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Skull-Mounted Drug and Pressure Sensor

[01] Related Applications
[02] The present application is related to U.8. Provisional Patent Application,
serial no. 821336448, filed on May 13, 20186, which is incorporated herain by reference

and to which priority is claimed pursuant to 35 USC 118.

[03] Background
[04] Field of the Technology
[05] The invention relates to the field of implantable pumps used in the

treatment of brain cancers and neurological disease. It also relates o a skull-mounted
drug and pressure sensor (S0S) that has a built-in optical sensor {o detect drugs in a

chamber built into a cathster that extends from a skull-mounted body of the S0OS into

the brain.
o6} Description of the Prior Art
[07] An Ommaya reservoir is an infraveniricular catheter system that was

originally invented in 1963 by Ayub K. Ommaya, a Pakistani neurosurgeon and that can
be used for the aspiration of cerebrospinal fiuid or for the delivery of drugs
{e.g.chemotherapy) into the cersbrospinal fluid. 1t consists of a catheter disposed in one
lateral brain ventricle attached to a reservoir implanted under the scalp. It is used {o

treat brain tumors, leukemia/iymphoma or leptomeningeal disease by intrathecal drug
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administration. In the palliative care of terminal cancer, an Ommaya reservoir can be

inserted for intraventricular injection of morphine.

[08] Development of the Ommaya reservoir was a significant breakthrough in
treatment of brain cancer and neuwrological disease when it was introduced, as it
provided a minimally invasive meathod for nawrosurgeons o bypass the blood brain
barrier and deliver drug directly to the brain. However, the major risks associated with
the use of the Ommaya reservoir involves infections and complications due to
malposition or malfunction of the device. In addition, there can be blockage or leakage
of the catheter, which can lead to improper drug delivery and development of lesions
along the catheter. The use of Ommaya to deliver chemaotherapy drugs by a bolus
injection into the brain usually leads to toxic levels of the chemotherapy drug
immaediately following delivery, a short interval of drug concentration within the
therapeutic range followed by long periods of sub-therapeutic drug concentration which
could accelerate the development of drug resistance. 1t is well known that
chemotherapy into the brain ailso can lead {o elevated brain CSF pressure and
hydrocephalus if not addressed. These problems with use of the Ommaya reservaoir for
drug delivery are addressed by the inventions described herein.
[09]

Brief Summary
[10] A first embodiment of the illustrated embodiments is directed to a skull-
mounted drug and pressure sensor (808) electrically connecied to a pump. The SOS
has a wired connection to a pump (called implanted smart pump (ISP} in this

application) and a drug delivery tube contained in multi-umen tubing or catheter
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communicating the SOS with the ISP. The catheter includes a dual lumen tube, The
wired connection enables the SOS to be smaller as the ISP has the battery and most,
but not all, of the electronics for the SOS is iocated inside the ISP,

[11] A second embodiment includes an SOS optical sensor {(no pressure
sensar) conneacted by optical fibers to the pump. The optical sensor is located inside
the metronomic biofeedback pump (MBP) pump casing and the SOS only has the optics
to receive the light signal from the pump, send it through the sensing chamber
containing the cerebro-spinal fluid (CSF) and return the signal to the pump (called a
metronomic biofeedback pump (MBP) in this application) where it will be analyzed. For
additional clarity, the MBP has the LEDs, photodiode, the electronic analysis hardware
and software within the pump case whereas the ISP does not. In the first embaodiment
the LEDs, the photadiodes and electronic analysis hardware are in the SOS and not
contained within the ISP. The SOS contains the necessary optics to bend the light and
connect it to the pump. The MBP contains the LED's light source connected to the fiber
optic cables and the raceiving photo diode {o convert the returning light that has passed
through the CSF into an electrical signal that will be analyzed by the electronics
included in the MBP. The MBP and the SOS are connected by a tri-lumen tube — one is
a drug delivery tube and two fiber optic tubes for sending and receiving light. In this
aembodiment, the pressure sensor is in the pump. The connector between the MBP and
the SOS is tri-laminar tubing. One lumen is for drug delivery fo the SOS drug delivery
port, and two lumens are for the fiber optic cables; one for sending light from the MBP to

the CSF optical chamber and one is for the return light from the chamber back to the
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MBP {o a photodiode and the electronics for calculating the drug concentrations and
other necessary data management actions.

[12] A third embodiment is a stand-alone system that includes the optical and
pressure sensor {(SOS8) as described in the first embodiment connected {0 a power and
communication unit {(PCU). The PCU is not connected {0 a pump but communicates
wirelessly to an external receiver or mobile system monitor, optionally to a pump and o
a clinician programmer. In this embodiment, the SOS is totally "independent” of the
pump. The SOS§ is connected to the power communications unit (PCU) which has a
ventricular access port for optional drug delivery to the brain or sampling C8F. The
PCU has the battery, and wireless low power Biuetooth electronics for communicating
with the outside world. It also has, optionally, additional computational electronics for
managing data and data storage. The SO has the optical sending and receiving and
glectronics necessary 10 measure the drug in CSF and communicate that information to
the PCU. The information is sent optionally directly to the pump and non-opticnally to a
mobile system monitor and the clinician programmer. These external devices can
optionally communicate with any internal pumps or other implanted devices, but there is
no drug delivery catheter or other connection with another device or ability to “close the
loop™.

[13] A fourth embodiment is directed to a stand-alone skull-mounted pressure
sensor {SPS} with a ventricular access port for measuring CSF pressure and drug
delivery and providing for electronic communication with the clinical programmer and
maobile system monitor.  This skull-mounted pressure sensor (SPS) with ventricular

aceess is a less complex SOS. This SPS differs from the SOS in that the separate
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optical sensor components are removed and i contains a battery, appropriate
electronics and a low power Bluetooth communication system to communicate
measured brain CSF pressure to an external device. The ventricular access port (VAP)
then can be used 1o relieve the CSF over-pressure by withdrawing CSF fluid. i can
also deliver drugs through the VAP to the brain via the Huid pathway on the ventricular
catheter. The SPS has a catheter stem {ventricular catheter) that is placed into the
ventricle to measure CSF pressure and has fluidic communication with the VAP
chamber and from the VAP chamber to the pressure sensor. it s also optionally fitted in
subembodiments with a catheter fitted with a valve assembly to deliver C8F fluid to the
peritoneal cavity in cases of significant brain over pressure such as in hydrocephailus.
[14] The SOS provides the ability to measure the concentration of a drug in the
cerabra-spinal fluid (CSF) at the site of delivery and communicate the data to an
external device or 1o the pump. This significant enhancement over existing Ommaya
reservoir technology allows the physician to monitor drug diffusion away from the
delivery site, thereby verifying CSF patency and proper placement of the ventricularly
placed sensor and drug delivery catheter. The 808 also does not have a reservoir for
holding CSF fluld or provide access to CSF fluid via a port as an Ommaya port does
unless it is the third embodiment above that is connected to the PCU or the 8PS in the
fourth embodiment above.

18] The sysiems are implanted in between the scalp and the skull with the
catheter inseried into the ventricles of the brain. The skull mounted embodiments have
a low enough profile not to erupt through the skin when placed on the skull and below

the skin or to be uncomfortable (for example: to lay one's head on a pillow) or cause
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significant skin erosion. In some embodiments where the vertical height is too large (>
3 mm) a bone “hed” is carved into the skull of sufficient depth to counter sink the device
not to exceed the 3 mm vertical height limit beyond the surface of the skull bone. In
some cases, the vertical height limits can be exceeded where the skin is loose and
there in less likelihood of eruption through the skin. In addition, and optionally, as part
of the deployment of the device, when the height of the device is too high in some
embodiments {0 be acceptable by carving a depression in the skull bone, a hole can be
dritfed through the skull to enable the profile be lowered sufficiently so the device will not
erupt through the skin.

[16] in third embodiment above a septum on the PCU provides the doctor a
point for direct delivery of drug and collection of CSF samples. The first and second
embodiments above do not have a septum for collecting CSF fluid because the pump is
used to provide the drug and there is a catheter access port in the pumping system
which allows for the collection of CSF as desired. The SQS implantation protocols are
based on existing surgical procedures for Ommaya implantation and for electrical
stimulation devices such as Parkinson's disease stimulators that suppress tremor. Once
implanted, the SOS can be used as a standalone device to deliver drug via pumps in
the first and second embodiments above only or via the injection port in the third and
fourth embodiments above only and measure drug concentration at the site of delivery,
of paired with an implantable drug delivery pump connected to the proximal end of the
delivery catheter. The distal end of the SOS catheter is implanted into the ventricle.
[17] During operation, the device can be run in several modes for data

management: 1) concentration data can be delivered immediately after measurement
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and drug delivery protocols may optionally be altered depending on the information, or
2} it can be setto record a series of measurements over several time points and then
after a delay to wirelessly or by wired connection to the ISP transfer the data where it
can he further processed. in all cases the information will be communicated to the
clinician programmer, the patient management device and to a cloud electronic medical
record (EMR) storage site.

[18] All these S0O8 embodiments optionally have two or more suture anchors
{eyelets or “ears” not illustrated) in the device casing or on the biccompatible coating, #
present, {0 act as locations where the surgeons can suture the device to the skull or

suitable tissue and ligaments 1o prevent movement.

[19] While the apparatus and method has or will be described for the sake of
grammatical fluidity with functional explanations, i is {0 be expressly understood that
the claims, unless expressly formulated under 35 USC 112, are not 1o be construed as
necessarily limited in any way by the construction of "means” or "steps” limitations, but
are to be accorded the full scope of the meaning and equivalents of the definition
provided by the claims under the judicial doctrine of equivalents, and in the case where
the claims are expressly formulated under 35 USC 112 are {0 be accorded full statudory
equivalents under 35 USC 112, The disclosure can be better visualized by turning now

to the following drawings wherein like elements are referenced by like numerals.

Brief Description of the Drawings
[20] Fig. 1 is an exploded perspective view of the SOS and 18P of the first

embodiment.
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213 Fig. 2 is an enlarged upper perspective view of the SOS8 of Fig. 1.

[22] Fig. 3 is an upper perspective view of the SOS of Fig. 2 with the top of the
casing removed {o expose the pressure sensor and electronics disposed therein.

[23] Fig. 4 is an upper perspective view of the S0OS8 of Fig. 3 with the LED chip
shown in exploded view {0 illustrate the fiber optic ports located below the LED chip,
[24] Fig. 5 is a lower perspective view of the SOS of Fig. 4 with the LED chip
shown in exploded view.

[25] Fig. 6a is a side cross sectional view of the assembled SO8 of Figs. 1 -5
as seen through section lines 6B-6B of Fig. 6b.

[26] Fig. 6b is a top plan view of the SOS8 of Fig. 1 with the top of the casing in
place illustrating section lines 6B-6B.

(27} Fig. 7a is a side cross sectional view of the assembled SOS of Figs. 1 -5
as seen through section lines 7A-7A if Fig. 7b, which are perpendicular to section lines
6B-6B of Fig. 8b.

[28] Fig. 7b is a top plan view of the S80S of Fig. 1 with the top of the casing in

place illustrating section lines 7A-7A.

[29] Fig. 8 is a diagram of the main functional elements in the SO§ and ISP of
Figs. 1~7.
[30] Fig. 9 is a diagram of the main functional elements in the second

embodiment of the SOS and MBP.
(311 Fig. 10 is an exploded perspective view of the SOS and MBP of the

second embodiment.
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[32] Fig. 11 is an exploded perspective view of the SOS and PCU of the third
embodiment.
[33] Fig. 12 is an enlarged perspective view of the PCU of Fig. 11 shown

connacted to its multifumen tubing and electrical connector.

[34] Fig. 13 is an enlarged perspective view of the PCU of Fig. 12 shown with
the top cover removed to illustrate the baltery, electronics and ventricular access port
included therein,

[35] Fig. 14 is a diagram of the main functional elements in the third
embodiment of the SOS and PCU of Figs. 11 -13.

[36] Fig. 15 is a perspective view of the stand-alone skull-mounted pressure
sansor {SPS) with a ventricular access port of the forth embodiment.

(37} Fig. 16 is a perspective view of the stand-alone skull-mounted pressure
sensor {SPS) of Fig. 15 with the top cover removed o show the pressure sensor,
ventricular access port (VAP), battery and electronics therein.

[38] Fig. 17a is a side cross sectional view of the stand-alone skull-mounted
pressure sensor {(SPS) of Fig. 15 as seen through section lines 17C-17C of Fig. 17b.
[39] Fig. 17b is a top plan view of stand-alone skull-mounted pressure sensor
{SPS} of Fig. 15 with the top of the casing in place illustrated section lines 17C-17C.
[40] Fig. 18 is a perspective view of a sub-embaodiment of fourth embaodiment
with the top cover removed that enables the optional drainage of CSF through a
magnetically adjustable valve {a leak) to relieve high CSF pressure and reduce the

potential of developing hydrocephalus.
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f41} Fig. 19 is a perspective view of the sub-embodiment of Fig. 18 connected
to a magnetic valve and peritoneal catheter tip.

[42] The disclosure and its various embuodiments can now be better
understood by turning to the following detailed description of the preferred embodiments
which are presented as llustrated examples of the embodiments defined in the claims.
i is expressly understood that the embodiments as defined by the claims may be

broader than the illustrated embodiments described balow.

Detailed Description of the Preferred Four Embodiments
[43] Fig. 1 illustrates perspective view of the ISP 1, the SOS 3, a ventricular
catheter 10 for insertion into the brain and a dual lumen drug supply catheter 2 which
connects the pump 1 to the SO8 3. The dual lumen catheter includes one lumen 4 for
drug delivery and a second lumen 5 for the wires necessary for bidirectional
communication between the SOS 3 and the pump 1. The drug delivery catheter lumen 4
connects to the SOS8 through port 7 and the electronics wires 5 connect via pass
through port 6 as iflustrated m Fig. 2. A drug or multiple drugs will be provided through
catheter iumen 4 coming from an implantable pump 1 or an external pump (not shown)
through a pump reservoir (not shown), or through the ventricular access port 30 in the
fourth embodiment in Figs. 15418, and thence via ventricular catheter 10 into the
ventricte emanating from the drug delivery port 8 The CSF/drug sensing chamber 21
shown in Fig. 8 is in fluid communication with the CSF via holes 9 in Fig. 2. These holes
9 allow drug containing CSF to enter the chamber 21 and be analyzed by the optical

sensor as described below.

10
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[44] Fig. 3 is a cut away perspective drawing of the SOS 3 with the top cover
removed showing the pressure sensor 12 which measures CSF pressure and also
confirms that there is no leak’s or obstruction in the catheter or leakage in key
connactions. The electronics board 11's and the optical sensor 13's location and LED
breadboard 14 for the SOS are also illustrated in Figs. 3 and 4. Fig. 4 provides a less
obsiructed view of the optical sensor where the LED breadboard 14 has been removed
to show the LED origination fiber 16 and the reflected light returning optical fiber 15. A
perspective bottom view of the LED breadboard 14 1s shown in Fig. 5 illustrating the
source for the LED sending unit 17 and pholodiode receiving unit 18. Fig. 5 also
iflustrates the silicone skull seat 19 which provides a biccompatible coating to the
bottom of the SOS and a strain relief seat 20 which provides extra support for the
ventricular catheter 10 extending from the SOS.

[45] Fig. Sa is a perpendicular side cross sectional view taken through section
lines GB-6B of Fig. 6b showing a more detailed view of the device and especially
lustrating the fiber optic pathway. The source LED 16 is attached fo the proximal end
of the sending fiber optic fiber 38 which goes through to the fens 41 which then
transmits the light through the sensing chamber 21 to the distal reflective mirror 42, The
light beam then transverses the sensing chamber 21 again essentially doubling the path
length of the sensing distance o the fens 41 and then back up through the receiving
fiber optic 40 to the receiving photodiode 15, The bullet tip 43 covers the end of the
sensing chamber 21 and the reflective mirror 42 and allows for a minimally destructive
penetration of brain tissue on insertion of the veniricular catheter 10. The sensing

chamber 21 has holes 8 cut through its walls to allow for free diffusion of CSF fluid

11
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containing drug into and out of the sensing chamber 21. The electronics board and
components 11 are placed at the bottom of the hermetically sealed SOS device and
leave room for the pressure sensor 12 which ig in fluld communication with the
ventricular cathster 10 and the sensing chamber 21.

[46] Fig. 7a is a perpendicular side cross sectional view as seen through
section lines 7A-7A of Fig. 7b to illustrate a more detailed cross section of the SOS and
ventricular catheter 10 highlighting the drug-delivery pathway through the SOS and the
ventricular catheter 10 and the pressure sensor 12 in fluidic communication with the
ventricular catheter 10. The drug delivered from the ISP 1 through the catheler 2 enters
the 808 3 through the fluid access port 7 via catheter tube 4 and through internal tubing
22, through the drug-delivery connector 23 down the ventricular catheter 10 to the drug
delivery port 8. The drug-delivery channel is separated from the sensing chamber 21 to
enable drug mixing in the ventricle before it diffuses into the sensing chamber 21 for
drug optical sensing {light absorption by drug in the CSF) and the concentration
calculation by the electronics 11 (in SOS and {SP).

[47] Fig. 8 is a block diagram of the power, communication and fluid systems
for the ISP 1, catheter system and the S0S8 in the first embodiment. The ISP 1 and
SOS 3 illustrated here have distinct functions. The SOS 3 is designed to provide the
sssential functions for optical sensing and capturing the sensed information. i also
houses the drug-delivery channel 22. The ISP 1 is the source of the drug, the wireless
communication system, the drug pump, the power, the main computing and analysis
electronics and the software. The diagram labels the main componenis of the ISP 1,

the catheter 2, ventricular catheter 10 and the SOS 3. The wired connector in catheter

12
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2 I8 connected to the electrical connector tips 4 in Fig. 1 on each end the fluid path in
catheter 2 Hustrated with a white line.  The clear line is the drug delivery lumen 4 which
is connected to the ISP and through connector 7 to the SO8 3. The dotted lines around
the ISP 1 and SOS 3 illustrate the perimeler of each device. ISP 1 includes a batlery 54
coupled to the electrical components within ISP 1 and to the 808 3 via the catheter 2.
Power and analog circuitry 50 is coupled to battery 54 to supply the various systems of
ISP 1 and SO8 3 with appropriately conditioned power and control signals consistent
with conventional design principles. Microcontroller 68 turns on and off the SOS8
electronics 10 make measurements, interprets the measurements, converts them into
physical units and communicates this information to the ISP 1. Al the drug-delivery
controls, data logs, alarms and utilization of data is dong by the ISP electronics. A
microconiroller and Bluetooth low energy (BLE) radio 52 coupled to antenna 31
provides bidirectional control, data and communication signals to and from ISP 1 and
SOS 3 and other outputs from the SOS 3 and the power and analog circuitry. The
Bluetooth communication 52 will also be in contact with the physician programmer and
the mobile system monitor (nof illustrated} {o enable external monitoring of the pump
and SOS function and health, Drugs are stored within reservoir 60 which is coupled to
and monitored by pressure sensor and valve 62. The pressure sensor 62 is focated at
the refill inlet and can detect if the reservoir 80 is over pressured on filling the reservoir
60. The pressure sensor 82 18 also used 1o monitor volume in the reservoir 60 and
calculate the amount of drug being deliverad and if the delivery is accurate during the
refill procedures. Pump 56 is communicated to reservoir 60 and has an output pressure

sensor 58 for monitoring the pressure supplied to catheter 2. Qutlet prassure sensor 58

13
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will be used {0 determine if there is a clog in the catheter and correct delivery volume or
pressure changes. Drugs are delivered from catheter 2 to SOS pressure and
temperature sensor 84, through which the drugs are delivered to catheter 10. Sensor
64 is used in conjunclion with pressure sensor 58 {o determine if there is an occlusion in
the pump catheter or the ventricular catheter 10. Both pressure sensors 58 and 64
together will be used to determine if there is g leak in the pump catheler. Pressure
gensor 64 will also be used to measure intercranial pressure (ICP) and trip an alarm to
tell the physician if & excesds a pressure level set by the physician, Brain over-pressure
can be a dangerous situation and lead to hydrocephalus. LED bundie 70 and
photodetector 72 are coupled to sending optical fiber 39 and receiving optical fiber 40
raspectively. LED bundle 70 is powered and controtied by control and analog cireuit 66.
Photodetector ¥2 provides an oulput signal to control and analog circuit 66, which
digitizes it and provides it to microcontroller 68, Communication and data signals are
bidirectionally supplied to communication line 76 and provided from and {o
micraconiroller and the Bluetooth communication chip and BLE radio 52 via the catheter
wires in catheter lumen 5.

[48] Fig. 9 is a block diagram of the fiber optic pathways, communication and
fluid systems for the MBP 24, tri-lumen catheter system 25 and the skull-mounted
ventricular catheter fixture 28 in the second embodiment above. The diagram labels the
main componants of the MBP 24, the cathster 25 and the ventricular catheter fixture 26.
The MBP 24 and ventricular catheter fixture 26 fllustrated here have distinct functions.
The ventricular catheter fixture 26 is a minimal housing {o provide the oplical fibers 27

and 28 a conduit from the optical sensar 78 in the MBP 24 through catheter 2 to the

14
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sensing chamber 21 and o house the drug delivery catheter 22 to port 8 in the ventricle,
The MBP 24 is the source of the drug, the wireless communication system 52, the drug
pump 56, the battery power source 52, the optical sensor 18 and LED bundie 17 the
main computing and analysis slectronics 50 and the software. The advaniage of the
second embodiment is thal the size of the veniricular catheter fidure 26 is significantly
reduced. The MBP 24 is necessarily more complex and larger but there will be
sufficient room for this change in size at the implantation site. For clarity, the fluid path
4 is connected to the MBP 24 and fidure 26 via the fluid conneclor 7 in the white line.
The fiber optic cables (bolded, dark black lines) for fiber optic sending lead 28 and the
fiber optic cable for receiving lead 27 is connected to the ports {Unlabeled) on the MBP
24 and fixture 28 respectively. In the second embodiment, the fixture 26 does not
collect the data from the optical sensor but rather sends it back directly to the MBP 24
which contains the optical sensor circuitry 78 and the necessary electronics {o calculate
the drug concentration and process, store and communicate the data. In addition, the
pressure sensor system 62, 58 is housed within the MBP 24 and not in the fixture 26
where the fluid path is short. This enables the ventricular fixture 26 to be quite simple
and physically small as it will not contain any electronics, the LEDs, or photo diode. In
the second embodiment, the fixture 26 is simply a conduit for the drug-delivery catheter
25 and the optical fibers 27, 28 and a fixture to hold them in the proper place with
respect {o ventricular catheter 10. The main sensing and data management and
calculation duties are entirely conducted within the MBP 24,

[49] Fig. 10 is a perspective view of MBP 24, catheler assembly 25 and the

skull-maounted ventricular catheter fixture 26. The catheter assembly 25 is a tri-lumen

15
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tube containing the drug delivery lumen 4, and the sending fiber optic 28 and the
receiving fiber optic 27.

[50] Fig. 11 is a perspective view for third embodiment above which is a
“stand-alone” system that consist of SOS 3 and the dual lumen catheter 2 connected o
a power and communication unit (PCU) 29 which enables the SOS 3 to operate without
connection to the ISP 1. The PCU will enable the S0OS sensor to be independent by
providing power, electronics and communication capabiliies. Optionally the SOS 3
could also be used as an independent sensor and work through external communication
with other properly designed drug-delivery systems. In the third embodiment, the PCU
29 provides the power, electronic data collection, management, calculations and
wirgless communication that will enable external communications with the clinician
programmer, patient mobile system monitor (not shown), cloud-based EMR storage
database and optionally the ISP 1 to close a data feedback loop based on the drug and
pressure information received from the SO8 3. Fig. 11 shows the PCU 29 contains a
self-healing septum covering the ventricular access port 30 that communicates through
drug delivery lumen 4 of catheter 2 to the 808 3 and delivers drug through the drug
delivery port 8 using an external syringe or external pump comnected through the skin
and into the ventricular access port 30. it should be pointed out another intended use of
the ventricular access port 30 is to withdraw CSF fluid should there be brain high
prassure {potential hydrocephalus) or if the doctor wishes {o analyze CSF directly from
the patient. A wired connection from the SOS 3 goes through connector 6 to wire 5 {0
the PCU 29 and provides the power needed to operate the SOS electronics, LEDs,

photo diode and other necessary functions in the SOS 3 as well as the PCU 28 power
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requirements. The S08 3 and catheter 2 in first and third embodiments are the samea.
The differences between these two embodiments is that the power and communications
are done in the ISP 1 or PCU 29 respectively.

[51] Fig. 12 is a perspective drawing showing the Bluetooth antenna 31 and
the antenna holder 32. Fig. 13 is a perspective drawing of the PCU 29 with the top
cover remaoved to provide more detail about the internal components. The PCU 28
includes a battery 33, veniricular access port 30, the Blustooth communication chip 80
on the electronics board 11 connected to the Bluatooth antenna holder 32 and the
Blustoath antenna 31.

[52] Fig. 14 is a block diagram of the power, communication and fluid systems
for the PCU 29, catheter system 2 and the S0OS 3 in third embodiment. The diagram
labels the main components of the PCU 28, the catheter 2 and the SOS 3. For clarity,
the wired connector is in a black bold line in catheter 2 and is connected to the electrical
connector tip 4 on each end the fluid path is illustrated with a white line. The dotted
lines around the PCU 28 and SOS 3 illustrate the perimeter of sach device. As inthe
prior embodiments, PCU 29 includes a battery 54, power and analog circuitry 50,
microcontroller and BLE radios 52, and antenna 31. VAP 30 is included in PCU 28 and
the components of PCU 29 are communicated to SOS 3 through catheter 2. SOS 3
includes pressure sensor 58 communicated to ventricular catheter 10. LED 70,
photodiode 72, control and analog circuitry 86 and microcontroller 68 as in the prior
embaodiments are included in SOS 3. The SOS 3 in first and third embodiments are the

same.
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[53] Under certain circumstances during chemotherapy brain pressure builds
up and if left untreated can become a serious medical concem and if not returmned to
normat will result in hydrocephalus. The fourth embodiment addresses this using a
smart device that measures brain pressure and temperature and communicates it to a
clinician programmer and a mobile system monitor. Medical personnel so informed can
then take appropriate action. The skull-mounted pressure sensor {SPS) 43 also
contains a ventricular access port 30 o enable the removal of CSF fluid, measure drug
in CSF or deliver drugs into the ventricle. Fig. 15 is a perspective drawing of the stand-
alone skull-mounted pressure sensor (SPS) 43 of the fourth embodiment llustrating the
VAP 30, the ventricular catheter 34 that is in fluid communication with the CSF access
ports 35, the pressure/temperature sensor 12 and the VAP 30 shown in Fig. 16. The
fourth embodiment does not contain optical sensors as is primary function is to
determine CSF pressure and temperature and not to calculate drug concentration in
CSF. 1t does contain the VAP 30 to provide the medical personnel convenient options
should brain pressurse be found to be elevated.

[54] Fig. 16 is a cut-away drawing of the SPS 43 with the top removed to show
the main components on the skull-mounted portion. The 8PS 43 has a battery 33 1o
power the electronics board 11, a pressure sensor 12 in fluid communication with the
VAP 30 and the ventricular catheter 34, Fig. 17a is a side ¢ross sectional view of the
SPS 43 as seen through section lines 17C-17C of Fig. 17b. Fig. 17a illustrates in more
detail the fluid pathway from the pressure sensor 12 through the VAP chamber 36 to the
ventricular catheter 34 via a fluid path 37 in VAP catheater 34, through VAP septum 39,

VAP chamber 38, the CSF chamber 38, the CSF access ports 35. The CSF access
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port 35 enables fluid communication between the C8F chamber 38 and the CSF in the
ventricle.

[55] The SPS 43 may optionally have a connector 3%a from the VAP 30 to the
exterior of the SPS 43 which may be capped to pravent leakage from the VAP 30 as
shown in Fig. 18 The connector 39a is in fluid communication with the VAP 30, the
pressure sensor 12 and the brain catheter 34, The cap on the connector prevents
leakage from the CSF until it is removed. The cap on the connector 38a can be
opticnally removed and connected to a variety of catheter options depending on the
medical indication. Optionally and most preferred when needed to reduce brain
pressure, connector 39a may be uncapped and connected o a catheter assembly 40
that has sufficient length to drain into the peritoneal cavity as shown in Fig. 18. The
catheter assembly 40 is oplionally fitted with a valve 41 that can be magnetically
adjusted 1o enable a prescribed CSF {eak rate to enable brain pressure reduction.
Other kinds of valves can also be employed such as passive flap valves designed {o
leak at certain pressuras and mechanical valves that can be adjusted through the skin.
The tip of the catheter 42 is placed in the peritoneal cavily to enable the leaked CSF to
drain into the peritoneal cavity and relieve excess brain pressura. In this configuration,
the PSP 43 acts like a hydrocephalus shunt.

[56] Measurement of drug concentration in a sample is based on the
relationship described by the Beer-Lambert equation, which states that the attenuation
of a light source when passed through a sample solution is related to the concentration
of material present in the solution. In the SOS 3 of the first embodiment Figs. 1-8,

multiple LED sources are used that emit at specific frequencies in the UVIVIS range.
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These frequencies are chosen to maximize sensitivity, as drugs strongly absorb in the
selected LED emission range. In total and for this example, the system contains four
LED’s of drug specific light frequencies. The system could have fewer or more LEDs
depending on the complexity of the desired analysis. This gives the system flexibility to
be modified according {0 the needs to measure a specific drug or a group of drugs or
naturat components found in the CSF. This optical analysis system could be used in
other locations in the body where there is an extraceliular fluid for which the
concentration of a fluid component {for example a drug, protein, hormone, etc.) is {o be
measured. This UV/VIS light is transmilted as shown in Fig. 6 via a fiber-optic 38 to the
CSF chamber 21 at the end of the brain catheter 10 segment. This chamber 21 includes
a perforated wall 8 to allow CSF fluid to freely move in and out of the chamber 21, while
praventing any brain fissues that could obstruct the light path from entering.

[571 From the end of the transmitting fiber-optic 38, the UV/NVIS light will pass
through a lens 41, pass through the CSF in chamber 21, be reflected back from mirror
42 through the sensing chamber 21, through the lens 41 and returned by fiber optic
cable 4G 1o the receiving photo diode (sensar) 15, The mirror 42 is a double 80 °
reflection of a conical mirror. The fiber optic cable 40 will carry the returned UVAVIS
light to a UVAVIS light sensor 15, Here, the light intensity will be converted o an
slectrical signal proportional with the UVAVIS light intensity. The analog signal will then
be amplified, filtered and converted to a digital format by the onboard electronics,
generally denoted by reference numeral 11 best shown in Fig. 3.

[58] in the first embodiment, the SOS only communicates through wires to the

ISP 1 via catheter 2 and the onboard elaectronics is o manage LEDs, the data collection
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and storage from the sensor and a variety of housekeeping duties. Fig. 2 illustrates the
S0OS's connector fittings for the catheter wires 6 and the drug delivery connector 7.

[59] The embedded micro-controller and Bluetooth controller 52 in the third
embodiment provide the bidirectional data communication, data measurement schedule
and data storage. The internal button lithium battery 54 provides the necessary
operating power. To conserve energy, the electronics hardware 50, 52 will spend the
majority of the time in "sleep mode”.

[60] Since the absorption spectra of most drugs features at least one
prominent peak, the UVVIS LEDs frequencies can be selected to cover optionally one
or more leading edges of selected peaks one or more major peak maxima, optionally
one or more trailing peak edges and a neutral reference — where absorption does not
change with drug concentration — over the drug specific frequencies range.

[61] The optical sensor has one or more LEDs depending on the requirements
of a predetermined analysis complexity. For more flexibility and for general applications
the number of LEDs can be increased o cover a wider range of wavelengths and
sensitivities. For the curent devices illustrated but not limited {o these examples the
optimum number of LEDs was settled on four to three for absorption measurement and
one as a calibration and reference LED. The optical sensor can be customized to
measure any oplical absorption profile and for any wavelength for which LEDs are
available. This makes the optical sensor a remarkably flexible, implaniable drug sensor
with a very wide range of polential measurement applications. When a measurement is
made, each LED is turned on individually (in sequence) one at atime and a

measurement i1s made. The peak LED measuremeant will be usad to calculate the

21



WO 2017/197374 PCT/US2017/032570

absorption and consequently the drug concentration. The leading and trailing LEDs will
provide the drug specificity measurement. The reference LED will measure the baseline
value, which is made possible by selecting a frequency that is not absorbed by the drug
and the selected fluid. Inside the LED package 70 there s a photo-diode 72, This
photo-sensor measures the package window reflected light which is used as the
feedback signal to an optional constant light closed loop circuit included in electronics.
This optional constant light reguiation minimizes the LED chip amplitude drift and allows
for a relative fast measurement cycle. The LED low power and fast measurements
eliminates any UV/VIS effect on the CSF or other fluid and increases the battery
operating time.

e The pressure sensor has three main uses. The pressureftemperature
sensor in the first and second embodiments will optionally monitor the system for leaks
in the drug delivery catheter, clogged catheter and CSF pressure and temperature.
CSF pressure is sometimes elevated during cancer chemotherapy to the brainand it is
an impaortant added featurs to inform medical personnel when it is elevated. In the third
gmbodiment where there is a PCU it will not be necessary to monitor for a leak and in
this embodiment the pressure/temperature sensor will be absent. In the fourth
embodiment, the PSP, the pressureftemperature sensor will monitor CSF pressure only
as thera is no pumping drug delivery pathway only a ventricular access port for optionat
drug delivery or CSF sampling.

[63] The SOS 3 can be used in the following cancer applications:
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[64]

[65]

Intrathecal therapy where it's important to monitor the local drug concentration at
the site where the drug is delivered {applies to all forms of cancer that have
spread to the brain) where CSF flow has been verified.
For use in the cavum septum peliucidum {CSP) because measuwrements of the
concentration of chemotherapeutic agent by the SOS 3 can verify CSF patency
{normal CSF flow} basaed on the fact that drug concantrations would gst to be too
high.

Risks assaociated with current SOS reservorr design include:
The most common risks associated with the use of the SOS reservoir primarily
deal with compilications due to malposition or malfunction of the device. Either
condition may result in blockage or leakage of the catheter 10, leading o
improper drug delivery.
Lesions may develop along the catheter 10, infection may develop, and
chemotherapy may reach toxic levels.
In cancer patients schaduled for surgical intervention, who have previously
received chemotherapy via an Ommaya or SOS reservoir, there is some
evidence of increased perioperative {betweaen admission and discharge from
haspital) morbidity due to a diseased condition existing at the time of surgery with
Ommaya reservoirs.

There are several additional embodiments of this invention and the

extensions of these modified embodiments. For example, the apparatus could be made

without a drug delivery cannula from the ISP 1 or catheter 2 built into the S0S as

described in the third embodiment. Then the optical sensor would stil operate but only
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measure internal CSF fluids or drugs in C8F fluids administered separately through an
external cannula or via a systemic route that gets to the brain via the circulation system.
This embodiment would still have a cannula from the PCU's VAP 30 for adding drugs
via an external pump or syringe from the VAP 30 or for withdrawing fluids from the C8F.
The opportunities for utility go well beyond cancer as this could be delivering drugs or
monitoring drugs for Parkinson's Disease, epilepsy, bipolar disease, Alzheimer's
Disease, schizophrenia and depression where patient compliance is an issue and other
CNS and neurcdegenerative dissases.

{66} The metronomic biofeedback pump 24 (MBP or ISP) is a fully implantable
smart infusion device (ISP 1 or implanted smart pump), designed to locally deliver
chemotherapies or medication over time to a target site.  Then this would make the
pump purely a single pump system.

[67] Many alterations and modifications may be made by those having ordinary
skill in the art without departing from the spirit and scope of the embodiments.
Therefore, it must be understood that the illustrated embodiment has been set forth only
for the purposes of example and that it should not be taken as limiting the embodiments

as defined by the following embodiments and its various embodiments,

[68] in the Hlustrated embodiments only drug delivery into the brain ventricle is
disclosed. With a different catheter designs drugs could be delivered into any tissue in
the brain, elsewhere in the body or into a solid tumor where the optical chamber 211
would optionally be omitted. Delivery of drugs into any area of the brain is expressly
contemplated as within the scope of the invention, namely for various noncancerous

diseases such as Parkinson’s Disease, depression, epilepsy, schizophrenia bipolar
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disease, neurodegenerative diseases by regular or more importantly by convection
enhanced delivery (CED). CED is a therapeutic strategy that was developed to facilitate
minimally invasive surgical exposure of the brain, followed by placement of small
diameter catheters directly into the brain tumor. Subsequently, infusion of therapeutics
into the twmor occurs over several hours 1o saturate the target tissue. As this approach
effectively bypasses the blood-brain-barrier, it allows for delivery of macromolecular
drugs that would not normally enter the brain to effectively reach high concenirations
within brain fumaor tissue. In order to reach similar concentrations as those achieved
with CED, systemically administered conventional chemotherapeutic agents would need
to be given at doses that would result in significant toxicity. Thus, an additional benefit
of CED is that i simultaneously limits exposure of the remainder of the body to the
therapeutic agent and thus minimizes systemic drug- related adverse effects. CED is
an important delivery method for brain and tissue delivery. In general for CED only the

catheter lip disclosed above would need to be changed.

[69] Therefore, it must be understood that the illustrated embodiment has been
set forth only for the purposes of example and that it should not be taken as limiing the
embodiments as defined by the following claims. For exampie, notwithstanding the fact
that the elements of a claim are set forth below in a certain combination, it must be
expressly understood that the embodiments includes other combinations of fewer, more
or different elements, which are disclosed in above even when not inttially claimed in
such combinations. A teaching that two elements are combined in a claimed

combination is further to be understood as also allowing for a claimed combination in
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which the two elements are not combined with each other, but may be used alone or
combined in other combinations. The excigion of any disclosed element of the
embodiments is explicitly contemplated as within the scope of the embodiments.

[70] The words used in this specification to describe the various embodiments
are {0 be understood not only in the sense of their commonly defined meanings, but to
include by special definition in this specification structure, material or acts beyond the
scope of the commonly defined meanings. Thus, if an element can be understood in
the context of this specification as including more than one meaning, then its use in a
claim must be understood as being generic to all possible meanings supported by the
specification and by the word itself.

[71] The definitions of the words or elements of the following claims are,
therefore, defined in this specification to include not only the combination of elements
which are literally set forth, but all equivalent structure, material or acts for performing
substantially the same function in substaniially the same way to obtain substantially the
same result. In this sense it is therefore contemplated that an equivalent substitution of
twao or more elements may be made for any one of the elements in the claims below or
that a single element may be substituted for two or more elements in a claim. Although
elements may be described above as acting in certain combinations and even initially
claimed as such, it is to be expressly understood that one or more elements from a
claimed combination can in some cases be excised from the combination and that the
claimed combinalion may be directed to a sub-combination or variation of a sub-

combination.
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[72] insubstantial changes from the claimed subject matter as viewed by a
person with ordinary skill in the art, now known or {ater devised, are expressly
contemplated as being equivalently within the scope of the claims. Therefore, obvious
substitutions now or later known to one with ordinary skill in the art are defined {0 be
within the scope of the defined elements.

(73] The claims are thus e be understood to include what is specifically
Hustrated and described above, what is conceptionally equivalent, what can be
ocbviously substituted and also what essentially incorporates the essential idea of the

embodiments.
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We claim:
1. An apparatus comprising:

an implantable skull-mounted drug and pressure sensor (SOS);

an implantable smart pump (ISP} electrically coupled to the SOS;

a drug delivery and communications catheter communicating the SQS
with the ISP,

where the ISP includes a drug reservoir, a pump communicated to the
drug reservoir, a first pressure sensor coupled to the pump, and a first microcontrolier
subsgystem for controlling the pump and bidirectionally communicating with the first
pressure sensor and pump, and

where the S0S includes an optical ventricular catheter with a C8F
accessible optical chamber and drug delivery port, an LED bundie and photodetector
coupled o the optical ventricular catheter and a second microcontroller subsystem for

controlling the LED bundle and photodetector.

2. The apparatus of claim 1 where the first microcontrolier subsystem for
controliing the pump and bidirectionally communicating with the first pressure sensor
and pump comprises:

a first microcontroller;

a Bluetooth radio coupled to the first microcontroller;

an antenna coupled to the Bluetooth radio;

a power and analog circuit coupled to the first microcontroller and

Bluetooth radic; and
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a power source coupled to the pump, to the Bluetooth radio, and to the

first pressure sensor.

3. The apparatus of claim 1 where the second microcontroller subsystem for
controfling the LED bundle and photodetector comprises:

a second microcontroller; and

a contral and analog circuit coupled to the second microcontroller and

LED bundie and photodetsctor.

4. The apparatus of claim 3 further comprising a pressure and temperature
sensor coupled between the optical ventricular catheter and drug delivery and

communications catheter.

5. The apparatus of claim 1 further comprising a second pressure sansor
coupled to the reservoir and communicated to the first microcontroller subsystem, the

second pressure sensor including a selectively operated valve.

6. Arn apparatus comprising:
an implantable skull-mounted drug and pressure sensar (SOS);
a metronomic biofeedback pump (MBP) slectrically coupled to the SQOS;
a drug delivery and communications catheter having a sending and

receiving optical fiber communicating the SOS with the MBP,
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where the SOS includes an optical ventricular catheter with a drug delivery
port and a CSF accessible optical chamber communicated with the sending and
receiving optical fibers included in the drug delivery and communications catheter, and

where the MBP includes a drug reservoir, a pump communicated to the
drug reservoir, a first pressure sensor coupled 1o the pump, an optical source and
sensor circuit coupled to the sending and receiving optical fibers, and a microcontroller
subsystem for controliing the pump and bidirectionally communicating with the first

pressure sensor and pump and the optical source and sensor circuit.

=4

The apparatus of claim 6 where the microcontrolier subsystem for
controlling the pump and bidirectionally communicating with the first pressure sensor
and pump Comprises:

a microcontrofier;

a Bluetooth radio coupled to the microcontrolier;

an antenna couplad to the Bluetooth radio;

a power and analog circuif coupled to the optical source and sensor
circuit, microcontrolier and Biuetooth radio; and
a power source coupled to the pump, o the microcontroller, to the

Bluetooth radio, to the optical source and sensor circuit and to the first pressure sensor,

8. The apparatus of claim 6 further comprising a second pressure sensor

coupled o the reservoir and communicated {o the microconiroller subsystem, the

secaond pressure sensor including a selectively aperated valve.
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9. Ar apparatus for use with an exterior source of a drug and an exterior
monitor comprising:

an implantable skull-mounted drug and pressure sensor (SOS);

an impiantable power and communication unit (PCU) electrically coupled
to the SOS;

a drug delivery and communications catheter for communicating the SOS
with the PCU and for communicating the extenor source of the drug to the SOS,

where the PCU includes a ventricular access port through which a drug
may be provided from the exterior source, and a first microcontroller subsystem for
bidirectionally communicating with the first pressure sensor and the exterior monitor,
and

where the SOS includes an optical ventricular catheter with a CSF
accessible optical chamber and drug delivery port, an LED bundle and photodatector
coupled to the optical ventricular catheter and a second microconirolier subsystem for

controfiing the LED bundle and photodetector.

10. The apparatus of claim 9 where the first microcontrolier subsystem for
bidirectionally communicating comprises:

a first microcontroller;

a Bluetooth radio coupled to the first microcontroller;

an antenna coupled to the Bluetooth radio;

a power and analog circuit coupled to the first microcontroller and

Bluetooth radic; and
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a power source coupled to the Bluetooth radio.

11. The apparatus of claim 9 where the second microcontrolier subsystem for
controlliing the LED bundle and photodetector comprises:

a second microcontroller; and

a control and analog circuit coupled to the second microcontrolier and

LED bundie and photodetector.

12. The apparatus of claim 11 further comprising a pressure sensor coupled

between the optical ventricular catheter and drug delivery and communications catheter.

13. An apparatus for use with an exterior source of a drug and an exterior
monitor comprising:

a ventricular catheter with @ CSF accessible chamber and drug delivery
port; and

an implantable stand-alone skull-mounted drug and pressure sensor
{SPS) comprising:

a vascular access port {(VAP) communicated with the
ventricular catheter through which the drug may be provided from the
exterior source;

a pressure sensor communicated o the optical ventricular

catheter for measuring CSF pressure;
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a microcontroller subsystem for bidirectionally
communicating with the exterior monitor, the microcontroller subsystem
communicated {o the pressure sensor,

a Bluetooth radio communicated to the microcontrolier
subsystem for communicating with the exterior monitor;

an antenna couple to the Bluetooth radio and

a power source coupled to the pressure sensor,

microconiroller subsystem and Bluetooth radio.

14. The apparatus of claim 13 further comprising an over-pressure valve
communicated 1o CSF accessible chamber of the ventricular catheter and a peritoneal

catheter coupled o the over-pressure valve for delivery of excess CSF fluid.

18. A method comprising:

supplying a drug for treatment of a disease {0 a body space via an
implanted catheter and delivery system;

manitoring pressure of fluid in the body space with an implanted pressure
sensor; and

wirelessly communicating the monitored pressure of the fluid {o an

external monitor using an implanted wireless communication subsystem.
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16. The method of claim 15 where supplying a drug for treatment of a disease
to a body space via an implanted catheter and delivery system comprises supplying the

drug from an implanted pumped reservoir of the drug.

17. The method of claim 15 where supplying a drug for treatment of a disease
to a body space via an implanted catheter and delivery system comprises supplying the
drug through an implanted vascular access port (VAP) communicated to the implanted

catheter and delivery system.

18. The method of claim 15 where monitoring pressure of fluid in the body
space with an implanted pressure sensor comprises detecting blockages to or leaks

from the implanted catheter or componants communicated with the cathster.

19. The method of claim 15 where monitoring pressure of fluid in the body
space with an implanted pressure sensor comprises detecting over-pressure of fluid in
the implanted catheter and releasing excess fluid pressure when the over-pressure is

detectied.

20. The method of claim 15 where supplying a drug for treatment of a disease
to a body space via an implanted catheter and delivery system comprises supplying a
drug to a brain ventricle, and monitoring pressure of fluid in the brain ventricle with the

implanted pressure sensor,
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21. The method of claim 15 using an apparatus comprising an implantable
skull-mounted drug and pressure sensor {SOS), an implantable smart pump (ISP)
electrically coupled to the SOS, a drug delivery and communications catheter
communicating the SOS with the ISP, where the ISP includes a drug reservoir, a pump
communicated 1o the drug reservoir, a first pressure sensor coupled to the pump, and a
first microcontrolier subsystem for controlling the pump and bidirectionally
communicating with the first pressure sensor and pump, and where the SOS includes
an optical ventricular catheter with a CSF accessible optical chamber and drug delivery
port, an LED bundie and photodetector coupled to the optical ventricular catheter and a
second microcontroller subsystem for controlling the LED bundle and photodetector,
further comprising operating the ISP and SOS in a closed loop fashion to
detect a leak or a blockage in the drug delivery and communications catheter and to

detect the location of the blockage.
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