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Abstract: The Jarvik-7 total artificial heart (TAH) has
now been implanted in seven patients, with four (57%)
suffering cerebral embolic events. Functional recovery in
two patients was impaired by subsequent intracranial
hemorrhage from anticoagulant therapy. The findings of a
Jarvik-7 TAH explanted following a cerebral embolus are
reported here. Thrombotic deposition was seen in the
inner crevice formed between the two components of the
aortic quick connector. In addition, deposition was seen
around all four valves in the crevice formed between the
valve ring and the plastic valve housing. On the atrioven-
tricular valves, the deposition in this crevice was most

severe on the outflow surface adjacent to the minor flow
orifice. On the pulmonic valve, deposition was seen
around the entire circumference of both the inflow and
the outflow crevices. No thrombi were seen on the dia-
phragm, the diaphragm-housing junction, or the housing
of the left ventricle. Hypercoagulability of the patient’s
blood gradually developed during implant, reaching a
maximum on the evening before the clinical embolus. In-
creasing resistance to heparin was also demonstrated by
in vitro testing. Key Words: Artificial heart—Jarvik-7
heart— Thromboembolic complications— Hypercoagula-
tion.

After prolonged animal testing and documenta-
tion of survival, the Jarvik-7 total artificial heart
(TAH) has reached the stage of initial human clin-
ical trials. Two separate trial pathways are cur-
rently under way, one for permanent implantation,
and one for short-term implantation. The most im-
portant postoperative problem identified in human
trials of the Jarvik-7 TAH is cerebral embolism. Al-
though renal failure, bleeding, infections, respira-
tory failure, and other serious sequelae have been
described following implantation, the neurologic
problems have far outweighed all others in impor-
tance. Each implanted patient has been treated
with a vigorous regimen of anticoagulation, but
presently no drug or drug combination has proved
effective in eliminating this complication. Indeed,
such powerful anticoagulation has been used that
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severe bleeding complications have been described
by all centers participating in these trials. Five of
the first seven patients have required reexploration
of the mediastinum for perioperative hemorrhage.
The combined morbidity of the neurologic and
bleeding complications has greatly diminished the
potential benefit of this promising new therapy for
end-stage heart disease.

As of this writing, a total of seven patients have
been implanted, with four (57%) suffering embolic
neurologic events. Two of the four patients recov-
ered completely, including the one described here.
The remaining two patients were left with perma-
nent neurologic deficits; in both, recovery has been
impaired by the subsequent development of cere-
bral hemorrhage from anticoagulant therapy.

The presence of surface defects on the blood-
contacting layers of mechanical devices has long
been known to favor thrombosis following implan-
tation (1). With improved quality control and elimi-
nation of microcracks, microbubbles, and dust par-
ticles, thrombosis on the flexing diaphragm or
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semiridged housing has been greatly reduced in the
current Jarvik-7 TAH design. When thrombosis or
embolization occurs in implanted calves, septi-
cemia is often present (2). Primary nonseptic
thrombosis occurs in 25-30% of implanted calves,
usually around the atrial cuffs or the mechanical
valves (3-95).

The locations of thrombi associated with the
Jarvik-7 TAH explanted from a ‘‘bridge-to-trans-
plant’’ patient are reported here. This case consti-
tutes the first successful use of a TAH as an interim
step prior to cardiac transplantation. In addition,
this is the first report of the areas of thrombotic de-
position in the Jarvik-7 TAH following human im-
plantation, embolization, and explantation. It is be-
lieved that this study identifies areas of increased
thrombogenicity where attention to redesign and
modification can be centered in future models of
this device.

This patient also illustrated the dynamic and
changing nature of the blood-material interface
during the period of implantation. Just prior to the
neurologic deficit, a relative hypercoagulable state
existed, and in vitro coagulation studies returned
abruptly to normal. Elevated serum coagulation
factors, rising platelet counts, and increasing resis-
tance to continuous heparin infusion were an inte-
gral part of these changes. The combination of all
these factors predisposed the patient to an acute
thrombotic episode on the 7th postimplant day. Im-
provements in the device and the methods of anti-
coagulation show considerable promise in elimi-
nating embolic complications of this TAH device.

CASE REPORT

M.D. was a 25-year-old man with end-stage idio-
pathic cardiomyopathy. Following marked clinical
deterioration, the patient developed refractory car-
diogenic shock despite high-dose pressor and ino-
tropic therapy. No suitable donor could be located;
and both the patient and the family accepted the
alternative of TAH implantation as an interim step
until human cardiac transplantation could be per-
formed.

On August 29, 1985, the Jarvik-7 TAH was im-
planted. Hemodynamic stabilization after bypass
occurred without incident. Initial cardiac outputs
were 6.0 L/min. Protamine (550 mg) was given to
reverse intraoperative heparin. No further antico-
agulation therapy was given until verification of the
absence of mediastinal bleeding. Fifteen hours fol-
lowing closure of the chest, heparin was begtin at
100 U/h by continuous infusion. Partial thrombo-
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FIG. 1. Heparin dose (U/h) as a reflection of time during the
implant period.

plastin times (PTT) were monitored every 4 h but
failed to respond to increasing doses of heparin.
Figure 1 displays the rising dose of heparin during
the first 2 days. After reaching a steady dose of
1,400 U/h with no alteration in the PTT (Fig. 2),
thrombin times (TT) were monitored, since this test
is more sensitive to the agent. Thrombin times were
maintained between two and three times control
values from the 3rd to the late 6th postimplant day
(Fig. 3). Continuous heparin, between 1,400 and
1,800 U/h, was needed to maintain this level of ef-
fect. No antiplatelet agents were given prior to the
neurologic event. No bleeding complications from
mediastinal, gastrointestinal, other mucosal, or
needle puncture sites were identified.

Following prolonged serous drainage, the me-
diastinal tubes were removed on the 5th postopera-
tive day. Severe pulmonary edema was treated with
aggressive diuretic management. Contraction of the
interstitial fluid compartment induced gradual reso-
lution of the postoperative pulmonary edema. A
total of 17 L of negative fluid balance was incurred
in the first 6 days following operation. Successful
extubation on the afternoon of the 4th postopera-
tive day demonstrated the effectiveness of this
therapy. In addition, there was dramatic clearing of
the chest radiograph and further pulmonary
problems were absent following extubation.

The remainder of the postoperative course was
uneventful until the morning of the 7th day. At this
time, the patient abruptly developed a dense
aphasia affecting the expressive and receptive areas
of the cerebral cortex (Table 1). In addition, the
subcortical white matter was involved, as was evi-
denced by a conductive aphasia clearly apparent

Artif Organs, Vol. 10, No. 3, 1986



238 M. M. LEVINSON ET AL.

PARTIAL THROMBOPLASTIN TIMES

. TIMES CONTROL

iMPLANT |I>7 STROKE  TRANSPLANT
. ]
3k b
L J
1 4\.4 1
] L —_ L i 1 1 L 1 1 1 1

) 1 2 3 4 5 6 7 8 [) 10
8/29/B5 DAYS AFTER IMPLANT

FIG. 2. Partial thromboplastin times (PTT) graphed over the
period of implantation. Patient values expressed as a ratio
against laboratory control values. Dotted line represents
equality to control. Sharp peaks in PTT represent errors in
obtaining blood samples.

later that day. A patchy right hemiparesis involving
the forearm flexors and the distal leg muscles with
partial involvement of the proximal right upper ex-
tremity muscle groups also occurred. Bilateral Ba-
binski’s and mild parietal lobe signs were also de-
tectable.

Cerebral computer axial tomographic (CAT)
scanning 2 h, 5 days, and 8 days post-event failed to
show evidence of cerebral necrosis. In view of the
absence of intracranial hemorrhage on CAT, in-
creasing levels of heparin were administered. Fol-
lowing a bolus of 7,500 U, the infusion was raised
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FIG. 3. Thrombin times (TT), with patient values expressed
as a ratio against laboratory control values. Dotted line rep-
resents equality to control. Note return of TT to control
values at the time of this patient’s stroke.
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TABLE 1. Clinical findings

Aphasia
Expressive
Receptive
Conductive
Right hemiparesis
Arm drift
Decreased hand grip
Diminished dorsiflexion of foot
Bilateral Babinski’s
Mild parietal lobe signs

to 2,000 U/h and maintained at this level until
transplantation was performed (Fig. 1). Dextran 40
(25 ml/h) was also added.

Neurologic resolution began ~4 h following
onset. At this time, the receptive aphasia cleared,
followed shortly thereafter by a considerable im-
provement in the expressive aphasia. For several
days, the conductive aphasia was apparent, but it
then gradually resolved. The right hemiparesis
cleared >90% by the first 4 h following onset. Sub-
sequent to transplantation and recovery from post-
transplant complications, there are no focal neuro-
logic deficits, and speech is normal.

Nine days following implantation, the patient
was returned to the operating room, where cardiac
transplantation and explantation of the device were
performed. Figure 4 shows a photograph of the left
ventricular prosthesis. Immediately apparent is a
thrombus that lines the circumference of the inner
crevice created where the two components of the
aortic quick connector snap together, Part of this
crevice, however, is devoid of macrothrombus. In
the closeup view, Fig. 5, a nonadherent freely mo-
bile remnant of the clot is visible. It is suspected
that a clot previously occupied the remainder of
this crevice but broke free and embolized to the ce-
rebral circulation.

Patchy thrombotic deposition can also be seen on
the titanium valve ring, particularly in the minor
flow orifice position. Careful inspection shows a
small amount of deposition on the under surface of
the aortic valve along the crevice where the tita-
nium and the hard plastic valve housing join. In ad-
dition, there are tiny thrombi at the junction be-
tween the Dacron aortic graft and the polyurethane
ring that constitutes the female portion of the aortic
quick connector.

Figure 6 shows the histologic appearance of the
thrombus along the aortic valve ring. It is a very
fresh, unorganized, unmodified acute thrombus
with intact red blood cells, white blood cells, and
immature fibrin. Thrombi associated with the other
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FIG. 4. Explanted left ventricle. Note thrombus located inthe  FIG. 5. Closeup of Medtronic Hall aortic valve. Note loos-
inner crevice where the two components of the aortic quick  ened remnant of thrombus displaced out of the aortic quick

connector snap together (arrow). connector crevice (arrow).
valve rings were of similar composition. The mitral thrombus adherent to the crevice formed between
valve as seen from the atrial side is pictured in Fig. the valve ring and the valve housing. This thrombus
7. The inflow surface is free of thrombi, but the is present only in the minor flow orifice and ex-
outflow/ventricular surface shows a rim of tends from the rod-guide of the Medtronic Hall

FIG. 6. Photomicrograph, with hematox-
ylin and eosin stain, of thrombus from
around aortic valve. No evidence of orga-
nization is present, implying recent
thrombus formation. x250.
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FIG. 7. Mitral valve. Note thrombus adherent to the outfiow
valve ring crevice adjacent to the minor flow orifice of this
tilting disc valve.

valve to the retaining pin. After formalin preserva-
tion, the ventricles were opened and this thrombus
could then be seen from the ventricular side
(Fig. 8).

The body of the left ventricle was free of
thrombus. The polyurethane monolayer that covers
the housing, the diaphragm-housing junction, and
the blood-contacting surfaces of the diaphragm did

FIG. 9. The body and pumping diaphragm of the left ventricle were
free of visible thrombi.
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FIG. 8. Ventricular surface of mitral valve (after formalin
preservation). Arrow highlights the fine rim of thrombus,
which starts at the central strut and extends along the valve
ring crevice.

not show any signs of thrombi following this 9-day
implantation (Fig. 9). The right ventricle, when
opened, did display some tiny white patches on the
diaphragm-housing junction, and a small throm-
botic stain at the surface defect created where the
de-airing needle punctured the polyurethane mono-
layer (Fig. 10).

The right ventricular valves demorstrated many

FIG. 10. Right ventricle, showing thrombotic
stain on de-airing port and flecks of white
material (arrow) along diaphragm nousing
junction.
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of the same findings as did the left. Figure 11 shows
the tricuspid valve from the atrial view. Again,
there is thrombus adherent to the crevice formed
between the valve ring and the valve housing. The
thrombus is adherent to the ventricular surface of
this crevice and extends from the rod-guide to the
first retaining pin in a fashion similar to that seen on
the mitral valve. In addition, there are a few small
thrombi adherent to the crevice on the atrial side of
this valve. The pulmonic valve is pictured in Fig.
12. The crevice created between the titanium valve
ring and the hard plastic housing can easily be seen.
Small thrombi are scattered throughout the entire
circumference of both the inflow and outflow
crevices of this valve.

The acute thrombotic event occurred as a result
of a complex of multiple factors, many of them
unrelated to the device. It was discovered that pro-
gressive hypercoagulability developed during the
implant, reaching a maximum on the 6th day. Not
only was resistance to heparin manifest at that
time, but analysis of coagulation factor levels re-
vealed simultaneous supranormal concentrations of
all important coagulation mediators on the same
day. The platelet count underwent a two-fold in-
crease the day preceding the stroke. Fibrinogen
peaked at almost twice normal. Factor X, albumin,
and antithrombin III all underwent similar, though
less dramatic, increases.

Coupled with these trends was a progressive fall
in cardiac output during the previous several days,
reaching a minimum of 4.0 L/min on the sixth post-
operative day. Lower pump flows were seen at this
time because of severe volume contraction fol-
lowing aggressive diuresis. Although this therapy
was effective in removing pulmonary edema fluid,
the resulting hemoconcentration and hypovolemia
were deleterious to pump output and the effective-
ness of anticoagulation therapy. It is believed that
the unfortunate combination of increasing serum
cofactor concentrations with lowered cardiac
outputs predisposed this patient to acute throm-
bosis at the sites described above.

DISCUSSION

Cerebral thromboembolic complications have
proved to be the most serious drawback uncovered
in the initial human trials of the Jarvik-7 TAH. De-
spite aggressive anticoagulation therapy of different
types, no definitive solution has been found. Of the
first seven implanted patients, four have had em-
bolic strokes, and two of these patients have also
developed intracranial hemorrhage secondary to

anticoagulant therapy. Although two of the initial
four patients have resolved their strokes, the risk of
permanent neurologic deficit is a major clinical
concern when TAH replacement is recommended
to a patient with dwindling cardiac function.

A solution to this problem must be obtained be-
fore widespread clinical use of this device can be
recommended. The first step in this solution cer-
tainly must be an analysis of the source of emboli
from affected patients. Of these seven patients re-
ceiving implants, the patient described here is the
first individual reported from whom the device was
explanted shortly following a cerebral embolic
event. Localization of the sites of thrombosis was
possible. It was also possible to intelligently specu-
late that the aortic quick connector was the site of
origin of the cerebral embolism in this particular
case.

Although similar sites of thrombosis are seen in
animal implants (3-35), bacteremia or septicemia is
postulated to be a major causative factor in this in-
vestigative model (2). The exact sites of thrombosis
of the Jarvik-7 TAH when it is in contact with
aseptic human blood have not previously been de-
scribed. It was observed in this one case that the
critical areas with a high propensity for thrombus
formation are the following (Fig. 13): (a) the inner
crevice of the aortic quick connector, (b) the junc-
tion of the quick connector and the aortic Dacron
graft, and (c) the inflow and outflow crevices of
each valve where it is seated into the hard plastic
valve housing. In addition, there is a possibility that
thrombus can deposit at a surface defect created
where the de-airing needle punctures through the
polyurethane membrane of the housing.

In order to reduce the risk of thromboembolic
disease with the Jarvik-7 design, several possibili-
ties must be considered. First, a reduction in sur-
face defects where the inflow and outflow valves
are mounted is certainly important. A new tech-
nique for mounting the valves must be designed to
minimize the formation of anatomic crevices. The
quick connector system should also be changed to
provide a crevice-free, smooth-surfaced transition
that is less thrombogenic. It appears that the
housing and the diaphragm of the current Jarvik-7
design pose a minimal risk for thrombosis in short-
term human implants.

Second, anticoagulation systems that are more
effective in preventing thrombosis without signifi-
cant hemorrhage are desperately needed. Warfarin,
aspirin, dipyridamole, and heparin have all been
used in various combinations without complete
success in preventing embolization. In addition, se-
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FIG. 11. Tricuspid valve, showing sites of thrombotic deposi-
tion similar to those seen in the mitral valve. Deposits also
occur on the inflow surface of the valve ring crevice
(arrows).

vere bleeding problems in TAH recipients have
been reported in most patients treated with these
agents (R. J. Jarvik, et al., unpublished observa-
tions). It is difficult to determine exactly which in
vitro assay best follows the degree of the in vivo
anticoagulation effects obtained with these medica-
tions. Thus, it is also difficult to decide which dose
range is the ideal target for their antithrombotic ef-
fects. In addition, multicomponent therapy has in-
creased the complication rate without protecting
against thromboembolism. Research into new anti-
coagulants such as protease inhibitors, low-molec-

J

Artif Organs, Vol. 10, No. 3, 1986

==
IR

FIG. 13. Conceptual cutaway diagram of the aortic outflow
and quick connector system, indicating sites of thrombosis
in this patient and the corresponding surface defects. Com-
ponents of the Jarvik-7 outlet port: 1: Dacron aortic graft; 2:
Skirt of aortic quick connect; 3,5: Valve mountirg apparatus;
4: Titanium ring of Medtronic Hall outflow valve; 6: Polyure-
thane housing of blood pump. Sites of thrombosis: A: Da-
cron—quick connect junction; B: Aortic quick connect
crevice (possible source of cerebral embolus); C: Outflow
valve ring crevice; D: Inflow valve ring crevice,

o Om>»

ular-weight heparin, fibrinolytic agents (tissue-type
plasminogen activator), and new antiplatelet drugs
such as prostaglandin analogs and calcium channel
blockers provides a new frontier of research and
potential therapy for this difficult problem.

A third component of the solution to this impor-
tant complication is the recognition of alierations in
the patient that may induce coagulation (Table 2).
Following implantation, the liver may respond dra-
matically to the relief of heart failure and shock.
Subsequent outpouring of coagulation factors can
occur, which induces a hypercoagulable state. In

FIG. 12. Pulmonic valve, showing thrombotic
deposits adherent to both valve ring crevices
around the entire circumference (arrows).
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this respect, the sharp rise in ‘‘acute phase reac-
tants”’ normally seen after any surgical stress as-
sumes a great deal more importance in recipients of
TAH devices. The acute increase in platelet count
just prior to embolism in this patient was also seen
in at least two of the permanent Jarvik-7 TAH re-
cipients (W. C. DeVries, personal communication)
and is a potentially important observation. This
phenomenon may be the earliest sign of impending
thrombotic events. Further experience will deter-
mine if changes in these ‘‘acute phase reactants’
following TAH implantation actually provide an
early clue to thrombotic complications. If so, anti-
coagulant therapy could be modified at these times
if such trends are recognized prior to neurologic se-
quelae.

Iatrogenic factors worsening these effects include
dehydration and transfusion of plasma cofactors to
treat bleeding complications. Volume contraction
also increases serum viscosity and osmolarity,
which may predispose acute thrombosis. Hemo-
concentration may account for a great deal of the
increased levels of serum cofactors seen in this
case. In addition, dehydration lowers venous filling
pressure, pump filling volumes, and mean cardiac
output. This, in turn, causes decreased velocity of
blood flow across the critical thrombogenic areas of
this device. After the 1Ist or 2nd postoperative day,
cardiac outputs should probably be maintained at
=3 L/min/m? to counter this effect. Unfortunately,
the patient described here had a hypercoagulable
state at the same time low cardiac outputs were ob-
tained. This unfortunate combination may well
have overcome the effects of the anticoagulant
system used in this patient (Table 2).
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TABLE 2. Cause of stroke: identifiable factors

Thrombogenicity of the device
Aortic quick connector crevice
Valve ring crevices
Minor flow orifice characteristics
Step-off at aortic quick connector
Dehydration effects
Decreased pump flows
Decreased surface washings
Increased eddy currents in minor flow orifices
Hemoconcentration
Increased levels of coagulation cofactors
Hyperosmolarity-hyperviscosity
Recovery of hepatic function
Increased synthetic function, contributing to elevated
cofactor levels
Thrombocytosis
Acute two-fold increase in platelet concentration noted
during the 48 h preceding the neurologic event

It is believed that heparin has not been given an
adequate trial as a single agent for the prevention of
thromboembolism in the Jarvik-7 TAH. Heparin re-
tains many ideal properties for an anticoagulant in
this setting (Table 3). It may be that with more ex-
perience this agent could be successfully used for
short-term implants. Prospective monitoring of im-
portant laboratory values, including the serum fi-
brinogen, Factor X, albumin, and antithrombin 111
levels; platelet count; and serum osmolarity, may
detect the simultaneous concentration of these
factors before resistance to anticoagulation therapy
develops. The role of adjunctive antiplatelet agents
such as Dextran 40 may also be important but is
still unproven.

TABLE 3. Selection of anticoagulants for short-term total artificial heart recipients: advantages vs. disadvantages

Risk of
Acutely Ease of Monitoring bleeding
Mechanism Duration Route “‘reversible”’ titration assay at TXN
Heparin Antithrombotic 30 min iv. Yes Yes PTT Minimal
WBaPTT
TT
Warfarin Antithrombotic 3-5 days p.o. No None PT Moderate
Aspirin Antiplatelet 7-10 days p.o. No None BTG High
TX b,,
aggregation
Dipyridamole Antiplatelet 6-8h p.o. No None BTG Moderate
TX b,,
aggregation
Sulfinpyrazone Antiplatelet 18 h p.o. No None ? ?
Dextran 40 Antiplatelet 6-12h iv. No Minimal None Minimal

TXN, heart transplantation; PTT, partial thromboplastin time; WBaPTT, whole blood activated PTT; TXb,, thromboxane b,; TT,

thrombin time; BTG, beta thromboglobulin.
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