Treatment strategywas bridge-to-transplant in 69 (54.3%)
recipients. Baseline echocardiographic parameters before LVAD
implantation are also presented in Table 1. Mean %TR was

16.5�10.3%, RVFAC was 28.0�9.9%, TV annulus diameter was
39.4�4.7 mm, and tethering distance was 7.5�1.8 mm.

Alteration of Echocardiographic Parameters
Changes in echocardiographic parameters after LVAD implanta-
tion are shown in Table 2. In the entire group, %TR was
significantly reduced after LVAD implantation (16.5�10.3–
12.7�14.0%; P=0.013). LVEF (14.1�5.0–18.6�6.8%;
P<0.001), RVFAC (28.0�9.9–31.6�11.3%; P=0.004), and teth-
ering distance (7.5�1.8–6.6�2.1 mm; P<0.001) were also
improved after LVAD implantation.On the other hand, TVannulus
diameter was significantly enlarged at follow-up echocardio-
graphic examination (39.4�4.7–41.9�5.5 mm; P=0.002),
although no significant difference was observed at early
postoperative echocardiography (39.9�5.4 mm; P=0.685).

Prevalence and Predictors of Residual TR
Significant preoperative TR was observed in 43 (33.9%)
patients and 30 (23.6%) patients had significant residual TR,
although only 8.9% had significant TR at early postoperative
echocardiography. Among the 43 patients with significant TR
at baseline, 30 (70.0%) patients experienced improvement of
TR at 1 year after LVAD implantation. On the other hand, 17
of 84 patients (20.2%) without significant TR at baseline
experienced worsening of TR.

There was no significant differences in baseline patient
characteristics and laboratory and hemodynamic parameters
between patients with and without residual TR except for age,
(63�14 versus 56�15 years; P=0.027), serum blood urea
nitrogen level (42.2�20.6 versus32.3�17.7 mg/dL;P=0.012),
and serum creatinine level (1.6�0.5 versus 1.4�0.5 mg/dL;
P=0.023; Table 1). Patients with residual TR had significantly
larger TV annulus diameter at baseline (41.7�4.9 versus
38.7�4.5 mm; P=0.002), whereas there were no significant
differences in LVEF, RV size, and function and TV tethering
distance between the 2 residual TR groups. There was no
significant difference in prevalence of significant MR between
patients with and without residual TR (80.0% versus 78.4%;
P=0.847). On the other hand, patients with residual TR had
significantly higher prevalence of residual MR compared with
those without residual TR (40.0% versus 15.5%; P=0.004).
Multivariable logistic regression analysis showed that age
(adjusted odds ratio, 1.04; P=0.036), TV annulus diameter
(adjusted odds ratio, 1.15; P=0.005), and residual MR (adjusted
odds ratio, 4.52; P=0.005) were significantly associated with
significant residual TR after LVAD implantation (Table 3). The
best cut-off value of the TVannulus diameter for the predictionof
residual TR was 42 mm based on the receiver operating
characteristic curve analysis (area under the curve=0.680),
providing a sensitivity of 48% and specificity of 84%.
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Table 1. Baseline Clinical Characteristics and Echocardiographic Parameters Stratified by the Presence of Residual TR

All Patients (N=127) Residual TR (N=30) No Residual TR (N=97) P Value

Age, y 58�15 63�14 56�15 0.027

Male sex, n (%) 103 (81.1) 22 (73.3) 81 (83.5) 0.214

Hypertension, n (%) 71 (55.9) 15 (50.0) 56 (57.3) 0.456

Diabetes mellitus, n (%) 56 (44.1) 10 (33.3) 46 (47.4) 0.174

Hypercholesterolemia, n (%) 56 (44.1) 13 (43.3) 43 (44.3) 0.924

Body mass index, kg/m2 25.7�5.3 24.5�4.3 26.1�5.6 0.148

Ischemic cardiomyopathy 51 (40.2) 16 (53.3) 35 (36.1) 0.092

ICD, n (%) 108 (85.0) 26 (86.7) 82 (84.5) 0.775

Intention to treat 0.586

Bridge to transplant 69 (54.3) 15 (50.0) 54 (55.7)

Destination therapy 58 (45.7) 15 (50.0) 43 (44.3)

Preoperative inotrope support 106 (83.5) 25 (83.3) 81 (83.5) 0.982

Hemodynamic parameters

CVP, mm Hg 9.9�5.4 8.9�5.3 10.3�5.4 0.225

PCWP, mm Hg 23.3�8.5 21.8�7.9 23.7�8.7 0.283

CVP/PCWP ratio 0.45�0.23 0.43�0.27 0.45�0.22 0.620

Mean PAP, mm Hg 35.4�10.4 32.3�8.7 36.3�10.8 0.064

Cardiac index, L/min per m2 1.7�0.5 1.7�0.5 1.7�0.5 0.780

PVR, wood units 4.2�2.7 3.9�2.5 4.3�2.7 0.546

Laboratory parameters

BUN, mg/dL 34.6�18.8 42.2�20.6 32.3�17.7 0.012

Creatinine, mg/dL 1.4�0.5 1.6�0.5 1.4�0.5 0.023

Albumin, g/dL 3.7�0.6 3.7�0.5 3.6�0.5 0.765

Total bilirubin, mg/dL 1.2�0.8 1.1�0.7 1.3�0.9 0.368

Hemoglobin, g/dL 11.9�2.2 11.3�2.0 12.1�2.2 0.106

Echocardiographic parameters

LV end-diastolic diameter, mm 71.9�10.1 69.1�9.7 72.8�10.1 0.084

LV ejection fraction, % 14.1�5.0 13.3�4.6 14.3�5.1 0.301

LA diameter, mm 49.2�8.0 47.9�8.3 49.6�8.0 0.307

RV end-diastolic area, cm2 26.7�8.7 27.1�9.2 26.6�8.6 0.768

RV end-systolic area, cm2 19.5�7.8 19.5�7.5 19.6�7.9 0.950

RV fractional area change, % 28.0�9.9 28.9�9.7 27.7�10.0 0.544

RV systolic excursion velocity, cm/sec 8.50�2.78 8.37�3.30 8.54�2.63 0.784

RV systolic pressure, mm Hg 46.5�12.4 48.0�11.2 46.1�12.7 0.464

TV annulus diameter, mm 39.4�4.7 41.7�4.9 38.7�4.5 0.002

TV tethering distance, mm 7.5�1.8 7.3�1.5 7.6�1.9 0.433

TV tethering area, cm2 1.2�0.4 1.1�0.4 1.2�0.4 0.461

%TR, % 16.5�10.3 18.6�10.3 15.8�10.2 0.193

%MR, % 35.2�16.1 36.1�17.1 35.0�15.8 0.742

Significant MR, n (%) 100 (78.7) 24 (80.0) 76 (78.4) 0.847

Values are mean�SD or n (percentage). BUN indicates blood urea nitrogen; CVP, central venous pressure; ICD, implantable cardioverter defibrillator; LA, left atrium; LV, left ventricle; MR,
mitral regurgitation; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance; RV, right ventricle; TR, tricuspid regurgitation; TV,
tricuspid valve.
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Changes in echocardiographic parameters in patients with
and without significant residual TR are shown in Table 2.
Significant improvement of LV size and LVEF was observed in
patients with and without residual TR, whereas RVFAC and
tethering distance were improved only in patients without
residual TR. TV annulus diameter was enlarged in both groups,
although patients with residual TR had significantly larger
annulus at the time of follow-up (44.0�5.3 versus
41.1�5.4 mm; P=0.017).

Prognostic Value of Preoperative and Residual TR
During a mean follow-up period of 21�17 months after
follow-up echocardiographic examination, 26 (20.5%) patients
died. In the univariate analyses, age (hazard ratio, 1.04; 95%
confidence interval, 1.005–1.071; P=0.020), serum blood
urea nitrogen level (hazard ratio, 1.02, 95% confidence
interval, 1.001–1.035; P=0.045), and residual TR (hazard
ratio, 5.01, 95% confidence interval, 2.30–11.5; P<0.001)
were associated with mortality, whereas preoperative TR was
not. Multivariate Cox proportional hazards regression analy-
ses showed that residual TR was significantly associated with
mortality (adjusted hazard ratio, 4.00; 95% confidence
interval, 1.78–9.43; P<0.001). Kaplan–Meier analysis showed
that there was no significant difference in mortality between
patients with and without significant preoperative TR (log-
rank, P=0.844; FigureA), whereas significantly higher mortal-
ity was observed in patients with significant residual TR than
in those without it (log-rank, P<0.001; FigureB).

Discussion
The main findings of this study include the following: (1) LVAD
implantation improved the %TR and TV tethering, as well as RV

and LV systolic function, whereas it worsened annulus
dilatation; (2) significant residual TR was observed in �25%
patients with over 1 year of LVAD support; (3) preoperative TV
annulus diameter was significantly associated with residual
TR; and (4) patients with residual TR had higher mortality
compared with those without residual TR.

Functional TR in the absence of leaflet abnormalities
frequently occurs in patients with heart failure by annulus
dilatation and leaflet tethering1–3 and is associated with
unfavorable outcomes.8–11 Koelling et al demonstrated that
severe functional TR was an independent predictor for all-cause
mortality in 1421 patients with LVEF <35%.9 Agricola et al
showed that moderate-to-severe functional TR was an inde-
pendent determinant of overall mortality in 373 patients with
heart failure during median follow-up of 32 months.10 LVAD is
an effective therapeutic option for end-stage heart failure.
Implantation of a LVAD leads tomechanical unloading of the LV,
can induce ventricular reverse remodeling, and generally
improves TR in short-term follow-up.18–20 Morgan et al demon-
strated that severity of TR decreased from 11.4% moderate or
severe preoperatively to 5% at 1 month after LVAD implantation
in 105 patients.20 However, in the clinical setting, some
patients experience nonimprovement of TR or worsening TR
(namely “residual TR”) after LVAD implantation during mid- to
long-term follow-up. We demonstrated that�25% patients had
residual TR at 1 year after LVAD implantation. Very interest-
ingly, preoperative TV annulus diameter, but not TV tethering
distance, was significantly associated with residual TR,
although TV annulus size and tethering distance are not
completely independent parameters. The possible mechanisms
can be explained as follows. After LVAD implantation, signif-
icant improvement of TV tethering distance was observed in our
study, which may attenuate the association between leaflet
tethering and residual TR. On the other hand, LVAD

Table 2. Alterations of Echocardiographic Parameters in Patients With and Without Residual TR

All Patients (N=127) Residual TR (n=30) No Residual TR (N=97)

Baseline Follow-up P Value Baseline Follow-up P Value Baseline Follow-up P Value

LV end-diastolic diameter, mm 71.9�10.1 60.6�12.5 <0.001 69.1�9.7 58.1�11.5 <0.001 72.8�10.1 61.4�12.7 <0.001

LV ejection fraction, % 14.1�5.0 18.6�6.8 <0.001 13.3�4.6 17.2�5.4 <0.001 14.3�5.1 19.1�7.1 <0.001

LA diameter, mm 49.2�8.0 44.3�8.4 <0.001 47.9�8.3 44.8�8.9 0.082 49.6�8.0 44.2�8.3 <0.001

RV fractional area change, % 28.0�9.9 31.6�11.3 0.004 28.9�9.7 30.8�11.2 0.464 27.7�10.0 31.9�11.4 0.004

TV annulus diameter, mm 39.4�4.7 41.9�5.5 0.002 41.7�4.9 44.0�5.3 0.033 38.7�4.5 41.1�5.4 0.017

TV tethering distance, mm 7.5�1.8 6.6�2.1 <0.001 7.3�1.5 7.1�2.2 0.958 7.6�1.9 6.5�2.1 <0.001

TV tethering area, cm2 1.2�0.4 1.0�0.5 0.003 1.1�0.4 1.1�0.5 0.711 1.2�0.4 1.0�0.5 <0.001

%TR, % 16.5�10.3 12.7�14.0 0.013 18.6�10.3 34.5�9.6 <0.001 15.8�10.2 5.9�5.9 <0.001

%MR, % 35.2�16.1 12.6�15.8 <0.001 36.1�17.1 21.8�21.1 0.002 35.0�15.8 9.7�12.6 <0.001

Values are mean�SD. LA indicates left atrium; LV, left ventricle; MR, mitral regurgitation; RV, right ventricle; TR, tricuspid regurgitation; TV, tricuspid valve.
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Table 3. Univariable and Multivariable Logistic Regression Analysis for the Predictors of Residual TR

Univariable Multivariable

Odds Ratio (95% CI) P Value Odds Ratio (95% CI) P Value

Age, y 1.04 (1.005–1.07) 0.022 1.04 (1.002–1.08) 0.036

Male sex, n (%) 0.54 (0.21–1.49) 0.227

Hypertension, n (%) 0.73 (0.32–1.67) 0.457

Diabetes mellitus, n (%) 0.55 (0.23–1.28) 0.170

Hypercholesterolemia, n (%) 0.96 (0.41–2.19) 0.923

Body mass index, kg/m2 0.94 (0.86–1.02) 0.136

Ischemic cardiomyopathy 2.02 (0.89–4.69) 0.095

ICD, n (%) 1.19 (0.39–4.45) 0.773

Preoperative inotrope support 0.99 (0.31–2.89) 0.982

Hemodynamic parameters

CVP, mm Hg 0.95 (0.87–1.03) 0.214

CVP/PCWP ratio 0.61 (0.08–3.85) 0.617

PCWP, mm Hg 0.97 (0.92–1.02) 0.276

Mean PAP, mm Hg 0.96 (0.92–1.002) 0.063

Cardiac index, L/min per m2 1.12 (0.48–2.42) 0.779

PVR, wood units 0.95 (0.78–1.12) 0.534

Laboratory parameters

BUN, mg/dL 1.03 (1.005–1.05) 0.016 1.01 (0.97–1.04) 0.616

Creatinine, mg/dL 2.36 (1.09–5.45) 0.029 1.69 (0.50–5.78) 0.397

Albumin, g/dL 0.89 (0.42–1.89) 0.763

Total bilirubin, mg/dL 0.77 (0.41–1.29) 0.345

Hemoglobin, g/dL 0.85 (0.69–1.03) 0.101

Echocardiographic parameters

LV end-diastolic diameter, mm 0.96 (0.92–1.004) 0.080

LV ejection fraction, % 0.95 (0.87–1.04) 0.289

LA diameter, mm 0.97 (0.92–1.02) 0.303

RV end-diastolic area, cm2 1.01 (0.96–1.05) 0.768

RV end-systolic area, cm2 1.00 (0.94–1.05) 0.950

RV fractional area change, % 1.01 (0.97–1.06) 0.541

RV systolic excursion velocity, cm/sec 0.98 (0.83–1.14) 0.781

RV systolic pressure, mm Hg 1.01 (0.98–1.05) 0.462

TV annulus diameter, mm 1.15 (1.05–1.27) 0.003 1.15 (1.04–1.28) 0.005

TV tethering distance, mm 0.91 (0.70–1.14) 0.421

TV tethering area, cm2 0.65 (0.20–1.97) 0.452

%TR, % 1.03 (0.99–1.07) 0.188

Preoperative significant MR 1.11 (0.42–3.29) 0.846

Residual MR 3.64 (1.45–9.16) 0.006 4.52 (1.58–13.4) 0.005

BUN indicates blood urea nitrogen; CI, confidence interval; CVP, central venous pressure; ICD, implantable cardioverter defibrillator; LA, left atrium; LV, left ventricle; MR, mitral
regurgitation; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance; RV, right ventricle; TR, tricuspid regurgitation; TV, tricuspid
valve.
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implantation causes chronic leftward displacement of the
interventricular septum, which may lead to deterioration of
preexisting TV annulus enlargement and gradually increase
functional TR with subsequent further RV preload increases.
Indeed, we showed significant TV annulus enlargement after
LVAD implantation in patients with and without significant
residual TR, and that annulus enlargement was not observed in
early postoperative echocardiography. Kukucka et al recently
showed that preoperative TV annulus dilatation was associated
with survival after LVAD implantation in 122 patients without
severe TR.28 Residual TR may play a key role in the association
of enlarged TV annulus with increased mortality risk. RVFAC
also did not predict residual TR in this study. Significant
improvement of RVFAC after LVAD implantation may attenuate
the association between RVFAC and residual TR. Furthermore,
RVFAC emerged as a poor parameter for the determination of
RV contractility in recent studies,29,30 suggesting that, in the
presence of TR, estimates of radial contraction may misdiag-
nose the presence of RV dysfunction because of the decrease in
RV afterload caused by the leaking valve, just as the LVEF
assessment is limited by MR.13 Tricuspid annular plane systolic
excursion, RV index of myocardial performance and/or assess-
ment using 3-dimensional echocardiography may provide
additional information of RV contractility and its association
with residual TR.30,31 Hemodynamic parameters were not
independently associated with residual TR in this study.
Because recent studies showed that preoperative pulmonary
artery pulsatility index32,33 and RV stroke work index34,35 are
associated with early right heart failure after LVAD implanta-
tion, future studies are needed whether these parameters
predict the residual TR in patients with mid- to long-term LVAD
support. In addition, ischemic cardiomyopathy tended to have
more residual TR in this study, although previous work showed

that nonischemic cardiomyopathy is a risk factor for early right
heart failure.34 This might be partially explained by the small
number of patients, as well as difference of study population
and follow-up period.

We also demonstrated that patients with significant residual
TR had worse survival compared with those without residual TR.
On the other hand, there was no significant survival difference
between patients with and without preoperative significant TR.
Residual TR after LVAD implantation may serve as a surrogate
for adverse outcomes post-LVAD implantation during long-term
follow-up. In addition, evaluation of TV annulus diameter before
LVAD implantation might be useful to identify patients at high
risk for residual TR and associated outcomes. Patients with
dilated TV annulus may benefit from certain modifications in
surgical procedure technique and/or pharmacological inter-
vention. In addition, because residual MR was also significantly
associated with residual TR, therapeutic interventions to reduce
the MR might have beneficial effect on residual TR. Those
concepts, however, require testing in prospective, large,
controlled trials. Furthermore, the progression of underlying
RV myopathy should be kept in mind for the management of
LVAD patients, which might attenuate the effect of TV
intervention for reduction of residual TR in LVAD patients. Our
study encourages further investigations for the management of
residual TR in LVAD patients.

Study Limitations
This study is a retrospective observational analysis of a
single center’s experience and included LVAD patients
without concomitant TV surgical procedure, which might
not allow generalization of the results to LVAD patients with
severe TR. In addition, residual TR was observed only in 30

Figure. Kaplan–Meier survival curves after follow-up echocardiographic examination, according to the
preoperative TR (A) and residual TR (B). TR indicates tricuspid regurgitation.
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patients, which might be insufficient to conclude the
observed association. Future prospective study should be
performed to confirm the results of this study and to
evaluate the time course of TR after LVAD implantation in a
larger population. TR is a dynamic parameter that is highly
dependent on RV volume/pressure loading characteristics.
Therefore, when echocardiographic examinations were per-
formed, stable hemodynamic conditions were carefully
confirmed during transthoracic echocardiographic examina-
tion. Moreover, RV size and geometry are technically difficult
to determine accurately with 2-dimensional echocardiogra-
phy because of its anatomic complexity. Although the 3-
dimensional echocardiography now offers an accurate and
real-time assessment of the size and shape of RV and the TV
deformation,30,36 high feasibility, and reproducibility of TV
annulus diameter using 2-dimensional echocardiography in
apical 4-chamber view has been reported when compared
with 3-dimensional echocardiography.26

Conclusions
Significant residual TR was observed in �25% patients
supported with LVAD for 1 year and was associated with
unfavorable outcome. Evaluation of TV annulus diameter
before LVAD implantation might be useful to identify patients
at high risk for significant residual TR. Furthermore, close
follow-up should be performed in patients with significant
residual TR.

Disclosures
None.

References
1. Badano LP, Muraru D, Enriquez-Sarano M. Assessment of functional tricuspid

regurgitation. Eur Heart J. 2013;34:1875–1885.

2. Dreyfus GD, Martin RP, Chan KM, Dulguerov F, Alexandrescu C. Functional
tricuspid regurgitation: a need to revise our understanding. J Am Coll Cardiol.
2015;65:2331–2336.

3. Wright LM, Dwyer N, Celermajer D, Kritharides L, Marwick TH. Follow-up of
pulmonary hypertension with echocardiography. JACC Cardiovasc Imaging.
2016;9:733–746.

4. Fukuda S, Saracino G, Matsumura Y, Daimon M, Tran H, Greenberg NL, Hozumi
T, Yoshikawa J, Thomas JD, Shiota T. Three-dimensional geometry of the
tricuspid annulus in healthy subjects and in patients with functional tricuspid
regurgitation: a real-time, 3-dimensional echocardiographic study. Circulation.
2006;114:I492–I498.

5. Restivo A, Smith A, Wilkinson JL, Anderson RH. Normal variations in the
relationship of the tricuspid valve to the membranous septum in the human
heart. Anat Rec. 1990;226:258–263.

6. Kim HK, Kim YJ, Park JS, Kim KH, Kim KB, Ahn H, Sohn DW, Oh BH, Park YB,
Choi YS. Determinants of the severity of functional tricuspid regurgitation. Am
J Cardiol. 2006;98:236–242.

7. Medvedofsky D, Aronson D, Gomberg-Maitland M, Thomeas V, Rich S, Spencer
K, Mor-Avi V, Addetia K, Lang RM, Shiran A. Tricuspid regurgitation progression
and regression in pulmonary arterial hypertension: implications for right
ventricular and tricuspid valve apparatus geometry and patients outcome. Eur
Heart J Cardiovasc Imaging. 2017;18:86–94.

8. Hung J, Koelling T, Semigran MJ, Dec GW, Levine RA, Di Salvo TG.
Usefulness of echocardiographic determined tricuspid regurgitation in
predicting event-free survival in severe heart failure secondary to
idiopathic-dilated cardiomyopathy or to ischemic cardiomyopathy. Am J
Cardiol. 1998;82:1301–1303.

9. Koelling TM, Aaronson KD, Cody RJ, Bach DS, Armstrong WF. Prognostic
significance of mitral regurgitation and tricuspid regurgitation in patients with
left ventricular systolic dysfunction. Am Heart J. 2002;144:524–529.

10. Agricola E, Stella S, Gullace M, Ingallina G, D’Amato R, Slavich M, Oppizzi M,
Ancona MB, Margonato A. Impact of functional tricuspid regurgitation on heart
failure and death in patients with functional mitral regurgitation and left
ventricular dysfunction. Eur J Heart Fail. 2012;14:902–908.

11. Neuhold S, Huelsmann M, Pernicka E, Graf A, Bonderman D, Adlbrecht C,
Binder T, Maurer G, Pacher R, Mascherbauer J. Impact of tricuspid
regurgitation on survival in patients with chronic heart failure: unexpected
findings of a long-term observational study. Eur Heart J. 2013;34:844–852.

12. Nath J, Foster E, Heidenreich PA. Impact of tricuspid regurgitation on long-
term survival. J Am Coll Cardiol. 2004;43:405–409.

13. Topilsky Y, Nkomo VT, Vatury O, Michelena HI, Letourneau T, Suri RM, Pislaru
S, Park S, Mahoney DW, Biner S, Enriquez-Sarano M. Clinical outcome of
isolated tricuspid regurgitation. JACC Cardiovasc Imaging. 2014;7:1185–1194.

14. Slaughter MS, Rogers JG, Milano CA, Russell SD, Conte JV, Feldman D, Sun B,
Tatooles AJ, Delgado RM III, Long JW, Wozniak TC, Ghumman W, Farrar DJ,
Frazier OH. Advanced heart failure treated with continuous-flow left ventricular
assist device. N Engl J Med. 2009;361:2241–2251.

15. Starling RC, Naka Y, Boyle AJ, Gonzalez-Stawinski G, John R, Jorde U, Russell
SD, Conte JV, Aaronson KD, McGee EC Jr, Cotts WG, DeNofrio D, Pham DT,
Farrar DJ, Pagani FD. Results of the post-U.S. Food and Drug Administration-
approval study with a continuous flow left ventricular assist device as a bridge
to heart transplantation: a prospective study using the INTERMACS (Intera-
gency Registry for Mechanically Assisted Circulatory Support). J Am Coll
Cardiol. 2011;57:1890–1898.

16. Park SJ, Milano CA, Tatooles AJ, Rogers JG, Adamson RM, Steidley DE, Ewald
GA, Sundareswaran KS, Farrar DJ, Slaughter MS. Outcomes in advanced heart
failure patients with left ventricular assist devices for destination therapy. Circ
Heart Fail. 2012;5:241–248.

17. Mancini D, Colombo PC. Left ventricular assist devices: a rapidly evolving
alternative to transplant. J Am Coll Cardiol. 2015;65:2542–2555.

18. Lam KM, Ennis S, O’Driscoll G, Solis JM, Macgillivray T, Picard MH.
Observations from non-invasive measures of right heart hemodynamics in
left ventricular assist device patients. J Am Soc Echocardiogr. 2009;22:1055–
1062.

19. Lee S, Kamdar F, Madlon-Kay R, Boyle A, Colvin-Adams M, Pritzker M, John R.
Effects of the HeartMate II continuous-flow left ventricular assist device on
right ventricular function. J Heart Lung Transplant. 2010;29:209–215.

20. Morgan JA, Paone G, Nemeh HW, Murthy R, Williams CT, Lanfear DE, Tita C,
Brewer RJ. Impact of continuous-flow left ventricular assist device support on
right ventricular function. J Heart Lung Transplant. 2013;32:398–403.

21. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L,
Flachskampf FA, Foster E, Goldstein SA, Kuznetsova T, Lancellotti P, Muraru
D, Picard MH, Rietzschel ER, Rudski L, Spencer KT, Tsang W, Voigt JU.
Recommendations for cardiac chamber quantification by echocardiography in
adults: an update from the American Society of Echocardiography and the
European Association of Cardiovascular Imaging. J Am Soc Echocardiogr.
2015;28:1–39.

22. Singh JP, Evans JC, Levy D, Larson MG, Freed LA, Fuller DL, Lehman B,
Benjamin EJ. Prevalence and clinical determinants of mitral, tricuspid, and
aortic regurgitation (the Framingham Heart Study). Am J Cardiol.
1999;83:897–902.

23. Gertz ZM, Raina A, Saghy L, Zado ES, Callans DJ, Marchlinski FE, Keane MG,
Silvestry FE. Evidence of atrial functional mitral regurgitation due to atrial
fibrillation: reversal with arrhythmia control. J Am Coll Cardiol. 2011;58:1474–
1481.

24. Kassis H, Cherukuri K, Agarwal R, Kanwar M, Elapavaluru S, Sokos GG, Moraca
RJ, Bailey SH, Murali S, Benza RL, Raina A. Significance of residual mitral
regurgitation after continuous flow left ventricular assist device implantation.
JACC Heart Fail. 2017;5:81–88.

25. Fukuda S, Song JM, Gillinov AM, McCarthy PM, Daimon M, Kongsaerepong
V, Thomas JD, Shiota T. Tricuspid valve tethering predicts residual
tricuspid regurgitation after tricuspid annuloplasty. Circulation. 2005;111:
975–979.

26. Dreyfus J, Durand-Viel G, Raffoul R, Alkhoder S, Hvass U, Radu C, Al-Attar
N, Ghodbhane W, Attias D, Nataf P, Vahanian A, Messika-Zeitoun D.
Comparison of 2-dimensional, 3-dimensional, and surgical measurements of
the tricuspid annulus size: clinical implications. Circ Cardiovasc Imaging.
2015;8:e003241.

DOI: 10.1161/JAHA.118.008813 Journal of the American Heart Association 8

Residual TR in VAD Patients Nakanishi et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



27. Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP III, Guyton RA,
O’Gara PT, Ruiz CE, Skubas NJ, Sorajja P, Sundt TM III, Thomas JD; ACC/AHA
Task Force Members. 2014 AHA/ACC guideline for the management of
patients with valvular heart disease: a report of the American College of
Cardiology/American Heart Association Task Force on Practice Guidelines.
Circulation. 2014;129:e521–e643.

28. Kukucka M, Stepanenko A, Potapov E, Krabatsch T, Kuppe H, Habazettl H.
Impact of tricuspid valve annulus dilation onmid-term survival after implantation
of a left ventricular assist device. J Heart Lung Transplant. 2012;31:967–971.

29. Pavlicek M, Wahl A, Rutz T, de Marchi SF, Hille R, Wustmann K, Steck H,
Eigenmann C, Schwerzmann M, Seiler C. Right ventricular systolic function
assessment: rank of echocardiographic methods vs. cardiac magnetic
resonance imaging. Eur J Echocardiogr. 2011;12:871–880.

30. Vitarelli A,Mangieri E, TerzanoC,GaudioC,SalsanoF,RosatoE,CapotostoL,D’Orazio
S, Azzano A, Truscelli G, Cocco N, Ashurov R. Three-dimensional echocardiography
and 2D-3D speckle-tracking imaging in chronic pulmonary hypertension:
diagnostic accuracy in detecting hemodynamic signs of right ventricular (RV) failure.
J Am Heart Assoc. 2015;4:e001584. DOI: 10.1161/JAHA.114.001584.

31. Ling LF, Marwick TH. Echocardiographic assessment of right ventricular
function: how to account for tricuspid regurgitation and pulmonary hyperten-
sion. JACC Cardiovasc Imaging. 2012;5:747–753.

32. Kang G, Ha R, Banerjee D. Pulmonary artery pulsatility index predicts right
ventricular failure after left ventricular assist device implantation. J Heart Lung
Transplant. 2016;35:67–73.

33. Morine KJ, Kiernan MS, Pham DT, Paruchuri V, Denofrio D, Kapur NK.
Pulmonary artery pulsatility index is associated with right ventricular
failure after left ventricular assist device surgery. J Card Fail.
2016;22:110–116.

34. Ochiai Y, McCarthy PM, Smedira NG, Banbury MK, Navia JL, Feng J, Hsu AP,
Yeager ML, Buda T, Hoercher KJ, Howard MW, Takagaki M, Doi K, Fukamachi
K. Predictors of severe right ventricular failure after implantable left ventricular
assist device insertion: analysis of 245 patients. Circulation. 2002;106:I198–
I202.

35. Bellavia D, Iacovoni A, Scardulla C, Moja L, Pilato M, Kushwaha SS, Senni M,
Clemenza F, Agnese V, Falletta C, Romano G, Maalouf J, Dandel M. Prediction
of right ventricular failure after ventricular assist device implant: systematic
review and meta-analysis of observational studies. Eur J Heart Fail.
2017;19:926–946.

36. Ton-Nu TT, Levine RA, Handschumacher MD, Dorer DJ, Yosefy C, Fan D, Hua L,
Jiang L, Hung J. Geometric determinants of functional tricuspid regurgitation:
insights from 3-dimensional echocardiography. Circulation. 2006;114:143–
149.

DOI: 10.1161/JAHA.118.008813 Journal of the American Heart Association 9

Residual TR in VAD Patients Nakanishi et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

https://doi.org/10.1161/JAHA.114.001584

