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7) ABSTRACT

The invention relates to a cerebral blood flow velocity
monitoring system and method that comprises a transcranial
Doppler ultrasound device that is adapted to be implanted in
the human body, an oximeter, an external handheld com-
puter and a drug delivery system. The system provides for
monitoring of microembolic signals and operatively acti-
vates the drug delivery system for infusion of medication
into the blood circulation for thrombolysis and neuropro-
tection.

20 Claims, 11 Drawing Sheets
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IMPLANTABLE TELEMETRIC
TRANSCRANIAL DOPPLER DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

US PATENT DOCUMENTS

U.S. Pat. No. 5,188,106 Feb. 2, 1993 Nappholz et al.
607/24

U.S. Pat. No. 5,484,404 Jan. 1, 1996 Schulman et al.
604/66

BACKGROUND OF THE INVENTION

The present invention relates to cerebral blood flow
velocity monitoring system and method specifically a tran-
scranial Doppler ultrasound device adapted for implantation
into the human body, for detecting microembolic signals and
changes in cerebral blood flow velocity and operatively
connected to a drug delivery system.

Human implantable physiological and/or chemical sen-
sors and/or implantable fluid delivery systems of various
forms are used in present day clinical practice. U.S. Pat. No.
5,484,404 is an example of such a system and is incorpo-
rated herein by reference.

U.S. Pat. No. 5,188,106 describes an apparatus and
method that provides for monitoring of heart contractility
and blood flow output from the heart to control an implant-
able cardiac assist or therapy device to maintain cardiac
output without invading the left heart or the arterial system
of the patient. The *106 patent is incorporated herein by
reference.

While the 106 patent describes a system in which the
physiologic parameter of interest for hemodynamic control
is the cardiac output, that is, the amount of blood flow from
the heart per unit time, the required indicia for brain blood
supply is determined by peripheral reactions influencing the
resistance and capacitance of cerebral blood vessels. The
hemodynamic differences between the cardiovascular and
cerebrovascular systems are further illustrated by the appli-
cability of the “windkessel” model to the former as
described in an article by Frank O. entitled “Die Grundform
des arteriellen pulses,” published in Z Biol, vol. 37, pp.
483-526 (1899), but not to the latter, as argued in an article
by Njemanze P. C. et al., entitled “Fourier analysis of the
cerebrovascular system,” published in Stroke, vol. 22, pp.
721-726 (1991). Furthermore, there appears to be distinct
regulatory mechanisms of blood flow in the cerebrovascular
system as compared to the cardiovascular system. Cere-
brovascular autoregulation has been characterized using
transcranial Doppler technique in an article by Aaslid R. et
al., entitled “Assessment of cerebral autoregulation dynam-
ics from simultaneous arterial and venous transcranial Dop-
pler recordings in humans,” published in Stroke, vol. 22, pp.
1148-1154 (1991). The possibility that failure of cere-
brovascular flow regulatory mechanisms such as in syncope
may not be accompanied by fall in mean arterial blood
pressure has been raised in an article by Njemanze P. C,,
entitled “Cerebral circulatory dysfunction and hemody-
namic abnormalities in syncope during upright tilt test,”
published in Can J Cardiol, vol. 9, pp. 238-242 (1993). This
work further emphasis the difference between cerebrovas-
cular and cardiovascular systems thus requiring different
monitoring approaches. Other publications by Njemanze P.
C., entitled “Isoproterenol induced cerebral hypoperfusion
in a heart transplant recipient,” published in PACE vol. 16,
pp. 491-495 (1992) and another article by same author
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entitled “Cerebrovascular dysautoregulation syndrome in a
heart-lung transplant recipient,” published in J Cardiovas-
cular Tech, vol. 10, pp. 227-232 (1992), suggest that car-
diopulmonary reflexes may not be implicated in this mecha-
nism. Even more importantly the changes in cerebral
circulation may precede changes in cardiovascular system as
suggested in a report by Njemanze P. C. entitled “Cere-
brovascular dysautoregulation syndrome complex—brain
hypoperfusion precedes hypotension and cardiac asystole,”
published in Jpn Circ J, vol. 58, pp. 293-297 (1994). It
therefore follows that the 106 patent may not be applicable
to the cerebrovascular system. What is therefore desirable is
a device that is responsive to blood flow changes detected in
the cerebrovascular system in conditions such as stroke.

The annual incidence of stroke is approximately 700,000
per annum in the United States according to the statistics
provided in a work by Broderick J., et al., entitled “The
Greater Cincinnati/Northern Kentucky Stroke Study: pre-
liminary first-ever and total incidence rates of stroke among
blacks,” published in Stroke, vol. 29, pp. 415-421 (1998).
Ischemic strokes account for 80% of all stroke types. The
high incidence and associated burden of disease of stroke
have led to an interest to develop accurate predictors and
prevention strategies. It is therefore desirable to have non-
invasive techniques to identify surrogate markers of stroke
events and their associated outcome. One such approach has
been to utilize non-invasive cerebral blood flow velocity
monitoring using transcranial Doppler ultrasound to mea-
sure microembolic signals also called high-intensity tran-
sient signals known to precede stroke events. Microembolic
signals have been observed in patients with implanted
mechanical and prosthetic devices and there are also spon-
taneously occurring microembolic signals in a variety of
clinical conditions. Microembolic signals are identified by
criteria set forth by the Consensus Committee of the Ninth
International Cerebral Hemodynamic Symposium in a pub-
lication entitled “Basic identification criteria of Doppler
microembolic signals,” published in Stroke, vol. 26, pp.
1123 (1995).

The occurrence of microembolic signals has been
recorded during open-heart surgery, carotid endarterectomy
and in patients with prosthetic heart valves, ventricular assist
devices and those with atrial fibrillation. The association of
microembolic signals with neurological and neuropsycho-
logical deficits in patients after open-heart surgery has been
described in an article by Clark R. E., et al.,, entitled
“Microemboli during coronary artery bypass grafting gen-
esis and effects on outcome,” published in J Thorac Cardio-
vasc Surg, vol. 109, pp. 249-258 (1995).

Spencer M. in an article entitled “Transcranial Doppler
monitoring and causes of stroke from carotid
endarterectomy,” published in Stroke, vol. 28, pp. 685-691
(1997), ascribed postoperative cerebral ischemia in patients
with carotid endarterectomy to the high rates of microem-
bolic signals during surgery and in the immediate postop-
erative period. The enormity and severity of the problem of
symptomatic and asymptomatic microemboli remains to be
fully elucidated.

One object of the present invention is to use it in con-
junction with ventricular assist devices. Considering that
while tens of thousands of United States patients need a
donor heart each year, only about 2,000 receive one. The
ventricular assist devices have been shown to add months,
even years, to patients’ lives while the wait for donor heart
to become available. Close to three thousand patients have
received ventricular assist devices in Europe and America.
One major limitation of the ventricular assist devices is the
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occurrences of clinical thromboembolism in up to 30%,
dependent on device type and implantation center. Wagner
W. R, and Johnson P. C., in an article entitled “Therapeutic
techniques for reducing thrombosis after cardiovascular
implants, published in a book by Klizman B., (ed.) entitled
“Problems in General Surgery”, published by JB Lippincott
Co., Philadelphia, Pa.: chapter 11, pp. 241-246 (1994), have
suggested that thromboembolism remains a significant
impediment to the choice application of ventricular assist
devices. However, they demonstrated prolonged life of the
patients with cardiomyopathy using ventricular assist
devices until heart transplantation, which makes identifica-
tion and prevention of thromboembolism an important strat-
egy in patient care for prevention of strokes in this popula-
tion. Wilhelm C. R., et al., in an article entitled
“Measurement of hemostatic indexes in conjunction with
transcranial Doppler sonography in patients with ventricular
assist devices,” published in Stroke vol. 30, pp. 2554-2561
(1999), have demonstrated that microembolic signals iden-
tified using transcranial Doppler are related to increased
hemostatic activity in patients with ventricular assist
devices. Ventricular assist devices of different designs are
now in clinical use. Left ventricular assist device (Novacor
Left Ventricular Assist System—Baxter Healthcare,
Deerfield, I11.) and bi-ventricular assist device (Thoratec®
VAD system) are offered commercially for implantation in
patients. Measures to reduce thrombus formation include the
use of Thoralon®, (Thoratec®) a patented thromboresistant
and biocompatible material with thromboresistant proper-
ties. However, significant microembolic signals still persist.
An evaluation of the thromboembolic events was carried out
in a recent article by Wilhelm C. R., et al., entitled “Mea-
surement of hemostatic indexes in conjunction with transc-
ranial Doppler Sonography in patients with ventricular assist
devices,” published in Stroke vol. 30, pp. 2554-2561
(1999). The authors classified thromboembolic events as
transient ischemic attacks (symptoms resolving within 24
hours) or cerebrovascular accidents (permanent deficit or
symptom duration >24 hours). Thirteen thromboembolic
events, including five cerebrovascular accidents and eight
transient ischemic attacks, were recorded in 12 (44%) of the
27 patients (of which 21 were males and 6 were females).
For all patients, microembolic signals were not observed in
any transcranial Doppler measurements prior to implanta-
tion. Temporally, seven of the events occurred within the
first four weeks after implantation. Of the twelve patients
with Novacor left ventricular assist devices, one half had
microembolic signals detected compared with 100% of the
patients with Thoratec® ventricular assist devices
(p=0.0001 vs Novacor) and 100% of patients with Thor-
atec® BiVADs (p=0.014 vs Novacor). The generation of
thrombin in vivo was related in a highly significant manner
to the presence of microembolic signals showering in
patients with ventricular assist devices. All patients were on
anticoagulation regimen. The results of this study showed
that it would be desirable to have a system that may diagnose
and prevent thromboembolus in patients with ventricular
assist devices. The present invention accomplishes a con-
tinual detection of microembolic signals and provides coun-
termeasures to prevent neurological deficits.

Another clinically related use of the present invention is
in patients with atrial fibrillation. Atrial fibrillation causes
stasis of blood flow in the left atrial appendage, leading to
thrombus formation and embolic stroke. Although, atrial
fibrillation is associated with a six-fold increased risk of
stroke, most patients with atrial fibrillation never suffer
stroke, however, those with increased microembolic signals
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are most likely to suffer strokes. It is therefore desirable to
continually detect microembolic signals and initiate coun-
termeasures to prevent thromboembolus.

Another clinical use of the present invention relates to
patients with carotid artery stenosis. It has been reported that
the frequency of microembolic signals in patients with atrial
fibrillation appears to be lower than that found in carotid
artery stenosis as has been reported by Cullinane M., et al.,
in an article entitled “Asymptomatic embolization in sub-
jects with atrial fibrillation not taking anticoagulants: a
prospective study,” published in Stroke, vol. 29, pp.
1810-1815 (1998). Similarly, patients with aortic arch
atheroma are also expected to have increased microembolic
signals and may benefit from use of the present invention.

A further object of the present invention is its use in
patients with prosthetic heart valves. Prosthetic heart valves
may be associated with formation of thrombus and throm-
boembolism. Thrombus and thromboembolism are known
complications of mechanical heart valves and can result in
serious neurological deficits or death. Certain measures in
the design of new prosthetic valves have been undertaken to
reduce the danger of thromboembolus. Georgiadis D., et al.,
in an article titled “Transcranial Doppler detection of micro-
emboli in prosthetic heart valve patients: dependency upon
valve type,” published in Eur J Cardiothoracic Surg, vol. 10,
pp- 253-258 (1996), described asymptomatic microembolic
signals in patients with prosthetic heart valves. To prevent
these complications a common treatment involves life-long
anticoagulant therapy. However, continuous anticoagulant
therapy itself leads to increased risk of anticoagulant-related
hemorrhage. It is therefore desirable to have timely detection
of the microembolic signals and target the use of the
anticoagulant therapy only when the microembolic signals
occur. This approach is accomplished with the present
invention.

Similarly, prosthetic vascular grafts and stent devices are
becoming more common for clinical applications. Various
rigid stent devices have been utilized to hold and support
bioprosthetic implants, such as heart valves. Similarly,
intracranial stent devices have been described. Theron J. G.,
et al., in an article entitled “Carotid artery stenosis: treatment
with protected balloon angioplasty and stent placement,”
published in Radiology, vol. 201, pp. 627-636 (1996),
described the carotid angioplasty and stent placement as an
alternative to carotid endarterectomy for treatment of carotid
stenosis. Common to all these devices are thromboembolic
complications known to result from turbulent blood flow
through vascular grafts. This has been associated with abrupt
variations in the diameter of the blood vessel lumen, as may
result from improper size matching of the vascular implant
graft. The early detection and remedy of severe thromboem-
bolic complications as a result of vascular implant grafts and
stents are objects of the present invention.

Yet another object of the present invention is to prevent
stroke in high-risk group of patients. For example, a patient
who has suffered a transient ischemic attack is thirteen times
at greater risk of suffering a stroke. This risk further
increases if the patient is elderly, hypertensive, with >70%
carotid stenosis, diabetic, smokes and has coronary heart
disease. Prevention of stroke in this group of patients is
feasible using the device described in this disclosure.

Patients with stroke may benefit from early thrombolytic
therapy within 3 hours of onset of symptoms as described in
the protocol by the National Institute of Neurological Dis-
orders and Stroke rt-PA Stroke Study Group, entitled “Tissue
plasminogen activator for acute ischemic stroke,” published
























