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Clinical Investigation

Cannula and Pump Positions Are Associated With Left
Ventricular Unloading and Clinical Outcome in Patients With
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ABSTRACT
Background: Cannula and pump positions are associated with clinical outcomes such as device thrombosis in patients with HeartMate II; however, clinical implications of HVAD (HeartWare International,
Framingham, Massachusetts) cannula position are unknown. This study aims to assess the relationship among
cannula position, left ventricular (LV) unloading, and patient prognosis.
Methods and results: Twenty-seven HVAD patients (60.0 ± 12.6 years of age and 19 males [70%]) underwent ramp test. Device position was quantified from chest X-ray parameters obtained at the time of the
hemodyamic ramp test: (1) cannula coronal angle, (2) pump depth, (3) cannula sagittal angle, and (4) pump
area. Lower cannula coronal angle was associated with LV unloading (as measured by smaller LV diastolic dimension and lower pulmonary capillary wedge pressure). Smaller pump area was associated with
LV dynamic unloading, as assessed by steeper negative slopes of LV diastolic dimension and pulmonary
capillary wedge pressure during incremental rotational speed change. Cannula coronal angle ≤65° was associated with reduced heart failure readmission rate (hazard ratio, 10.33; P = .007 by log-rank test).
Conclusion: HVAD cannula and pump positions are associated with LV unloading and improved clinical
outcomes. Prospective studies evaluating surgical techniques to ensure optimal device positioning and its
effects on clinical outcomes are warranted. (J Cardiac Fail 2018;24:159–166)
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failure (HF).1,2 However, recurrent decompensated HF resulting from insufficient left ventricular (LV) unloading remains
a common cause of readmission,3 despite adjustment of rotational speed setting and appropriate medical therapy.4
There has been recent focus on cannula and pump position as 1 of the major causes of device thrombosis with
HeartMate II support,5–7 and a proper device insertion protocol with optimal positioning of cannula, pump and outflow
graft have been proposed for better clinical outcomes.8,9
However, there are no studies demonstrating the clinical
implications of device positioning of HVAD. Sufficient LV
unloading is the key to preventing HF recurrence,10 and
optimal device position may result in better LV unloading
and improved patient prognosis. In this study, we investigate the clinical significance of device position on LV
unloading in patients who underwent ramp test with HVAD
support.

Widely used left ventricular assist devices (LVADs) such
as HVAD (HeartWare International, Framingham, Massachusetts) and HeartMate II (St Jude, Pleasanton, California)
have improved survival rates in patients with stage D heart
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Methods
Patient Selection

HVAD patients enrolled into a prospective
echocardiographic and hemodynamics database were screened.
Patients with complete posteroanterior and lateral chest X-rays
(CXRs) were enrolled. The study protocol was approved by
the Ethics Committee at our institution. Written informed
consent was obtained before enrollment. All patients received guideline-directed standard medical therapy during the
study period, and rotational speed was optimized at the end
of the ramp test.11 Patients suspicious for device malfunction were excluded.
Ramp Test Protocol

Hemodynamic and echocardiographic ramp tests were performed per the previously described protocol as part of routine
clinical care.12 Serial measurements were performed starting with the patient’s baseline rotational speed, and again after
the device was turned down to a minimal acceptable speed.
Measurements were taken at progressively increased speeds
of 100 rpm to a maximal value.
At the conclusion of the test, the attending cardiologist reviewed the results and the LVAD was adjusted to a set speed
that best approached hemodynamic optimization (central
venous pressure <12 mmHg and pulmonary capillary wedge
pressure [PCWP] < 18 mmHg).
Radiographic Assessments

We used posteroanterior and lateral CXRs obtained after
LVAD implantation and at the ramp test to measure cannula
and pump positions. All CXRs were reviewed by 2 blinded
experts and the measurements were averaged. Measurements taken for the study are summarized in Fig. 1. All
radiographs were obtained in standing position, and confirmation of sternal wires directly overlying the vertebra in all
cases was performed beforehand.

The cannula coronal angle was measured relative to a horizontal line in the posteroanterior view. The pump depth was
measured from the dome of the right hemidiaphragm to the
bottom of the pump body. The cannula sagittal angle was measured relative to the vertebral line in the lateral view. Ventral
and dorsal angles were adopted equally. The pump area was
calculated from the measurement of the lengths of the semiminor and semimajor axes of the pump in the posteroanterior
view of the CXR by using a following formula: (semiminor
axis length) · (semimajor axis length) · π.
Other Variables Evaluated

At the ramp test, background characteristics, and pump,
hemodynamic, and echocardiographic data were obtained per
protocol. Slopes parameters during rotational speed change
were calculated by linear regression model.13 A positive slope
indicates an increasing trend in the measured variable at incremental rotational speeds. All patients were followed at the
set speed, and HF readmission was censored over a 1-year
study period after the ramp test. The observational duration
was counted from the time of the ramp test. HF events were
defined as hospitalizations to treat volume overloaded and pulmonary congestion with intravenous diuretics. Isolated right
HF was defined as a clinically assessed volume overload with
a normal or reduced PCWP (<18 mmHg) and elevated central
venous pressure (>12 mmHg). Other clinical outcomes including sucking, stroke, pump thrombosis, gastrointestinal
bleeding, and driveline infection that needed admission were
also counted. All events were counted and adjudicated by 2
independent researchers.
Statistical Analyses

All statistical analyses were performed using SPSS Statistics 22 (SPSS Inc, Chicago, Illinois). Continuous variables
were expressed as mean ± standard deviation, unless otherwise indicated, and compared using the unpaired t test or Mann
Whitney U test as appropriate. Categorical variables were com-

Fig. 1. Definition of device position parameters measured in this study.

HVAD Cannula Position and Clinical Outcome

pared using the chi-square test or Fisher exact test as
appropriate. Interobserver variability in device position parameters was assessed by the Ebel intraclass correlation
coefficient. Distribution of normality was assessed by the
Shapiro-Wilk test. Variables that distribute non-normally were
expressed as median and interquartile range. Device position parameters after operation and the ramp test were
compared by Wilcoxon signed-rank test or paired t test as appropriate. Comparison of data among 3 groups was performed
by the Tukey test when analyses of variance approached
significance.
The endpoint of sufficient LV unloading was PCWP
<18 mmHg at the set speed. Univariate logistic regression analyses were used for this endpoint among device position
parameters. The endpoint of prognosis was HF readmission. Prognostic impact of device position parameters was
analyzed by univariate Cox proportional hazards ratio regression analysis. In both analyses, continuous variables with
P < .05 were transformed into dichotomous variables with
cutoff values calculated by receiver operating characteristic
analyses with the endpoint of patient prognosis. In both regression analyses, we did not perform multivariate analyses.
Patient prognosis stratified by the cutoff value was assessed
by Kaplan-Meier analyses and compared by log-rank test.
Results
Baseline Characteristics

Twenty-nine HVAD patients underwent ramp test. After
exclusion of 2 patients because of a lack of CXR, 27 HVAD
patients were enrolled (Table 1). Patients were 60.0 ± 12.6
years of age and 19 (70%) were male. The majority of patients were implanted as destination therapy (63%) and 16
(59%) had an ischemic etiology of their cardiomyopathy. The
mean duration between time of HVAD implantation and ramp
test was 479.0 ± 585.3 days.
Device Position Parameters

Interrater reliabilities of device parameters were 0.999 for
coronal angle, 0.998 for pump depth, 0.997 for sagittal angle,
and 0.979 for pump area. Distributions of these 4 position
parameters are shown in Supplementary Figure S1A–D. All
parameters are non-normally distributed except for pump depth.
Cannula coronal angle was 49.3 ± 32.2° and ranged between
6 and 104°. No patients had a negative coronal angle, whereas
1 had a >90° coronal angle. All patients were stratified into
3 groups by using tertiles of each parameter (Supplementary
Figure S1A–D).
There was no significant difference in device position parameters between postoperation and ramp test CXRs
(Supplemental Table S1; P > .05 for all).
Device Position and LV Unloading at Set Speed

Rotational speed was set at 2794.6 ± 187.4 rpm. The relationship between device position and LV unloading, which
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Table 1. Baseline Characteristics
N = 27
Demographics
Age, y
Race, Caucasian
Body surface area, m2
Sex, male
Destination therapy
Ischemic etiology
Hypertension
Diabetes mellitus
Atrial fibrillation
History of ventricular tachyarrhythmia
COPD
Chronic kidney disease
Pump parameters at set speed
Rotational speed, rpm
Power, watts
Flow, L/min
Pulsatility, L/min
Echo and hemodynamic parameters at set speed
LVDd, cm
LVEF, %
CVP, mmHg
Mean PAP, mmHg
PCWP, mmHg
CI, L/min/m2
Medications at ramp test
Beta-blocker
ACE or ARB
Diuretics
Aldosterone antagonist

60.0 ± 12.6
19 (70%)
1.91 ± 0.23
19 (70%)
17 (63%)
16 (59%)
10 (37%)
10 (37%)
14 (52%)
7 (26%)
4 (15%)
5 (19%)
2731.1 ± 168.2
4.10 ± 0.82
3.78 ± 0.92
3.26 ± 1.02
5.94 ± 0.76
18.2 ± 8.3
7.3 ± 4.3
24.5 ± 6.8
12.8 ± 5.7
2.65 ± 0.42
15 (56%)
17 (63%)
21 (78%)
16 (59%)

ACE, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; CI, cardiac index; COPD, chronic obstructive pulmonary
disorder; CVP, central venous pressure; LVDd, left ventricular diastolic diameter; LVEF, left ventricular ejection fraction; PAP, pulmonary artery
pressure; PCWP, pulmonary capillary wedge pressure.

was assessed by hemodynamic variables (eg, LV diastolic diameter [LVDd], PCWP) at set speed, was analyzed. Patients
with the highest cannula coronal angle (group 3) had significantly larger LVDd and higher PCWP compared with group
1 (Fig. 2A,B; P < .05 for both), signifying less LV unloading. There was no significant association between
hemodynamic variables and other device positions except for
higher pump depth for larger LVDd.
Twenty-one patients had sufficient unloading with PCWP
<18 mmHg, and cannula coronal angle ≤65° was a significant predictor for this endpoint (Table 2; odds ratio 12.50).
Patients with cannula coronal angle ≤65° had significantly
Table 2. Univariate Logistic Regression Analysis for Prediction
of Sufficient LV Unloading at Set Speed

Continuous variables
Cannula coronal angle relative to
horizontal line, °
Pump depth, mm
Cannula sagittal angle relative to
vertebra, °
Pump area, mm2
Dichotomous variables
Cannula coronal angle ≤65°

P Value

OR (95% CI)

.039*

0.942 (0.891–0.997)

.16
.43

0.980 (0.953–1.008)
1.020 (0.971–1.071)

.93

1.000 (0.998–1.003)

.035*

12.50 (1.196–130.6)

CI, confidence interval; HR, hazard ratio; LV, left ventricular.
*P < .05 by logistic regression analysis.

162 Journal of Cardiac Failure Vol. 24 No. 3 March 2018

Fig. 2. Comparison of LVDd and PCWP among 3 groups stratified by cannula coronal angle (A, B). Comparison of PCWP and LVDd at
set speed stratified by cannula coronal angle of 65° (C). *P < .05 compared with group 1 by Tukey test when analysis of variance approved
significance. †P < .05 by unpaired t test. LVDd, left ventricular diastolic diameter; PCWP, pulmonary capillary wedge pressure.

smaller LVDd and lower PCWP (Fig. 2C). There were no differences in prescribed HF medications between those with
a cannula coronal angle ≤65° and those without (data not
shown; P > .05 for all).
Device Position and Dynamic LV Unloading

The relationship between device position and dynamic LV
unloading, which was assessed by slope parameters (ie, LVDd
and PCWP slope), was analyzed. With regard to pump area,
group 3 (largest area group) had a significantly shallower negative slope of LVDd and PCWP compared with group 1

(Fig. 3A,B; P < .05 for all), signifying less LV unloading. In
contrast to the set speed, cannula coronal angle was not associated with dynamic unloading parameters. There was no
significant association between slope parameters and other
device positions except for higher cannula sagittal angle for
lower PCWP slope.
Device Position and Clinical Outcome

During a 1-year observational period, 7 patients (26%) experienced HF readmission. Cannula coronal angle >65° was
a significant predictor of HF readmission (Table 3; hazard ratio

Fig. 3. Comparison of LVDd and PCWP slope among 3 groups stratified by pump area (A, B). *P < .05 compared with group 1 by Tukey
test when analysis of variance approved significance. LVDd, left ventricular diastolic diameter; PCWP, pulmonary capillary wedge pressure.

HVAD Cannula Position and Clinical Outcome
Table 3. Univariate Cox Proportional Hazards Regression
Analysis for Prediction of HF Rehospitalization

Continuous variables
Cannula coronal angle relative to
horizontal line, °
Pump depth, mm
Cannula sagittal angle relative to
vertebra, °
Pump area, mm2
Dichotomous variables
Cannula coronal angle >65°
Pump depth >35 mm

P Value

HR (95% CI)

.032*

1.046 (1.004–1.090)

.009*
.33

1.030 (1.007–1.054)
1.016 (0.984–1.050)

.66

1.000 (0.999–1.002)

.031*
.34

10.33 (1.237–86.26)
32.96 (0.025–18254)

HF, heart failure; other abbreviations as in Table 2.
*P < .05 by Cox proportional hazards regression analysis.

10.33). Patients with cannula coronal angle >65° had a significantly lower 1-year HF readmission-free rate compared
with those with ≤65° (Fig. 4; 43.6% vs 93.8%, P = .007).
The frequencies of each clinical event were compared
between the angle >65° and the angle ≤65° groups (Table 4).
Nobody experienced pump thrombosis or isolated right ventricular failure. Two patients experienced ventricular
tachyarrhythmia despite normal PCWPs (11 and 16 mmHg),
and both had cannula coronal angle >65° (73 and 81°).
Clinical parameters were also stratified by the coronal angle
of 65° and compared (Table 4). There were no significant differences between angle >65° and angle ≤65° groups, including
LVAD set speeds and other pump parameters except for LVDd
and PCWP.
Discussion
We analyzed the clinical implication of device position on
LV unloading and patient prognosis during HVAD support.
The main finding is that device position was associated with
not only LV unloading, but also HF readmission-free rate. Specifically, lower cannula coronal angle was associated with
better LV unloading and a higher HF readmission-free rate.
Smaller pump area, which may indicate fewer component of
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longitudinal cannula direction, was associated with better
dynamic LV unloading but not with better prognosis. Last,
there were no changes in device positions during LVAD
support. To the best of our knowledge, this is the first report
discussing the clinical implication of HVAD positioning.
How to Assess Device Position

Several device position measurements have been proposed in HeartMate II management,6 whereas none has been
proposed for the HVAD thus far. We measured cannula coronal
angle and pump depth in the same manner as previous
HeartMate II reports.7 The angle between inflow cannula and
pump is key in clinical outcomes of HeartMate II support,6
but there are no such defined angles with the HVAD. Instead,
we tried to estimate the longitudinal direction of cannula position by measuring pump area and cannula sagittal angle (eg,
smaller pump area indicates that a cannula has fewer component of longitudinal direction).
Device position parameters were widely distributed. The
cannula coronal angle was not affected by background characteristics, such as body composition or history of cardiotomy.
Even preoperative LV size was not a determinant of cannula
coronal angle. Device position may largely be dependent on
surgical technique at time of HVAD implantation.
Patients supported with HeartMate II experience gradual
contraction of the pump pocket, leading to device position
changes over time.6,7 In contrast, we report in this HVAD study
that there are no significant changes in all position-related
parameters during HVAD support. The stability of the HVAD
position is probably related to the intrapericardial position with
the lack of a device pocket.
Device Position and LV Unloading

Lower cannula coronal angle was associated with better
LV unloading at optimized rotational speed (set speed) irrespective of their HF medication regimen. To achieve sufficient
LV unloading (ie, PCWP <18 mmHg), an appropriate target

Fig. 4. HF readmission-free rate stratified by cannula coronal angle. *P < .05 by log-rank test. HF, heart failure.
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Table 4. Comparison of Clinical Parameters and Outcomes Stratified By Cannula Coronal Angle

Age, y
Body surface area, m2
Sex, male
Ischemic etiology
History of cardiotomy
Atrial fibrillation
History of ventricular tachyarrhythmia
Chronic obstructive lung disease
Chronic kidney disease
LVDd, cm
Pump parameters at set speed
Rotational speed, rpm
Power, watts
Flow, L/min
Pulsatility, L/min
Echo and hemodynamic parameters at set speed
LVDd, cm
LVEF, %
CVP, mmHg
Mean PAP, mmHg
PCWP, mmHg
CI, L/min/m2
Clinical outcomes
Death
HF readmission
Ventricular tachyarrhythmia
Stroke
Gastrointestinal bleeding
Pump thrombosis
Isolated right ventricular failure
Driveline infection

Coronal Angle >65°
(N = 11)

Coronal Angle ≤65°
(N = 16)

P Value

57.9 ± 10.5
1.85 ± 0.26
7 (64)
6 (55)
5 (45)
8 (73)
3 (27)
3 (27)
2 (18)
7.33 ± 0.96

61.4 ± 14.1
1.96 ± 0.20
9 (56)
10 (63)
5 (31)
6 (38)
4 (25)
1 (6)
3 (19)
7.01 ± 0.73

.49
.23
.70
.68
.45
.072
.90
.13
.97
.34

2794.6 ± 187.4
4.31 ± 0.92
3.73 ± 0.93
2.90 ± 0.76

2687.5 ± 143.6
3.96 ± 0.74
3.96 ± 0.90
3.54 ± 1.14

.11
.28
.57
.13

6.31 ± 0.78
19.2 ± 9.2
8.6 ± 4.4
26.2 ± 5.8
16.4 ± 4.8
2.61 ± 0.48

5.68 ± 0.65
17.4 ± 7.8
6.4 ± 4.1
23.3 ± 7.4
10.3 ± 4.9
2.67 ± 0.39

.032*
.59
.19
.29
.004*
.73

3 (27)
6 (55)
2 (18)
2 (18)
3 (27)
0 (0)
0 (0)
2 (18)

1 (6)
1 (6)
0 (0)
2 (13)
1 (6)
0 (0)
0 (0)
0 (0)

.13
.005†
.076
.68
.13
.076

Abbreviations as in Table 1.
*P < .05 by unpaired t test. †P < .05 by chi-square test.

angle would be ≤65°. Such an angle indicates cannula direction toward the mitral valve and may be an optimal cannula
position for sustainable and reliable blood removal from the
LV cavity. In contrast, an enhanced turbulence within the LV
cavity from inadequate LV unloading when the cannula is positioned in a vertical direction may limit LV reverse
remodeling.
Another explanation is an intentional decrease in LVAD
speed because of suction events in patients with higher cannula
coronal angle. However, overall, LVAD speeds were comparable between high- and low-angle groups, and there was
no difference in pulsatility at the set speed.
Lower pump depth was also associated with smaller LVDd.
Considering that pump depth had a correlation with cannula
coronal angle (P = .004, r = 0.538), deep pump positioning
(inferior positioning) may not be recommended, although it
may not be possible to control given the nature of the HVAD
and the surgical techniques for its implantation.
The optimal position of the inflow cannula may not be the
same as in HeartMate II. With the HeartMate II, a low coronal
angle of the inflow cannula leads to an acute angle between
the inflow cannula and pump, which could result in obstruction of blood flow.6,8
We also assessed dynamic LV unloading by using slope
parameters during rotational speed changes.12 A smaller pump
area in posteroanterior CXR, which indicates a smaller

longitudinal component in the actual 3-dimensional cannula
direction, was associated with better dynamic unloading. When
the cannula is positioned along the longitudinal axis of the
heart, which yields a large pump area, the tip may be near
the LV wall (anterior or posterior), and may have a disadvantage during progressive unloading with incremental
increases of rotational speed because of partial suction events.14
In contrast, the degree of dynamic LV unloading was comparable irrespective of coronal angle, probably because there
is sufficient space between the cannula and the LV wall at
any angle.
Device Position and Clinical Outcome

The cannula coronal angle was not only associated with
LV unloading, but also was a strong predictor of HF readmission. The link between cannula coronal angle and clinical
outcomes was strengthened by the result that there were no
other differences in baseline demographics between high and
low cannula coronal angle groups. It is evident that better LV
unloading prevents recurrence of HF.15 HVAD implantation
with the cannula positioned in a perpendicular direction is
not advised (see example in Fig. 5).
Pump area was associated with dynamic LV unloading but
not with patient prognosis. Jung et al showed that decreases
in PCWP and increases in cardiac index at incremental LVAD

HVAD Cannula Position and Clinical Outcome
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Fig. 5. Examples of ideal device position (A) and malposition (B). (A) Narrow cannula coronal angle and small pump area; (B) wide cannula
coronal angle and large pump area.

speed were associated with better functional capacity and
quality of life, but not with survival.16 A cannula position with
smaller pump area may enhance exercise capacity because
of better hemodynamic response during increased hemodynamic demands, although this was not demonstrated in this
study. Insufficient decreases in LVDd during the ramp test
and device malposition are associated with device thrombosis during HeartMate II support.6,17 Device malposition with
large pump area may result in device thrombosis.

tion in the setting. However, our findings may not be applicable
in such situations.
Quantitative hydrodynamic analysis between cannula position and unloading should also be conducted in the Mock
Circulatory System to confirm our results.19 Furthermore, innovation of the system with post-LVAD adjustment of cannula
position may strengthen the clinical utility of our result.

Conclusion
Future Direction and Study Limitations

This study has several limitations. Device position parameters remained unchanged over the study period, but this result
cannot be extrapolated across multiple years of HVAD support.
We used CXR to evaluate position based on its seas of acquisition, noninvasiveness, cost-effectiveness, and objectiveness
(consistent high interrater reliability of measured device parameters). However, other device position parameters seen
on echocardiography or cardiac computed tomography may
have clinical implications. For example, we did not assess
position of the outflow graft because of its transparency on
CXR, but this may have clinical utility.18
This study was performed in a small number of patients
at a single center. Accordingly, we could not perform meaningful multivariate analyses. We did not consider
interinstitutional differences in surgical technique and patient
management. Clinically stable outpatients received the ramp
test at varying times after LVAD implantation; this may have
affected the results. The benefits of targeted device positioning should be confirmed in a multicenter prospective study
using meaningful multivariate analyses, similar to the Prevention of HeartMate II Pump Thrombosis Through Clinical
Management study.9 Given that patient background characteristics and LVAD support duration did not affect device
position, we anticipate optimal device positioning determined at HVAD implantation would result in a favorable
clinical outcome. We did not observe any events of isolated
right ventricular failure events; in any event, isolated right
heart failure would unlikely be associated with device posi-

HVAD cannula and pump positions are associated with
LV unloading and improved clinical outcomes. Prospective
studies evaluating surgical techniques to ensure optimal
device positioning and its effects on clinical outcomes are
warranted.
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