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MECHANICAL CIRCULATORY SUPPORT
nfluence of Inflow Cannula Length in Axial-flow Pumps on Neurologic
dverse Event Rate: Results From a Multi-center Analysis

hristof Schmid, MD,a,c Michael Jurmann, MD,b Dietrich Birnbaum, MD,c Tiziano Colombo, MD,l

olkmar Falk, MD,i Giuseppe Feltrin, MD,e Andrea Garatti, MD,l Michele Genoni, MD,d Gino Gerosa, MD,e

eter Göttel, MD,f Jan Gummert, MD,i Robert Halfmann, MD,f Dieter Hammel, MD,g Ewald Hennig, MD,b

riedrich Kaufmann, Eng,b Marco Lanfranconi, MD,l Bart Meyns, MD,h Friedrich Mohr, MD,i

ohannes Müller, MD,f Dimitar Nikolov, MD,j Kestutis Rucinskas, MD,k Hans-Heinrich Scheld, MD,a

ranz-Xaver Schmid, MD,c Michael Schneider, MD,g Vytautas Sirvydis, MD,k René Tandler, MD,m

ttore Vitali, MD,l Dirk Vlasselaers, MD,h Michael Weyand, MD,m Markus Wilhelm, MD,d and
oland Hetzer, MDb

ackground: The application of axial-flow pumps in patients with end-stage heart failure reveals a significantly
reduced infectious complication rate as compared with rates observed with pulsatile devices. The
remaining adverse event rate relates mainly to thromboembolic complications with neurologic
consequences. We investigated the dependence of the neurologic adverse event rate on the length
of the inflow cannula.

ethods: A total of 216 consecutive patients with an axial-flow pump (INCOR; Berlin Heart GmbH, Berlin,
Germany) were included in a retrospective multi-center analysis. In 138 patients, a short inflow
cannula (24-mm tip length into the left ventricle), and in 78 patients a long inflow cannula (tip
length 34 mm) was applied.

esults: Patients with a long inflow cannula (LC) demonstrated a better survival rate than those with a short
inflow cannula (SC) at the end of the observation period (LC, 63.4%; SC, 52.9%; p � 0.05). The
thromboembolic adverse event rate was also significantly lower. Only 3 of the 78 patients (3.8%) with
an LC had a thromboembolic adverse event (thromboembolic events per patient-year � 0.11) as
compared with 32 (23.2%) of SC patients (thromboembolic events per patient-year � 0.50, p � 0.001).

onclusions: Patients with a long inflow cannula had a better survival rate and a lower incidence of cerebrovascular
adverse events than patients with a short inflow cannula. J Heart Lung Transplant 2008;27:253–60.

Copyright © 2008 by the International Society for Heart and Lung Transplantation.
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eart transplantation, the so-called “gold standard” for
atients with end-stage heart failure, can no longer be
rovided in time for many individuals due to the
orsening shortage of donor organs. Consequently,
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hort-term mechanical support to bridge patients to
ransplantation has developed into long-term support
ith patients being treated for lengthy intervals on an
utpatient basis.1–4 Furthermore, long-term mechanical
irculatory support has gained a high level of accep-
ance with a satisfactory technical reliability of the
evices. However, the rate of cerebrovascular events is
till a matter of concern. To avoid clot formation and
onsecutive cerebral infarction, patients need to be
reated with anti-coagulants and platelet inhibitors re-
ardless of the type of device.
The INCOR left ventricular assist device (LVAD), a
agnetically levitated axial-flow pump, has been available

ince 2002.2 Up to now, the INCOR LVAD has shown no
nstances of serious technical failure, and infection rates
ave been exceedingly low. Although during the develop-
ent phase major attention focused on minimizing pump-

elated activation of the coagulation and platelet aggrega-
ion system, the rate of neurologically adverse events was
igher than expected in the early cohort of very moribund
eart failure patients. A precise analysis of the underlying

auses of the adverse events revealed that the length of
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he inflow cannula had a definite influence on the adverse
vent rate. The present analysis examines the effect of the
ntra-cavitary length of the inflow cannula on the rate of
eurologic complications.

ETHODS
evice

he INCOR LVAD (Berlin Heart GmbH, Berlin, Germany)
s an axial-flow pump with a weight of 200 g and an outer
iameter of 30 mm. One of the key features of this device

s the magnetically suspended impeller, rotating at speeds
f 5,000 to 10,000 rpm. A flow of 5 liters can be generated
gainst a pressure of 90 mm Hg at a typical rotational
peed of 7,500 rpm. Because the INCOR has no mechan-
cal bearings, friction is absent and there is no mechanical

ear. Although the impeller rotates with a constant speed
hat is individually set for each patient, residual activity of
he native left ventricle may propagate through the pump

Figure 1. Short inflow cannula (left), long inflow cannula (right).

igure 2. Post-transplant presentation of the short cannula on the le

erman Heart Center, Berlin, Germany).
nd lead to measurable pulsatility in the patient’s circula-
ion. An anti-suction algorithm automatically reduces the
otation speed of the impeller in case of insufficient left
entricular filling to prevent collapse of the left ventricle
nd suction of its wall. The motor of the INCOR is
xtremely efficient (�95%), and has an extraordinarily
ow energy consumption of approximately 3.0 watts
nder regular operating conditions. All blood contact
itanium surfaces are heparin-coated (Carmeda). A percu-
aneous drive-line connects the pump with the external
ontroller. The control unit and the two batteries are
arried in a shoulder-bag, which enables safe keeping and
ransport of these components. Further details have been
escribed elsewhere.5,6

annulas

n this analysis two different inflow cannulas were used.
he intraventricular part, which is stabilized by a titanium

ube with a corona, was manufactured in two different
izes (Figure 1). A long cannula (LC group) was devised
hen post-transplant evaluation of the inflow cannulas

evealed a sometimes inappropriate position of the short
annula (SC group) in the left ventricular cavity. We
ypothesized that the long inflow cannula that reaches
urther into the left ventricle has a lower rate of thrombo-
mbolic complications than the short inflow cannula,
here the rim sometimes does not surmount the trabec-
lae of the left ventricular endocardium (Figure 2).

atients

uring a 4-year observation period lasting from the first
linical implant on June 16, 2002 until June 30, 2006,

nd the long cannula on the right (photos courtesy of Dr. E. Hennig,
ft a
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73 patients were provided with the INCOR world-
ide. Patients undergoing device implantations via a

ateral thoracotomy were excluded from this analysis as
ere implants in centers with only minimal INCOR

xperience (fewer than 5 implants) to eliminate a bias
riginating from a VAD learning curve. Finally, 216
atients would be included into this retrospective
nalysis.

The first 4 patients were supported with a long
nflow cannula. From October 2002 until May 2004 the
hort inflow cannula was used. Thereafter, the new
ong cannula was progressively introduced, and use of
he short cannula was limited to patients with an
xtremely thin left ventricular wall at the insertion site.
verall, 138 of the patients received the short cannula

SC), whereas the long cannula (LC) was used in 78
atients. Baseline patient characteristics for both
roups are depicted in Table 1.

urgical Techniques

n the majority of patients, placement of the device was
erformed employing cardiopulmonary bypass. The
nastomotic technique was similar to that used for
ther implantable LVADs and was usually applied under
eating heart conditions7 or induced ventricular fibril-

ation.8,9 The apex of the heart was elevated and an
pical hole created in the left ventricle. Non-resorbable
nterrupted sutures were placed circumferentially with
TFE felt as reinforcement. The inflow cannula was
ounted with the aid of a fixation ring. The pump was

onnected via snap-in connectors and rotated into
roper position. The drive-line was guided through the
bdominal wall to exit on the right side between the

able 1. Demographic Data of 216 Patients With Classical Medial Im

Short cannula (n

ge (years), mean (range; SD) 49.3 (16–72; �12.6)
ale gender, n (%) 119 (86.2)
eight (cm), mean (range; SD) 176.3 (152–221; �8.8)
eight (kg), mean (range; SD) 80.2 (45–152; �15.3)
SA (m2), mean (range; SD) 1.96 (1.50–2.72; �0.20)
MI (kg/m2), mean (range; SD) 25.8 (15.57–42.55; �0.72)
tiology, n (%)

Dilative CMP 62 (44.9)
Ischemic CMP 45 (32.6)
Acute infarction 16 (11.6)
Acute myocarditis 9 (6.5)
Other 6 (4.3)

VEF (%), mean (range; SD) 16.7 (4–40; �6.2)
VEDD (mm), mean (range; SD) 71.8 (33a–90; �10.7)
I (liters/min/m2), mean (range; SD) 1.7 (0.7–2.8a; �0.4)
PAP (mm Hg), mean (range; SD) 36.7 (7–90; �11.5)
VP (mm Hg), mean (range; SD) 14.6 (3–30; �5.5)

SA, body surface area; BMI, body mass index; CMP, cardiomyopathy; LVEF, l
ardiac index; mPAP, mean pulmonary artery pressure; CVP, central venous p
aOne patient presented with severe RCMP.
ostal arch and the iliac crest. The outflow conduit was
rimmed to an appropriate length and anastomosed
nd-to-side to the ascending aorta. Before connecting
he outflow conduit to the pump, both cannulas, as
ell as the pump, were properly de-aired.

eri-operative Treatment

uring and after surgery all patients received standard
are in the intensive care unit. Measures to prevent
ost-operative right heart failure included positive ino-
ropic drugs, and inhalation of iloprost or nitric ox-
de10,11 to lower the after-load, that is, the pulmonary
ascular resistance. Excessive unloading of the left
entricle was avoided as right ventricular function may
e impaired if the septum shifts to the left side. Fluids
nd diuretics were carefully balanced and anti–heart
ailure medication with angiotensin-converting enzyme
ACE) inhibitors and beta-blocking agents was initiated
s soon as possible, considering the after-load sensitivity
f rotary blood pumps.
Anti-coagulation was started with standard hepa-

inization for extracorporeal circulation. After termina-
ion of cardiopulmonary bypass heparin was fully neu-
ralized with protamine. About 12 to 24 hours after
urgery, heparin therapy was resumed if drainage losses
ad declined and the platelet count exceeded 50,000/
l. The heparin dosage was adjusted to achieve a partial

hromboplastin time (PTT) of 60 to 80 seconds. Once
he patient had recovered further, platelet inhibitors
acetyl-salicylic acid and/or clopidogrel and/or dipyri-
amol) were added. The appropriate dosage of anti-
latelet therapy was adjusted using thromboelastogra-
hy and aggregometry.12 With removal of all drains and

ntation of the INCOR LVAD in High-volume Centers

138) Long cannula (n � 78) p

53.1 (25–70; �10.9) 0.025
68 (87.2) 0.510

176.1 (150–196; �9.6) 0.887
81.1 (55–132; �15.6) 0.667
1.97 (1.58–2.54; �0.21) 0.777

26.2 (16.95–37.75; �0.51) 0.506

37 (47.4) 0.415
31 (39.7) 0.506
7 (9.0) 0.362
0 (0) 0.016
3 (3.8)

17.0 (5–40; �7.5) 0.755
74.1 (54–110; �11.4) 0.300
1.7 (0.8–3; �0.5) 0.634

37.4 (17–74; �13.6) 0.744
14.1 (1–33; �7.0) 0.625

ventricular ejection fraction; LVEDD, left ventricular end-diastolic diameter; CI,
ure.
pla
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entral lines, oral anti-coagulation was initiated with an
nternational normalized ratio (INR) range of 2.5 to 3.0.
n short, the anti-coagulation protocol was similar to
hose of other axial-flow devices.13

erebrovascular Events

he main focus of the study was major cerebrovascular
vents, including stroke and cerebral bleeding. Stroke
as a clinical diagnosis, defined as cerebral ischemia
ith consecutive neurologic symptoms persisting for
24 hours, irrespective of findings in cranial computed

omography (CT). Cerebral bleeding, caused either by
pontaneous rupture of a blood vessel within the head
r after stroke, mandated confirmation by CT scan,
egardless of present symptoms.

ata Retrieval and Statistical Analysis

he study was designed as a retrospective, interna-
ional, multi-center data analysis. Data were retrieved
rom the Berlin Heart database, where results from
mplantation and post-operative surveillance from all
NCOR implant procedures had been collected without
atient identification. A second audit of the data was
erformed by each center and approval of all local

nstitutional review boards was obtained.
Statistical analysis was performed utilizing SPSS soft-
are, version 14.0 (SPSS, Inc., Chicago, IL). Baseline

haracteristics of both patient groups were expressed
s mean, range and standard deviation, and were com-
ared by t-test for unpaired groups. Logistic regression
as used to show the equality of both groups. The

hi-square test was used to compare data regarding
tiology, outcome and adverse events. The Cox propor-

Table 2. Support and Survival

Short ca

Support interval (days), mean (range; SD) 186 (1
Outcome of all, n (%)

Ongoing 7 (5
HTx 60 (4
Weaned 6 (4
Deceased 65 (4

Cause of death, n (%)
MOF 34 (5
CVE 9 (1
Cancer 2 (3
Trauma 2 (3
RVF 4 (6
PA embolus 1 (1
Bleeding 1 (1
Other 10 (1
Unknown 2 (3

HTx, heart transplantation; MOF, multiple-organ failure; CVE, c
artery.
ional hazard model was used to get an overview on the 1
ependency structure. Survival curves and freedom
rom stroke were calculated according to the Kaplan–
eier test, whereas the differences between groups
ere compared using the log-rank test.

ESULTS

aseline characteristics were similar in both (SC and
C) groups by direct comparison and logistic regression
nalysis (Table 1). Mean support interval (SC, 186 �
87 days; LC, 171 � 211 days; p � 0.603) was not
ignificantly different between the two groups, but at
he end of the observation period 38.5% of patients in
he LC group were still on mechanical support as
pposed to 5.1% in the SC group (p � 0.001; Table 2).
his difference is explained by an increased waiting

ime on the transplant list, a more recent implantation
ate, and a larger number of destination therapy pa-
ients in the LC group. Consequently, fewer patients in
he LC groups underwent heart transplantation (SC,
3.5%; LC, 23.1%; p � 0.002).
At the end of the observation period, overall survival
as better in the LC group as compared with the SC

roup (SC, 52.9%; LC, 63.4%; p � 0.05). Likewise, the 1-
nd 2-year survival rates based on the Kaplan–Meier
urvival curves were better for LC patients (61% and
3%, respectively) than for SC patients (50% and 33%,
espectively) (p � 0.27; Figure 3). In addition, 4.3% of
atients in the SC group and 3.8% in the LC group could
e weaned from the device (p � 0.582). Causes of
eath did not differ between the LC and SC groups. The
ain cause of death was multi-organ failure in �50%
atients in each group (SC, 52.3%; LC, 51.9%; p �
.167). Fatal cerebrovascular events accounted for

la (n � 138) Long cannula (n � 78) p

05; �187) 171 (0–1128; �211) 0.603

30 (38.5) �0.001
) 18 (23.1) 0.002

3 (3.8) 0.582
) 27 (34.6) 0.05

65) (n � 27)
) 14 (51.9) 0.167
) 4 (14.8) 0.464

0
0

4 (14.8)
0
0

) 5 (18.5)
0

rovascular event; RVF, right ventricular failure; PA, pulmonary
nnu

–8

.1)
3.5
.3)
7.1

(n �
2.3
3.8
.1)
.1)
.2)
.5)
.5)
5.4
.1)

ereb
3.8% (SC) and 14.8% (LC) of all deaths (p � 0.464).
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A benefit of the long apex cannula was not only seen
hen evaluating survival, but also with regard to neu-

ologic adverse event rates (Table 3). Cerebrovascular
vents varied in their clinical appearance, ranging from
legic, aphasic and anoptic symptoms that recovered in
ost patients over time to severely impacting events.
he freedom from stroke was significantly better in the
C group (96.2%) as compared with the SC group
76.8%; p � 0.001). As shown in Figure 4, freedom from
troke at 1 and 2 years remained at 95% for LC patients
ompared with 68% and 64%, respectively, for SC
atients (p � 0.001). The respective event rate per year

Figure 3. Prob

Table 3. Adverse Events

Short ca

Stroke (n)
Patients effected, n (%) 32 (2
Events per patient-year
Time to event (days), mean (range; SD) 73 (2

Intracerebral bleeding (n)
Patients effected, n (%) 14 (1
Events per patient year

Time to event (days), mean (range; SD) 118 (18–3
as similarly different: 0.11 event per patient-year in
he LC group vs 0.50 event per patient-year in the SC
roup. In the Cox proportional hazards model, the type
f inflow cannula turned out to be the most significant
ariable (p � 0.005) with regard to stroke (Table 4).
he relative risk of stroke was 6.03 times higher in the
C group than in the LC group.

The number of patients suffering from intracerebral
leeding was also lower in LC patients. The incidence
nd event rates for cerebral bleeding declined from
0.1% to 5.1% (p � 0.152), and from 0.21 event per
atient-year to 0.11 event per patient year when switch-

lity of survival.

la (n � 138) Long cannula (n � 78) p

4
) 3 (3.8) �0.001
.50 0.11
9; �86) 38 (4–66; �31)

4
) 4 (5.1) 0.152
.21 0.11
nnu

35
3.2

0
–42

15
0.1

0

30; �110) 271 (15–933; �442)
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ng from the short to the long inflow cannula. The
elative risk of intracerebral bleeding was 1.98 times
igher in the SC group.

ISCUSSION

he problem of thrombus formation in cardiac implants
as been known for many years from insertion of
echanical valves as well as from pacemaker and

efibrillator lead placement.14 In mechanical assist de-
ices, technical advances led to the introduction of
xial-flow pumps and further optimization of blood
ow, with minimal dead space promoting blood stasis.
gain, cumbersome progress was made with inflow
annulas. Suction of septal myocardium into the inflow
onduit and pump thrombosis had to be overcome.15

able 4. Cox Proportional Hazard Model for Freedom of Stroke

Variable p

Inflow cannula 0.005
Age at implant 0.261
Height 0.320
Weight 0.605
Gender 0.607
Myocarditis 0.936
Acute infarction 0.937
Ischemic CMP 0.944

Figure 4. Fre
eDilative CMP 0.949
owadays, the inflow cannulas are still a crucial com-
onent in ventricular assist devices with regard to
hrombus formation. As most emboli spread to the
rain and lead to transitory ischemic attacks (TIAs) and
trokes, this subject has been a major focus of research
n the field of ventricular assist devices.16–18

The idea behind modification (length reduction) of
he inflow cannula was to have a smooth and step-free
ransition from the endomyocardium into the cannula,
gnoring the effects of cell growth, blood flow pattern,
ndividual endomyocardial anatomy, varying thickness
f the ventricular apex and individual surgical tech-
iques. Further clinical observations during device ex-
lantation prior to heart transplantation or post-mortem
emonstrated that the inflow cannula was not properly

nserted in some cases, and interfered with the myocar-
ial trabeculae. These cases were frequently associated
ith increased thrombus formation (see Figure 2).
hus, the length of the inflow cannula and its extension

nto the left ventricular cavity was identified as a
ontributing factor for the nascency of thrombus for-
ation.
At a first look, it seems reasonable that a cannula that

ticks between the trabeculae and that has a partially
ccluded inflow tip will have an extremely unfavorable
ffect on the flow pattern and, therefore, would quite

m of stroke.
asily generate thrombi. At transplantation or autopsy
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e have also seen cannulas that extended absolutely
reely into the ventricular cavity in patients who had
uffered thromboembolic complications. Accordingly,
ther mechanisms must play a role in thrombus forma-
ion. In some patients we observed growth of fibroblas-
ic tissue from the left ventricular apex along the
annula into the lumen. The underlying causes are
nclear, but patient-specific causes, surgical technique
nd blood flow pattern may be involved. Pannus forma-
ion inside the cannulas has never been observed.19

The unique sensoring function achieved with the
agnetic bearing provides a specific alarm (“E22”) that

ppears if a particle develops in or passes through the
ump. This alarm never occurred in patients who
emained free from neurologic events, whereas it was
ery sensitive in patients who experienced a stroke.
he nature of this alarm (abrupt vs slow development)

ndicates that all stroke events originated in particles
hat passed through the pump and not in thrombi that
ormed inside the pump.

Based on the aforementioned findings, the need for
roper cannula placement was made clear; however, in
his study, we have also highlighted the utility of a
onger inflow cannula. Further, our retrospective anal-
sis of 216 patients demonstrated clearly superior re-
ults in the patient group with the long inflow cannula.
his was true for survival, thromboembolism and intra-
erebral bleeding, although the average age of the LC
roup was higher as a consequence of the growing
umber of patients with an INCOR for destination
herapy. The causes of death, especially those induced
y cerebrovascular events, among both groups were
ot significantly different. Thus, a direct relationship
etween cerebrovascular cause of death and length of

nflow cannula cannot be established. Nevertheless, the
roportion of patients dying from cerebrovascular
vents (13.8% and 14.8%) was much lower than the
2.0% indicated by INTERMACS.20

The dramatic decline in the overall number of throm-
oembolic complications in the LC group was impres-
ive and highly significant. The thromboembolic event
ate per patient-year had dropped to almost 20% and the
elative risk dropped by a factor of 6. During explanta-
ion, transplantation or autopsy, there was neither
hrombus formation nor fibroblastic tissue observed
round the intraventricular part of the LC. Accordingly,
t seems that the increased intraventricular length pre-
ented thrombus formation by trabecula interference,
nd the different flow pattern prevented growth of
broblastic tissue around the cannulation site.
The incidence of cerebral bleeding was also much

ower in the LC group. The rate of cerebral bleeding per
atient-year, as well as the relative risk for an intracranial
leeding, decreased by 50%. With the observation of
ower stroke rates some physicians somewhat lowered
he level of anti-coagulation and anti-aggregation. Thus,
ne may speculate that the improved results reflect a

earning curve, but all 12 participating centers had some
xperience with other assist devices prior to the study.
As the length of the cannula inside the left ventricular

avity was the decisive factor in this study, the long
nflow cannula has become standard equipment. For
atients with a very thin apical myocardium, the short
annula is still available. In comparison to other left
entricular assist devices, the overall rate of cerebral
hromboembolic and bleeding complications with the
NCOR device has improved dramatically. The 5% level
ndicates the limit of complication rates usually consid-
red satisfactory. However, even with the newer de-
ices, these goals are only rarely achieved.
In conclusion, INCOR patients with a long inflow

annula demonstrated significantly better survival and a
ignificantly lower incidence of cerebrovascular adverse
vents. The overall rate of cerebrovascular complications
as declined to a very acceptable level, rendering the
NCOR an excellent tool for long-term mechanical sup-
ort in cases of acute or chronic heart failure.
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