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(57) Abstract: The illustrated embodiments of the invention include an MRI compatible apparatus having: a refillable drug reservoir;
a hermetically sealed, implantable chamber; a pump disposed in and hermetically sealed within the hermetically sealed, implantable
chamber and in fluid communication with the drug reservoir; and control electronics disposed in and hermetically sealed within the
hermetically sealed, implantable chamber and electrically communicated to the pump. The refillable drug reservoir, hermetically sealed,
implantable chamber, pump and control electronics are MRI compatible.
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IMPLANTABLE MRI COMPATIBLE DRUG PUMP WITH OVERPRESSURE PROTECTION

{01}  Reluted Applications
fO02] The present application is a continuation-in-part apphication of U.§. sonprovisional application serial no.
16/397 623, filed on Apnit 29, 2019, which 1s mcorporated herein by reference and to which priority is claimed pursuant to

353 LSO 126,

[03] Background
[04] Field of the Invention
fO8] The present invention relates generally o implantable medical devices, and more particularly to an improved,
MRI compatible and hermetically scaled, infusion pump incorporating a piczoclectric pump mechanism for use in local

administration of biological response modifiers and chemotherapeutic agents v tumor fighting.

f08] Description of the Prior Axt

[O71  The underlving hypothesis of using cyvtotoxic drug is that more is better. Thus, a first step in adnuinistrating a
cytotoxic agent is to determme the maximum tolerated dose (MTD). However, when used in traditional treatment modes,
such as chemotherapy, the cytotoxic agents are delivered to the patient in a manuner that allows the ovtotoxie agents to be
distributed systenuealby throughout the body of the patient. Relativelv large doses of the drugs are required since only a
small fraction of the adeinistered dose will be present at the tumor site at any given time. The remainder of the dose will
be m other parts of the body. Morcover, a major problem with conventional chemotherapy is the lack of specificity of the
cancer cell.

f08] The use of large doses of toxic agents ofien leads to serious and debilitating side effects. Moreover, the global
adnnistration of drugs 1s often not compatible with combination therapies where several medicating agents are used
synergistically to freat tumors or other conditions, Thus, the global administeation of medicating agents to treat tumors and
other such medical conditions is an inefficient, often dangerous, technique that often leads to severe or debilstating ude
effects.

f09] The current generation of infusion pumps in market place has four Hmitations. First, they use electromagnetic
pugmp svstems whose operations are sensiive 1o intense magnetic radiation from magnetic resonance mmaging (MR, The
use of MRI s routine for cancer patients, so these pumps are not suitable for cancor paticnts. Sccond, these infusion
pumps have penstattic pamping mochanism that 1s prone to leaking from the flexible tubing. This peristaltic pumping
mechanism cannot be hermetically sealed, leading to corrosion mside the pumps after long ymplantation times. Third,
these pumps do not have wireless conmnumication for monttoring and adjustment of dosage. The delivery rate 1s set

mechanicaliy at the time of mplaptation. Finally, these pumps do not have feedback sensors to monttor the concentration



WO 2020/223126 PCT/US2020/029856

of medication after delivery. The rate of delivery 1 constant and cannot be adjusted based on how well medication is
absorbed at the point of delivery.

{10] However, when the pamp is filled, if the drag reservoir is over pressurized by the filling operation, the unintended
mjection of drugs into the catheter during the filling operation becomes possible. Therefore, some means is needed to

avoid wadvertent spiflage or mjection nfo the catheter or pamp outlet dusing refilling,

[11] Suemmary of Invention
[12] A method and apparatus for local infasion of a variety of medicating agents such as biological response modifiers
{(BRMs} and chemotherapeutic agents is described. In one embodument, this device contains a magnetic resonance {MR)
safc pumping and valve mechanism for use in pationts who need to be m a nagnetic resonance imaging {(MRI) instrument.
[13] In one embodiment, this device is hermetically sealed between drug and non-drug chambers inside the pump, as
well as between the punp and patient body, 1o provent corrosion to punip control mechanisms and clectronics for long-
torm, fall imphatation.
[14] In onc embodiment, an electronic svstem provides accurate regulation of administration of such medicating agents
by using an optical sensor to monitor the concentration of medicating agents in the tumor site.
{15] In one embodiment, a wireless conumunication svstem provides the capability to monitor, track, and adjust the
delivery of medicating agents. This method and apparatus are designed with cancer patients in nund but can be ased for
any form medication that requires local delivery, The operation of the pump is remotely programmmable to adjust the
delivery of medicating agents.
[18] The dlustrated embodiments of the present invention solves the above mentioned problems and other problesms by
providing a system and muothod for dispensing medicating agents, controlling, regalating, and reporting the results of such
agents at the temor site of a patient. One embodiment provides a system where monitoring and reporting of biological
response parameters are maintained in the resident memory of the systom.
[17] Ongc embodiment includes an implantable piezoclectric laver-wise pump and valve for use in local administration
of medicating agents.
[18] I one embodiment, an implantable apparatus is used to assist in improving the art of dispensing medication to
turnors with an offective ase of the agents (BRMs Chemeo, TNF, and others) in a definite dose and timeline to produce
turnor burden clinunation or reduction,
[19] In one embodiment, medicating agents include agents, such as biological response modificrs, enzymes,
therapeutic agents, drogs, chemotherapy agents, and the like.
[20] Onc embodiment is configured to enhance the mechanism of vectoral change of the tumor escape mechanism by
introduacing enough tumor antigen to stimulate the immane system of the patient.
[21]  One embodiment is configured to assist i irrigating a solid tumor by increasing the number of celf adhesion
nwlecules which are used for the adherence of evtotoxic cells to target tumor cells before besis can ensoe, because the

pmabignant cells cannot bind o oviotoxic cells thereby escaping tmmune surveilance. The embodiment 1s also configured
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{0 assist i brrigating a solid tumor by increasing the nuniber of local adounistration of cytotoxic cells by the use of the
apparatus will improve and enhance such a process,

{22] One embodiment is configured to administrate biological response modifiers (BRMs) with an improved dose,
focal debivery and scheduling on a case specific basis using a progranmmable sucrocontrolier and its associated valve
mechanisn.,

[23] Onc embodiment is configured to allow the clinician the ability to prescribe an optimal biological dase (OBD) as
oppased 1o masinum tolerated dose (MTD) using a control mode defined by its prograsamability and s togie, wluch is
embedded in the microcontroller look-ap-tables.

[24] One embodiment is configured to incorporate the pharmacokingtic and pharmacodynamic parameters associated
with chemotherapeoutic agents to achiove the destred results without the toxic side effects known to those familiar with the
art.

[25] One embodiment is configured to modulate and modify the output of the medicating agents during treatment by
changing the procedure in real time wsing a command structure of the microcontrolier look-wgp-tables with the use of a
commanication hink bailt into the apparatus,

[26] Onc embodiment is configured to regulate the rate of dispensation of the medicating agents by modifving the duty
cyele of the pump or valve tocated in the apparatus.

[27]  One embodiment is configured to regulate the intake of the tumor BRMs due to their pleiotropic natare and alfow
for biological processes and mechanisms o develop by selectively reducing or enhancing the various agents in the
medication reservoir, honce providing a troatment specific to the patient {e.g. tumor size, lvsis, ofc. ).
[28] One embodiment is configured to control and regulate capabilities to provide actions specific within a time
domain such as the wiraduction of interforon alpha to tumor site (INF-2), whose immune modulating effects andfor anti-
profiferate effects and dosing can be very different depending on which effect 15 to be maximally stimudated.

{29] One embodiment is configured to provide maximum dosing of chemotherapeutic agents to the tumor site by using
the maximum tolerated doses (MTD) in a thne domain which does not interfere with the activity of BRMs using the
selective control of the piezo actuating mechanismy bwilt in the apparatus.

[30] One emsbodiment is configured to provide the clinician a way to allow the expression of BRMs cascade effects
(e to the commanication of cytokines as messengers with thetr synergistic, additive or antagonistic interactions that
affect the target tumor cells),

[31]  One embodiment is configured to provide scheduling of medicating agents such as chemotherapy and BRMs
based on their toxicity, and to allow for measures such as bioavardability, solubility, concentrabion, and circulation based
on focality, which scheduting, measures and circulation are improved approaches to the climination solid tunors.

f32] One cmbodiment is configured to address the individual difforences of various tumors based on the discase stage,
immune factors, body weight, age and chronobiology throagh the ability of the apparatus to locally admiruster the agents,

dosing and scheduling.
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[33] Onc embodiment is configured to mitigate the known factors such as peak senwm concentration, {(generally
assouiated with peak occurrence of side effects on IFN intravenously mjected, which serves as a typical model) whereby
the pesk concentration of IFN is correlated climically with peak side offects.

[34] One emsbodiment is configured to support clinical studies and to demonstrate that responses to BRMs such as TFN
gamma follow a bell-shaped response curve whereby when the concentration of the drug mereases so does its respornsg,
hence the availability of the apparatus with its local administration of drug delivery affords an improved use of such
PrOCesses.

[38]  One embodiment is configured to provide an effective mode of administrating BRMs with chemotherapy as a
combigation therapy by making available a local administration of different IFNg with IL-2, or IL-2 in combination with
monocional antibodics and fumor necrosis factors {TFNs), and scheduling by using the said invention,

[36] Onc embodiment is configured to enable drug manufacturers to evaluate the effectiveness of its drugs during
animal and chinical studies by providing the details and feedback on the use, dose, cyele, circadian time effects and the
entire pharmacokinetic and phanmacodynamic behavior of medicating agents not as verbal reports of svmptomology
chronickes by the patient but ax a biclogical measure of tamor responses fo the agents.

[37] Onc embodiment is configured to implant the apparatus near the fumor site for effective local delivery of the
medicating agenis.

[38] One embodiment is configered to provide a method and apparatus for local administration of BRMs and
chemotherapeutic agents, to enhance mechanisms that sepport overlapping effects i reducing tamor burden and
climination of tiors. To induce an improved response by using biomodulators {augmenting the patients anti-tumor
response via production of evtokines), decreasing suppressor mechanisms, mcereasing the patient’s npumological
response, Hmiting the foxicity of such agents {by the locality ), maximizing the dose, moemeasing suscephbility of cells
membrane characteristics for improved chemotherapy results af the sile, and decrsasing the tumors ability to metastasize.
[39] The above characteristics are measurable elements as dosing and scheduling improves the effectiveness of
chemotherapy on malignant celis and reduces the exposure of such toxing to normal tissues.

{40] One embodiment provides improved immunomodulation with relatively little immuno-suppression.

[41}] One cmbodiment can be used by a variety of chinical techniques such as the Creech technique of regional or
isolated limb perfusion {o administer high-doses of chemotherapy to an isolated site of melanoma or sarconia. Thig
techiique is used by BRMs and TNF-a bave anti-tumor effects by damaging the neovascular circulation surrounding

to its toxic effects {septic shock} is just a madel for the vaneties of oyvtotoxic as well as chemaotherapeutic agents, henge
the use of local adsunistration by the apparatus is beneficial.

f42] One embodiment provides for defining an improved dose and schedule of biological agents to maximize the anti-
twnor effects of each agent while not increasing toxicity 1o the patient. Treatment modality by using combination therapy

and local administration of such agents on a specific schedule 15 one of the benefits of the invention.
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{43] ‘While the apparatus and method has or will be described for the sake of grammatical fluidity with functional
explanations, it 18 to be expressiv understood that the claims, unless expressly formudated ander 35 USC 12, are not o be
construed as necessanly mited 1o any way by the construction of “means™ or “steps™ hinutations, but are to be accorded
the full scope of the meamng and equivalents of the definition provided by the claims under the jadicial doctrine of
cquivalents, and i the case where the claims are expressty fornwlated ender 35 USC 12 are to be accorded full statutory
equivalents under 35 USC 12, The disclosure can be better visualized by tuming now to the following drawings wherein

like elements are reforenced by tike numerals.

[44] Brief Description of the Drawings
[45] Fig. 1 is a diagram of the pumyp components with the arrows showing the direction of the fhaid flow to brain viaa
ventriculoperitoneal {(VP) shunt.
[46] Fig. 2 is a porspective exploded view of the pump interior. The electronics and batiory are hermetically scaled
from the Huid chantber below the fhadic plate.
[47] Fig 2ais atop perspective view of the pump system of Fig. 2 shown with the cover and side port side wall
removed.
[48] Fig. 3 is a cut-away perspective view of the pump components that are faser welded to the fluid plate. The cut
away section shows the drug reservoir beltow inside the propellant chamber. The electncal feedthroughs are laser welded
to the outer can to provide a hermetical seal.
[48] Fig 4 iz a partial perspective exploded view of the piczo pump mechanism components that are hermetically
soaled by bewng laser welded to the fhad plate.
[80] Fig. 5ais a photographic exploded perspective view of a ventriculoperitoneal {VP) shamt with optical and pressure
SCHSOTS,
[51] Fig. 5bis atop plan view of the shunt of Fig. 5a in a fisst azimuthal orientation paraliel with the page.
[52] Fig Scis aside cross sectional view of the shuat of Fig. Sa as seen through section lines A-A of Fig. 5b.
[83] Fig 3disatop plan view of the shunt of Fig. 5a in a second azimuthal orientation parallel with the page rotated
0" with respect to the orientation of Fig, 5b.
{54] ¥ig. Scis a side cross sectional view of the shunt of Fig. 3a as scen through section lincs B-B of Fig. 5d. The
shunt contains an intraventricular catheter, which connects 1o the pump chamber.
[55] Fig 6 is a graph of dnsg concentrations in the USF verses time in days of a delivered cancer drug MTX
comparing conventional deliveries of 13 mg twice per week to metronomie deliveries of the drag at 2mg per dav for seven
davs using the pump of the tllustrated embodiments,
{58] Fig. 7 is a block diagram of the clectronic components in the pump system and in the VP shunt.
[B7] Fig 8ais o top perspective view of the svstem with the case cap removed showing section lines 8b-8b.

[58] Fig 8bisa side cross sectional view of the system as seen through section lnes 8b-8b of Fig. Sa.
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[59] Fig. 9aisatop perspective view of the system with the case cap removed showing section lines 9b-9h.

[60] Fig. 9bis a side cross sectional view of the svstem as seen through section lines 9b-9b of Fig. %a.

[61] Fig l0aisatop perspective view of the system with the case cap removed showing section lines 10b-10b.
[62] Fig. 10bis a side cross sectional view of the svstem as scen through scction lines 10b-10b of Fig. 10a.

[63] Fig. 1lais atop perspective view of the svstem with the case cap removed showing section lnes 1ib-11b.
[64] Fig 11bisaside cross sectional view of the system as seen through section lines 11b-11b of Fig. Ha.

[65] Fig. 12 is a diagram ilustrating the software control of the system in combination with VP shunt 46.

[68] Fig. 13isa perspective cross sectional diagram illustrating an overpressure protection valve,

[671 Fig. 14 isa side cross sectional view of the overpressare valve of Fig. 13 and illustrates the nonpush fill of the
drug indet.

[68] The various features of the present invention and the manner of attaining them will be described in greater detadl
with reference to the following description, clanms, and drawings, wherers like reference numerals are used, where

appropniate, 1o mdicate a comespondence between the referenced ttems,

Detailed Description
[69] A system 10 of the first illustrated erobodiment of the invention relates to medical apparatus containing a valve
12, a pucropump 36, and a reservoir 16, The apparatus inclades means 18 for regulating, controling, and modulating a
combigation therapy of cviokine and chemotherapentic agents for the purpose of tumor elimination. Biotherapy and
combigation therapy, asing medicating ageonts sach as, for example, biological wsponse modifiors (BRMs) as agonts or
approaches, modifics the relationship between tumor and host, hence modifying the host’s biologie response to tumor
cells and chemotherapeutic agents. This combination therapy method bas shown improved therapeuntic indices. Hence,
treatment of tumors with the vse of BRMs and chemotherapy is copasetic with the priveipal goal where the patient must
first achieve a complete response.
[70] The approach of using combination therapies with the intent of increasing response rate dug to svnergetic effects
of BRMs, due to their redundant and pleiotropic nature {combinations of evtokines with chemotherapy ) provides
mnproved treatment of the tarmor, A varietv of combinations of BRMs. (such as different Interferon INF (alpha , beta
gamma.} and of Interleuking (IL-2} or tamor necrosis factor (TNF) with IFN or IL-2 are some of the vaneties of
combinations in guestion) myprove the resulis of tumor chimination. {L-2 appears to act primarily as an mununomosduiator
whereas IFN has anti-proliferate etfects. The use of BRMs and chemotherapy in combmation of biothevapy is based on
the rationale that the interaction of evtokines and cytotosic drugs may oo on several levels, different mechamsms of
actions; attacking the tumor, by modulating the pharmacokinetios of the chemotherapeutic agents as key enzymes
(irrigation of solid temeor), attepuation of druy resistance mechamisims, modifications in pemicability of the vascular
systers which allow tereased accumulation of chemotherapeutic drugs at the fustor site, and reduction of temor burden.
The use of one modality to snprove anti-twnor response increases production of cyvtokines, decreasing suppressor

mechanisms. Other modalities are the paticnt”s tolerance 1o cvtotowic effects, changing wembrane characteristics of tumor
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cells {making #t more susceptible to killing by chemotherapeutic agents) and decreasing the ability of tumor cell to
metastasize.

{71] The biomodulation action of the present svstem 19 is described as manipulating the metabolic pathway of a
evtotoxic drug to increase the efficacy of selective protection of normal tissae. The target of modudations includes specific
enzvmes of drug metabolism, receptors for adhesion or growth, call cvele phases, gene expression and immmune system. In
one embodiment, proper dosing and scheduling are used to obtain benefits in a combination of chemotherapy with
biotherapy. The apparmtus can be used for combination therapy such as IFN-C with 5-FU (3-fluorouracil) and
chemotharapy paired with IL-2 and TFN-C in improving the offectiveness of tumor elimination.

[72] The impact and cfficacy of tumor treatment using BRMs and chemotherapy often requires that specific intricacies
of phvsiologic and phanmacologic parameters be thoroughly measured. This complete evaluation measures not only the
agent's effectiveness, but also considers celhudar immune response. The steps for identification, isolation, recombinant
expreassion and the physiological role as defined by the therapeutic model, are set by defintng the pharmacokinetic as well
as pharmacodvnamic of the combmation therapy.

[73}] The underhving hypothesis of ovtotoxic drug is that more is better. Thus, a critical fivst step in administrating a
cytotoxic agent is to determine the maxuoum tolerated dose (MTD). Chinical trals of BRM's demonstrated that
immunotogic effects ocour at doses lower than the identified maxinmam tolerated dose (MTD). This phenomenon led to
the concept of optimal biclogical dose {OBD). The hypothesis and the climcal facts lead to determine that OBD is that
which, with a minimum of side effects. produces the improved destred response for the parameters deemed important with
respect to a particular biological agent.

f74] Biological response modifiers, BRMs, unlike drugs, have preprogrammed mechanisms and receptors avatlable for
them, which account for the difference betwesn maximum tolerated doses (MTD) and optimad biological dose (OBD).
Whereas evtotoxic agents possess the ability to maximize direct antsbunor effects, BRMs are both cvitotoxic and
pletotropic and have indirect immune cascades that mediate the tumor physiology and maximizes the tumor response.
[78] The above hvpothesis and clinical observations show the dessrability of administration cvele of BRMs and
chemotherapentic agents on scale and measwre which does not lend wself to the traditional approach of maximum
tolerated dose. Henge, the ability to regulate and schedule the dose of the BRMs andfor chemotherapy is essential and is
addrossed by this system 10,

[76] The disclosed svstom 10 and method 20 vield a better corrclation between BRMs using cytokines such as
mterferon (IFN), mterleukins (EL), bematopotetic factors (HGF), monoclonal antibodies (MAB}), and tumor necrosis factor
{TNF) m combination therapy with chemotherapoutic agents in achieving the desired goal of complete respouse.

[77] The approach disclosed, asing biotherapy with chemotherapy as treatment modality for cancer is not viewed as
independent factors, but nstead as an clement of complex, miricate network producing a distinct response i overlapping
effects. BRMs possess the phenomenon of plerotropie effects, a single stimulus can induce a response from multiple
evtokines including stimelating production of other agents, modulating receptor sates, and enbancing or inlubiting the

biological activity of other eviokines. No therapy on ifs ows {such as lnferferon-alpha, -beta, -ganuna. TNF-alpha, -beta, -
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gamma, angiogenetic drugs, anti-sense therapy, interleukins 1-12, hematopoictic growth factors, monoclonal anmtibodies
and the variety of chemotherapeutic agents), has generated the “magie bullet™ for curing cancer. A new rational approach
which combines the known characteristios of tumor phyvsiology and the cascades of biological response modifiers
including BRMs optimal biological dose (OBD) as well as chemotherapeutic maanuem tolerated dose (MTD) 15 used as
clinical observation mdicators,

[78] Since BRMs cascade effects are somewhat known to those familiar with the art, and chemotherapeutic effects of
cell deaths are preprogrammed events, the nse of the apparatus and its associated circuitry of svstem 10 will enhance
and/or modulate a variety of tumor grovwth factors and will enable a2 combination therapy to take place on the tumor sie
without the kanown side effocts due to maxumam dose of toxins, The ability of the apparatus of svstem 10{o change its
preprogrammed sequence of events such as the release of vanous agents on a specific schodile and dose is due o the
innate capability of the apparatus of system 10 to receive commands via its conunumication hinks. This allows a treatment
change i mid-stream by transmitting program codes, which instruct 3 microcontroller 22 to enhance one process or
another. The ability of the apparatus of svstem 10 to modulate and enhance tumor cells death 1s the manstay of the
technology disclosed.

[79] System 10 can be programmed to deliver a drug out of micropump 36 with a lower pulse pressure per stroke as
compared to conventional pumps that use pistons, which have a higher pulse pressure at the peak of the stroke. This
stimudates granuloma formation around the tip of catheter 42 eventually lsading to catheter blockage. Micopump 36
can be programmed to avoid a high pulse pressure at peak stroke and then granuloma will be reduced relative to other
commaercial pumps others in development that use pistons to push out the drug solution.  System 10 is for long-term
implantation and so catheter 42 must remain functional over long periods of time. Granuloma formation is less of a
concern for acute applications. However for long term drug delivery for example for cancer suppression or insulin
delivery, it is an advantage and will require fewer maintenance revision surgeries to replace catheter 42 or fix a
blockage. This will also benefit the delivery of proteinaceous drugs that may also be denatured or partially denatured by
a strong pulse wave, A precipitated protein will stimulate an immune response and then eventually resistance to the
drug or antibody formation. System 10 s also thus ideal for convection-enhanced drug delivery {CED) as described by
Vogelbaum stal,, “Convection-Enhanced Delivery for the Treatment of Gliobastoma,” Neuro-Oncology 1752}, 83-118,
2015; and Miranpuri et.al., "Convection-Enhanced Delivery: A Comparison of infusion Characteristics in Ex Vive and In
Viva Non-human Primate Brain Tissue,” Annals of Neurosciences, Vol 20, No. 3, July 2013,

f80] The chemo immunoctherapy model, by using the disclosed apparatus of svstem 10, allows the clinician o perform
a selective troatment by preprogramming the fargeted results. A tvpical example cited by clinical observation is Interforon
C. and S-fluorouract and calcivm leucovorin combination of dacarbazing, BONU, cisplatin, and tamoxifen, followed by
interferon €. and 1L-2.

[81] The above are examples of some of the approaches that can be used by a clinician in treating a tamor. In one
embodiment, a multi-chamber pouch-type architecture diagrammmatically shown in Fig. 1 with a preprogramsed

mstruction sot allows the timed release of the agents discussed above. An “clectrostatic muscle' enables the clinician to
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mnferfere and reducs or increase/change the medicating agent release based on tumor specific behavior, using known
technigues of verification such as fluoroscopic and thersographic magery to measure the suceess of the procedure by
mdicating reduction of tamor burden and tumor size, 1s the mamstay of the system 10 and #ts embodimants.

[82] In one embodiment, the apparatus of system 10 can monitor and report to the clinician a set of biometric measures
such as the temperatore and the pH level at the tumor site, as well as the pressure of the tumor surrounding tissac. These
are biometric measures and indications of the belavior of the tumor and its treatment history and give the clincian an
added msight on the progress of the treatment and the response of the tumor to the treatment. This 1s due to the
pronougcad changes of these biometnie indications in the vicinity of the tumor as a result of its biological activity, is
rgsponse to medication, and its on-going growth or decay. For example, st the case of pH measaroment, it is koown that
the extracellular pH of solid tumors is acidic. This acidic pH can have many consequences which are germane to the
etiopathogenesis of cancer. Low pH causes tumorigenic transfonmation of primary Svrian hamster embyvo cells. It is also
known that low pH causes chromosomal rearrangements i Chinese hamster embrvo cells. Low pH also induces
immediate carly gene expression and activates the proto-oncogene RAS, in kidney renal tubule. Low pH also inereases in
vitro migration and mvasion. Calturmg cells in a low pH environment causes them o be more metastic ut vivo. Low pH
also mduces the expression of platelet denved endothebial cell growth in tumors i vivo. Itis also known that low pH
enhances resistance to weakly basie chemotherapeutic drugs.

[83] Tumor cells generally metabolize Hpids and glucose differsnt from their normal counterparts and these have
significant sequelac that are germane to the trmasformed phenotype. For example, tumors mamtain elevated lovels of
phosphomonogsters, which are precursors to the metabolism of phospholipids. These are related to the tumornigenicity, and
profiferation s a complex way and are smarkers for therapeutic effectiveness. Low extracellular pH can also promote a
more aggressive tumor phonotype. A low interstitial pH is exacerbated by the fact that the tumor vascudature s mefficient.
This mefficient vasadature also causss signilicant hvpoxia, which contributes to the resistance of tumors to radiotherapy.
The mtercetiular pH of cells in tumors is neutral-to-alkatine, which is used for continued cell proliferation,

[84] Additional biometric measurements are available from pressure and temperature sensors embedded inside the
apparatus of svstem 10, A major problem with conventional cancer therapy, such as radiotherapy and chemotherapy, =
the lack of specificity of the cancer cell, except in the case of tumor tese where high interstitial fluid pressure and
clevated tomperatures are shown to exist In tumor tissue as compared with those of a normal tissue. A step pressare
gradient typically exists at the periphery of the tumor. Information relating to pressure gradient and temperatare between
the tumor site and the apparatus of system 10 can assist the climcian in evaluating the treatment history and its progress.
For example, i 1s known that chemical and blood vessel activity in both pre-cancerous tissue and the area surrounding a
developing breast cancer is almost always higher than i normal breast issue. In an ever-inereasing need for nutrients,
cancerous tumors inerease circulation to thair cells by openng existing blood vessels and creating new ones
{neoangiogenesis). This process frequently resuls in an morease i regional sarface temperatures of the breast. These
temperature variations may be among the carliest signs of breast cancer and/or a pre-canceroas state of the breast. Hence
the incorporation of a temperature sensor 24 to allow the monttoring of temperature vartations in correlation with

treatment history provides the clinician with a set of valuable information relating to the progress in treating the tumort,
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[86] Cancerous cells generate more heat than healthy celfs, due to hvpervascularity or greater blood flow to the area, so
twrsors tend to be “hotter when viewed using methods such as thermotherapy. Breast thenmograms are related to growth
rate of breast carcinoma, and thermography can be used as a prelinunary screoning procedure.

[86] Angiogenesis pertains to the development of blood vessels or blood supply and plays a role in the validity of
thermeo therapy. A fumnor cannot grow bigger thaa a pinhead enless it establishes an tndependent blood supply. Certain
tvpes of vascular formations often precede the appearance of broast tumors on manwnography, sometmies by more than a
decade. but seem to go undetected or are considerad normal asvounetry. When cancer 1s present, blood flow mcereases to
the afilicted area and thus theomotherapy alloves the chinician to find potential problem arcas vears before they become
irreversible.

{871 Inone embodiment, the apparatus of svstem 10 deseribed herein wses the fact that a tamor is generally hotter than
its surroundings, a fact that makes the use of the disclosed device able to detect the tumor and chart the progress in its
destruction. That 15, as the tumor is destroved its temperatore 15 gradaally reduced, ontil it reaches the temperature of the
surroandings.

[88] 1iisthe goal of the disclosed apparatus of system 10 to climinate the tumor and to be able to continuously monitor
the progress in 8s treatment. The svstom disclosed enables the clintcian to administer the BRMs and chemotherapeutie
agents on schedule as well as duration and sequence preprogrammed to meet clinical observations with the mtended goal
of meeting complete response.

{89} Fig. 1 shovs the pump components with the arrows showing the dircction of the fluid flow. As the medication is
filled via the refill Inlet 26 through a first septum 23, the inlet safety valve 28 regulates and provents over pressurization
exerted by the refill syringe. Inlet safety valve 28 locks out when the vefilling, handheld svringe (not shown) is pushed
down. As the drog reservoir 16 3s at pegabive pressure relative to the abmosphere, the medication i the refill svomge is
antomatically sucked m by the drag reservoir 16, which is shown as a bellows reservoir,  The drug reservolr 164
swrounded by a propeliant figpad/gas mixture iy propeliant chamber 17 that maintams the reservoir pressure and
compensates for the loss of medication due to pumping. As the medication 15 refilled, the propellant transitions from pas
to hiquid.  An optional bactena filter 30 sits botween the reservoir 16 and reservoir gauge pressure sensor 32 that seases
the pressure i the reservoir 16, This pressure is correlated with the reservoir volume dae to the spring loading of the
resiliont bellows shape of reservoir 16, The passive check valve 34 ensures the liquid flows in only one direction and
provenis back flow o the reservoir 16, The piezo sucropump 36 actuates the hiquid flow out of the reservoir 16 mto the
side port 38, The outlct clog scuszor 40 is another pressure sensor that detects pressure spikes in the lqud Sow to sense
any clogging w the side port 38 and catheter 42, The side port 38 contams a second sephuam 44 with a smaller diameter
opening for a smaller nocdie. This needle can be used 0 unclog the cathater 42 by fhishing or withdraw pationt fluid for
faboratory testing. The catheter 42 is a dual lamen catheter—one lumen for medication liquid and the other for electrical
wires going to the shunt sensor 46, which contains as optical seosor 48 and a third presswre sensor 50 for eranial pressure

sensing.
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[90] Fig. 2 is an exploded perspective view of various components in system 10 which comprise and is sometimes
referred to collectively as the mplantable pump, some of which components are descrtbed in connection with Fig. |
above. All components are made of cither medical grade titantum or silicone in order to be MRI compatible. The
titamem components are faser welded to fluidic plate 74 of case 32 (o create a hermetic seal with case 32 The hermetic
seal protects the clectrical components 34 and battery 36 from corrosion,

[91] Mid layer 62 carries battery 36 and all the clectronic and electrical components 34 in a sealed electronics chamber
64. Scaling through holes 66, 68 and 70 are detined in the floor of clectronies chamber 64 of mud laver 62 to allow
pressare sensor 32 o be disposed through hole 66 and connected to wmmnal 640 n electronics 34, Sealing hole 68 is
similarly provided to allow the assembly of piezo micropump 36, check valve 34 and outlet clog sensor 40 o be disposed
therethrough and coupled to connector 60, Refill mlet 26 s disposed through sealing hole 70 to allow access to refill mlet
26 through first septom 25, A cap 58 closes and seals with case body 32 thereby providing electronics chamber 64 with a
hermetically sealed containment. Cap 38 has a central sealing hole 72 defined therein to allow refill infet 26 to extend
above cap 3&.

[92] Fig. 2aisatop perspective view of the pump system of Fig. 2 shown with the cover and side port side wall
removed. Refill inlet 62 is shown extending through sealing through hole 70 and ultimately through the case cap 38 that
will be placed thereover. Pressure sensor 32 is shown extending through scaling hole 66 and electrically conpled toa
termnmal 60, Sinularly, outlet clog sensor 44 1s shown extending through sealing hole 6% and electrically coupled to a
terminal 6.

[93] Fig. 3 shows the cut-away section of the drug reservoir belfow 16 under the fluidic plate 74 on which all fluidic
components are faser welded, The silicone cover 76 on the side port 38 in Fag. 2 18 removed in Fig. 3 to show the
components under cover 76, Laser welded electneal feedthroughs 78 are used to bring the signals out {o the side port 38
and provide a bermetic seal. Bluetooth antenna 34 1s housed mside the side port 38 and convected to slectronics in
chamber 64 through fecdthroughs 78, Interlaced elecirical and msulation rings are used o connect to the wiring 82 in the
catheter 42

[94] Fig. 8a iz a top perspective view of the system 10 with the case cap 38 removed showing section lines 8b-8b. Fig.
8b 13 a side cross sectional view of the svstem 10 as seen through scction lwes Xb-8b of Fig. 8a. Fig. 8b shows the fluid
path ax it enters through septum 25 into refill inlet 26. The fluidic plate 74 includes flnd channels defined therein that
guide the fluid flow. The fluid flows through inlet chanael 134 1o the mlet safety valve 28 before flowing mito the
reservolr 16 through reservoir channel 136, The fluid exits the reservoir 16 wvia the bactena filter 30 through filter channel
138 into the reservoir gauge 32, The perspective cross sectional view of Fig. 13 offers more visual detail of safely
overpressure valve 28, Valve 28 iy commuicated through central opening 200 to atmospheric prsssure to the interior of
bellows 29, The botion: of bellows 29 is sealed and connected to movable plate 202, which forms the top of a poppet
valve 204 having a seahing O-ving 206 that is selectively brought imto contact with a bottom plate 208 of valve 28, Fluidic
commanication is provided from channel 134 throagh onfice 210 across the top of bottom plate 208 dowu the axs of

poppet valve 204 past O-ring 206 when opened iimto reservoir 16 provided by bottom bellows 27,
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[85] Fig. 14 isa side cross sectional view which ilustrates the flow of drugs from inlet 26 into reservoir 16, Chamber
31 below reservorr chamber 16 is set at a negative pressure relative to atmosphere at sea level using an inserted
hydrocarbon propellant having a selected vaporization temperatore at or nowr core body tempemture. In the ustrated
embodiment the propeliant is a mixtare of evclopentane and pentane at a selected mass ratio i the range of 1/0 to
(325/0.73 respectivelv, which seix the vaporization temperatere of the mixbure at approximately 36 10 40 °C. Likpud s
drawn by the negative pressure from indet 26 through channel 134 orifice 210 through open poppet valve 204 into
reservoir 16, 1 a user mserds a hyvpodemmic needle through membyane 23 into inlet 26 the overpressure, if any, above
atmosphere causes vpper bellows 28 1o be compressed. As ballows 28 compresses poppet valve 204 closes as movable
plate 202 moves up bringing O-ring 206 wto a scaling relationship with bottom plate 208 closing off reservoir 16, In this
MANNET 1O OVerprossire is conununicated to the outlet from reservoir 16 compunicated with filter channe! 138 and
reservorr gauge 32,

[96] Fig. 14 also illustrates the use of a nonpush fill of inlet 26, A barrel container 212 carrving a drug 216 having a
teeminat needle 214 i3 ased to penctrate the skin, when the pumyp 10 15 implanted, to penctrate membrane 23 and place the
mienor of container 212 and hence drug 216 into fhuidic conmmusication with the interior of indet 26, Container 212 4s
sinlar in construction o a hypodennic needle except the plunger has been climinated and replaced with a nonpush,
movable plug 213, The negative pressuwre in chamber 31 will draw drug 216 frowm comtainer 212 into reservoir 16 without
the assistance of any hyvpodermic needle push. A one-way air valve 218 or other equivalent meaus may be provided in
comtainer 212 to allow awr to replace drug 216 as i is drawn Into reservoir 16 and 1o prevent air lock in contamer 212, In
this manner drug 216 1s provided to system 10 for filling or refilling without the application of any positive pressure into
system 10 which might cause madvertent dose mjection into the catheter

[97] Fig Yais atop pesspective view of the svstem with the case cap removed showing section Haes 9b-9b. Fig. 9b is
a side cross sectional view of the svstem as scon through scetion lines 9b-9b of Fig. 9a. Fig. 9b shows the flow path from
inlet pressure sensor of reservolr gauge sensor 32 through micropump channel 140 to micropump 36,

[98] Fig 10aisatop perspective view of the systent with the case cap removed showing section lines 10b-10b. Fig.
10b s a side cross sectional view of the system as seen through section lines 10b-10b of Fig. 10a. Fig. 10b ilhustrates the
fhuid flow from sucropump 36 through check valve channel 142 to check valve 34, The flow then contimues forward, if at
ali, through outiet clog sensor channel 144 to outlet clog sensor 40,

[99] Fig llaisatop perspective view of the system with the case cap removed showing section lines 11b-11b. Fig.
L'1b 15 a side cross sectional view of the system as seen through section lines 1ib-11b of Fig. 11a. Flow of fluid 15 shown
from outlet clog sensor 44 through side port channel 146 1o fluid outlet 148 through coarse filter 130 and into side port 38
from whence 1t is commumcated to cathetor 42.

[100] Fig. 7 is a simplified block diagram of the circuitry in system 10 and VP shunt 46, Svstem on a chip 30 includes a
large scale integrated civcust that includes a microcontroller, a flash memory, a random access {RAM) memory, a real time
clock, seriad penipheral interface (SPI) bosses, inter-integrated circait (12C) busses, input/outpat ports, a watchdoy timer

and a Bhsetooth low energy (BLE) radio. Coupled to chup 30 and serving as peripheral circuity are a flash memory 32 for



WO 2020/223126 PCT/US2020/029856
13

fogging. an accelerometer 34, inlet prossure sensor or reservolr gauge 32, outlet pressure sensor or owtlet clog sensor 40,
and power circwitry 122, Electineal conpection to catheter 42 s made in side port 38 by means of electrical connector 124,
[101] VP shunt 46 is powered by battery 36 through catheter 42 and is conditioned by VP power circuitry 126, Power
is also directly supphied to VP microcontrotler 128, which controls circuit operation m VP shant 46 by controlling optical
sensor oivcuttry 130, LED source 114 and photodetector 48 are coupled to optical sensor circuitry 134, Additional
pressure and temperatire sensors 132 are also coupled to microcontroller 128 for monitoring conditions in the
environment of VP shunt catheter 100

[102] Fig. 4 shows how the piczo nicropump 36 is hermetically sealed to the fluidic plate 74, Silicon based piezo
micropump 36 is hermetically bonded fo the titanium hermetic mount cap 84, which is laser welded to the fluidic plate 74.
Piezo micropump 36 is mounted in a cavity 86 defined into plate 74, Cavity 86 contains fluidic channels that the
micropump 36 uses to pump the medication. The ootlet channel from cavity 86 leads to the check valve 34, Micropump
36 is bedded and sealed 1 cavity 86 by means of shaped silicone seal 88, Micropump 36 i3 wire bonded to flexible
clectrical cable 90, which m turm is wire boaded to clectronic components 34,

[103] Figs. 3a - Sc show the VP shunt 11 with its optical and pressure sensors. Shunt 11 is a skull mounted Onimayva
st as disclosed in greater detadd in PCT Patent Application, PCT/USI?/32370, designating the United States and
incorporated hercin by reference in its entirety.  The electronies 96 are enclosed in a hermetic chamber 58 best seen
Fig. S¢ and wchudes a microprocessor, memory as part of clectronics 96, and LED and pholodiode detector control
ciscwits 94, The shunt 1 connects with a catheter 42 commumicated the pump system {0 There are electneal
connections included mn catheter 42 for power, ground, and signal lines to the punp system 10 with shunt 11, The
medication received through catheter 42 s directed down into the mtraventricular catheter 100 that contains a fluid honen
108 and two optical fibers 14, 106 as best seen w Fig. 3¢, LED s 114 of differont wavelengths, a calibration detector and
a photadiods detoctor or optical scnsor 48 are mownted in the hermetic chambey 98 as best scon i Fig. 3¢, Light from the
LEDs 114 iz coupled into a fiber-optic 104 which is hermetically mounted to the chamber 98, Light is conducted by the
fiber-optic 104 and exits through the fiber face into a chamber 110 1n the catheter tip 102 open to cercbral spinal fluid
(CSF). At the catheter tip 102, the hight v meflected through the CSF chamber 110 by a 907 mayor 112 o a second fiber-
optic 106, Light is conducted through the scecond fiber-optic 106 and is emitied through the fiber face back into the
hermetic chamber 98 omto a photodiode detector 48,

[104] As MTX CSF concentration increases, light absorption increases, and the concentration can be calculated from
the photodiode detector reading. The concentration of MTX in CSF 15 measured at a sampling rate adequate to control
drug delivery to mamtain concentration within the therapeutic range. The closed loop control algonithm s programmed
mito the pump memory included m clectronics 34, I MTX CSF concentration exceeds the upper hinnt or falls below a
lower fimis, a high MTX CSF or low MTX CSF concentration alarm is tripped i the pumap svstem 10 and the clinician
will be munediately notified. In addition to the optical sensor {(not shown), the shunt 11 has a pressure sensor 50 that
momiors intracramal pressure (HCP) and detects if there is a floid leak between the pump svstem 10 and the shunt . fa

leak is detected an alarm is wripped. I ICP execceds a chinician sct apper g, a high ICP pressure alanm is tripped.
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[105] Fig. 12 is a diagram illustrating the software control of svstem 10 in combination with VP shunt 46, Svstern 10
and VP shunt 46 intercommunicates or inferacts through BLE wireless comnumications a mobile svstem monttor 152
carried separately by the patient, a clinician programmer 134 at the clbuc and a patient data server 156 that records all data
and events. Mobie system mowtor 152 and chinician programmer 134 are conventional programmable mobile telephones
or fablets blue tooth commumicated with svstem 18, VP shent 46 and patient data server 136 via conventional Wik or
celludar telephone comymunication clannels, VP shunt 46 measwres drug concentrations, c.g. MTX drugs, mtracranial
blood pressure and body temperature. These paramcters are cobununicated to system 10 and hence to mobile svstem
monitor 132, climcian programmer 134 andfor patient data server 136, Pump system 10 regulates drug delivery through a
closed loop control, performs data logging, emor detection and notification of the same, and BLE commanications.
Chnician programmer 134 allows for manual starting and stopping of drug delivery, edits delivery profiles for timed or
constant drug boluses, 1s used to aspirate and fill pump svstern 1), reads data from svstem 1) and bidirectionally
communicates data with patient data server 1536, Mobile system monitor 152 functions as a remoted Hnk between
chinician programmer 134 and pump system 10, It reports drug delivery by system ), manages alarms and notifications,
and Incorporates an cmergency stop with the clinician programmer 134, Pationt data server 136 provides an accessible
data storage for patient data, physician data. chimie data, and a historical record for cach pump system 10,

[106] Fig 6 is a graph of drug concenirations in the brain verses time, which illustrates the metronomic delivery of a
cancer drug MTX into the CSF compared with periodic bolus mjection. The median MTX CSF concentration for one
week of the tnduction phase for the bolas regimen s compared with the CxT regimen and potential controf bands, MTX
CS¥F pharmacokinetics vary widely among patients, and automatic control of MTX CSF concentration ehinnnates this
complicating variable enabling physicians 1o focus more on treatment outcomes.  Toxicity complication rates can be
significantly reduced. Efficacy may be mproved by continuously maintaining MTX CSF concentration within the
therapeutic range and below toxacity hants. Further, patients will oudy nead to visit with thair physician for monitoring
treatment progression overy two weeks during mduction phase, and once a month during consolidation and maintenance
phases. This will free the patients to spend far more of their remaiming time in novmal life activitios,

[107] The lustrated embodiments of the tnvention can now be summarized as follows. One embodiment is an MR
compatible apparafus including: a refillable drug reservoir; a hermetically sealed, smplantable chamber; 2 pump disposed
i and hermetically sealed within the hermetically sealed, implantable chamber and in fluid communication with the drug
reservotr; and control electrontes disposed i and henmetically sealed within the hermetically sealed, implantable chamber
and electrically communicated to the punp. The refillable drug reservorr, hermetically sealed, tuplantable chamber,
pustp and control electronies are MRI compatible.

[108] The apparatus further includes a bacterial filter disposed in and hermetically sealed within the MRI compatible,
hermetically scaled, iaplantable chamber and in fluid communication botween the drug reservoir and the pump.

[109] The apparatus further includes an MRI compatible inlet safety valve disposed in and henmetically sealed within
the MRI compatible, hermetically sealed, implantable chamber and in flurd commumcation between the drug reservolr

and the refill il
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[110] Drug reservoir is bellows shaped and resificnt, and the apparatus further includes an MRI compatible reservoir
UGS pressure sensor to sense pressure in the drug reservoir, which pressure is correlated with the drug reservoir’s
volume due to spring loading of the bellows shape of the drug reservorr.

[111] The apparatus further inclades a catheter or VP shunt, and an MRI compatible cutlet clog sensor to detect a
pressure spike in liquid flow o sense clogging in the catheter or VP shuest,

[112] The MRI compatible refillable drug reservoir is hermetically sealed within the MRI compatible, hermetically
sealed, implantable chamber,

[113] The VP shunt comprises an optical source and detector to monitor the concentration of medicating agesnts
dispensed fron the dreg reservoilr.

[114] The pump is remotely programmable to adjust the delivery of medicating agents.

[115] The control electronics comprises a microprocessor and memory programmable for dispensing medicating agents,
and for controlling, regulating, and reporting of biological response parameters arising from the medicating agents.

[118] The drug reservoir is sslectively loaded with as biological response modificrs, enzvmes, thempeutic agents, drugs,
and chemuotherapy agents.

[117] The apparatus further includes a VP shunt and where a patient has g solid tumor, where the VP shunt is arranged
to irrigate the solid tumor and wheve the drug reservoir is Joaded with an agent to werease cell adheston molecules
targeting the solid tumor used for adherence of ovtotoxic cells to the solid tamor.

{118} The control clectronics includes remotely progranmmable control circuitry with stored fook-up-tables to selectively
deliver an optimal biological dose {OBD) as opposed to a maxumuen: tolerated dose (MTD),

[119] The drug reservoir is loaded with a chemotherapeutic agent, where the control electronics includes remotely
programmable control circuitry incorporating stored phammacokinetic and pharmacodyvaamic parameters associated with
the chemotherapeutic agent, and where the pump s controlied by the programmable control circuitry to deliver the
chemotherapeuntic agent in view of the incorporated pharmacokinetic and phamacodynamic parameters 1o achieve a
desired result without any toxic side effect.

[120] The control clectronics ineludes remotely programmable control circuitry to regulate dispensation of tumor BRMs
according to thetr pletotropic natare to allow for biological processes or mechanismas to develop by selectively reducing or
enhancing selected agents in the drug reservolr to provide patient-spectfic treatment.

{121] The control clectronics includes remotely programimable control circuitry fo dispense agents within a specific
time domain to a tunior siie to selectively provide an mmune moduolating effect and/or anti-proliferate effect, and dosing
depending on which effedt 18 to be maxsmally stimulated.

[122] The control electronics includes remotely programmable control circuitry selectively controfling the pump to
provide maximest dosing of a chemotherapeutic agent to a tumor site by using the maxinum tolerated doses (MTDYina

time domain which does not iterfere with the activity of BRMs.
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[123] The control clectronics includes remotely programmable control cireuitry to allow an expression of a BRMs
cascade effect due to compuucation of cvtokines as messengers with their synergistie, additive or antagomistic
imteractions that atfeet a target tumor cell.

[124] The control clectronics includes remotely progranumable control circuitry to schedule delivery of medicating
agents, including chemotherapy and BRMs, based on foxicity, measures of bicavatlability, solubility, and concentration,
and of circulation based on locality.

[125] The control electronics includes remotely programmable control circuitry to selectively deliver agents in selective
doses on a selective schedule based on individeal differences of vanous tumors depending on the discase stage, wnmung

V.

factors, body weight, age and chronobiolog
[126] The control clectronics includes remotely programmable control circuitry to nutigate factors such as peak serun
concentration associated with peak occurrence of side effects of an agent intravenously injected, so that the peak
concentration of the agent 1z comelated chinically with a peak side effect.

[127] The control electronics ncludes remotely programmable control circuitry to selectively deliver an agent having a
bell-shaped response curve as concentration of the agent increases to provide improved control of the use of the agent
according to the a bell-shaped response curve,

[128] The control electronics includes remotely programmable control circuitry to provide an effective mode of
admimstrating an agent i combination with chemotherapy by selectively schedaling delivery focal adnunistration of
different agents in combination with monoclonal antibodies and tumor necrosis factors (TFNs).

[129] The control glectronics nchudes remotely programmable control circuitry to selectively control or exploit
delivery, dose, evele, circadian time effects and the entire phamnmacokinetic and pharmacodynamic behavior of an agent
and {o provide corresponding feadback reports in tenms of a bological measure of tumor responses to the agest.

[130] The control electronics includes remotely progranumable control civcuitry to provide local administration of
BRMz and chemotherapeetic agents {o enhance mechanisms that support overlapping effects in reducing temor burden
and elimination of tumors, to induce an improved response by using biomodulators augmenting patient anti-twmor
response via production of eviokines, to decrease suppressor mechanisms, to increase patient inununological response, to
Himit foxieity of an agent by locality of delivery, to maximize the dose, to increase susceptibility of a cell membrane
characteristic for an improved chemotherapy result, or fo decrease tumor metastasis,

{131} The control clectronics includes remotely programmable control circuitry use a Creech technique of regional or
1solated linb perfusion fo selectively delivery high-doses of chomotherapy to an isolated or local site of melanoma or
sarcoma by using BRMs and TNF-a 1o damage neovascular circudation serrounding a tumor without destroving normal
tissue.

[132] The control clectronics ncludes remotely programmable control circuitry to selectively deliver a plasality of
agents using a cornresponding sclectively determined plarality of doses and a corvesponding selectively determined
plurality of schedules of the plarality of agents to maxinmize the anti-tumor effects of each agent while not increasing

toxicily,
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[133] Considering the apparatus from another view, it includes: an MRI compatible refillable drug reservoir; an MRI
compatible, bermetically sealed, implantable chamber: an MRI compatible refill inlet disposed i and hermetically sealed
within the MRI compatible, hermetically sealed, wplantable chasaber and in fluid communication with the drug reservoir;
an MRI compatible pump disposed in and hermeticadly sealed within the MRI compatible, hermetically sealed,
implantable chamber and in fleid communication with the drug reservoir; MRI compatible control electronics disposed in
and hermetically sealed within the MRI compatible, benuetically sealed, implantable chamber and clectncally
communicated to the pump; an MRI compatible catheter clectrically communicated with the MRI compatible control
electronics and in fluid communication with the pump; and an MRI compatible ventricolopenitoneal (VP) shunt
electrically and in fluid commumication  with the catheter,

[134] Still further, the ilustrated embodiments include methods for operating the above apparatus as follows.

{135] One embodiment is an MRI compatible method including the steps oft selectively filling a refillable drug
reservoir disposed in a hermetically sealed, implantable chamber; selectively operating a pump disposed in and
hermeticalty scaled within the hermetically sealed, implantable chamber and in fluid communication with the drug
reservoir; and operating and remotely programming control electronies disposed in and hermetically scaled within the
hermetically scaled, implantable chamber and clectrically communicated to the pump. The wefillable drug weservoir,
hermetically sealed, implantable chamber. pump and control electronics are MRI compatible.

[136] The method fosther includes the step of emploving a bacterial filter disposed in and bermetically sealed within the
MRI compatible, hermetically sealed, implantable chamber and in fluid conunenication between the drug rescrvoir and
the pump.

[137] The method further includes the step of employing an MRI compatible inlet safety valve disposed in and
hermetically sealed within the MRI compatible, hermetically sealed, implantable chamber and 1 fluid commanication
between the drag reservoir and the refill inlet,

[138] The drug reservoir is beflows shaped and resiliont, and the method further includes the step of emploving an MRI
compatible reservolr gauge prossure sensor 1o sense pressure in the dmg reservoir, which pressure is correlated with the
drag reservolir's vohume due to spring loading of the bellows shape of the drug veservoir,

[139] The method further includes a catheter or VP shuat, and an MRI compatible outlet clog sensor and includes the
step of deteeting a pressure spike in hquid flow to sense clogging iy the catheter or VP shunt.

[140] The method mcludes the step of hermetically sealing the MRI compatible refillable drug reservoir within the MR
compatible, hermetically sealed, implantable chamber.

[141] The method inchudes the siep of VP shunt deploving an optical sowrce and detector to monitor the concentration
of medicating agents dispensed from the drug reservoir,

{1421 The method includes the step of remotely programming the pump to adjust the delivery of medicating agents.
[143] The control electronics comprises a microprocessor and memory programmable for dispensing medicating agents,
and the method includes the steps of controlling, regulating, and repovting of biological response parameters ansing from

the medicating agents.
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[144] The method includes the step of selectively loading the drug reservoir with biological response modifiers,
enaymes. therapeutic agents, drugs, and chemotherapy agents.

[145] The method further includes locally disposing a VP shunt mto a solid tumor, irrigating the solid tumor and with
an agent to merease cell adhesion molecules targeting the solid tumor used for adherence of eytotoxie cells to the solid
fumor.

[148] The method inchiudes the step of remotely progranuming control electronics with stored look-up-tables to
selectively deliver an optinal biclogical dose {OBD) as opposed to a masivnm tolerated dose (MTD).

[147] The method inchudes the step of loading the drug reservoir with a chemotherapentic agent, and remotely
programming the contrel electromics to ncorporate stored pharmacokinetic and phanmacodynamic parameters associated
with the chemotherapeutic agent. and controlling the pump by the programmable control circuitry to deliver the
chemotherapentic agent in view of the incorporated pharmacokinetic and phannacodynanuie parameters to achieve a
desired result without any toxic side effoct.

[148] The method inchides the step of ramotely programsing the control electronics to regulate dispensation of tamor
BRMs according to thewr pleiotrapic nature o allow for biological processes or mechamsms to develop by selectively
reducing or enhancing selected agents in the drug reservoir fo provide patient-specific treatment.

[149] The method includes the step of remotely programming the control electromics to dispense agents within a
spectfic time domai to a tumor site {o selectively provide an inunune modulating effect andfor anti-proliferate effect, and
dosing depending on which effect is to be maximally stimulated.

{150} The method includes the step of remotely programming the control electronics to selectively control the pump to
provide sraximurs dosing of a chemotherapeutic agent Yo a tamor site by using the paximonm tolerated doses (MTDYmm a
time domain which dogs not interfere with the activity of BRMs.

[151] The method includes the step of remotely progranuming the control electronics to allow an expression of a BRMs
cascade effect due to comnumnication of cyvtokines as messengers with their synergistic, additive or antagonistic
interactions that atfect a target tumor cell.

[152] The method inclades the step of remotely progranuming the controf electronics to schedule delivery of medicating
agents, including chemotherapy and BRMx, based on toxicity, measures of bioavailability, solubility, and concentration,
and of circulation based on locality.

[153] The method mehudes the step of remotely progranuming the contrad electronics to selectively deliver agents in
selective doses on a selective schedule based on individual differences of various tumors depending on the discase stage,
mwmune factors, body weight, age and chronobiology.

[154] The method inchudes the step of semotely programming the control electronics to mitigate factors such as peak
serum concentration associated with peak eccurrence of side effects of an agent intravenously injected. so that the peak

concentration of the agent is correlated chinically with a peak side effect.
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[165] The method includes the step of remotely programming the control electronics to sclectively delfiver an agent
having a bell-shaped respounse curve as concentration of the agent increases o provide improved control of the use of the
agent according to the a bell-shaped response curve,

[156] The method inclades the step of remotely progranuming the control electronics to provide an effective mode of
adninistrating an agent in combination with chemotherapy by selectively scheduting delivery local admmistration of
different agents in combination with monoclonal antibodies and twmor necrosis factors (TFNs).

[157] The methed ncludes the step of remotely progranuming the control electronics to selectively control or exploit
debivery, dose, cvele, circadian tme effects and the entive phammacokinetic and pharmacodynamic behavior of an agent
and to provide cormesponding foedback reposts intorms of & biclogical measure of tumor responses to the agent.

[168] The method mcludes the step of remotely programming the control electronics to provide focal administration of
BRMs and chemotherapeutic agents to enhance mechanisims that support overlapping effects i reduemg tumor burden
and ehimination of tumors, to induce an improved response by using biomodulators angmenting patient anti-fumor
yesponse via production of evtokines, to decrease suppressor mechanisms, (0 increase patient immunological response, W
Lt foxacity of an agent by locality of delivery, to maxdmize the dose, to increase susceptibility of a cell memibwane
characteristic for an improved chemotherapy result, or to decrease tumor metastasis.

[159] The method inclades the step of remotely progranuming the controf electronics to use a Creech technique of
regional or isolated Himb perfusion fo selectively delivery hughedoses of chemotherapy to an solated or local site of
melanoma or sarcoma by vsing BRMs and TNF-q to damage ncovascular circulation surrounding a tumnor without
destroying normal tissug.

{160] The method includes the step of remotely progranming the control electronics to selectively deliver a plurality of
agents using a corresponding selectively determined phaality of doses and a corresponding selectively determined
phurality of schedules of the pharality of agents to maximize the anti-tumor effvcts of cach agent while not wercasing
toxcity.

[161] Considering the method from another view, it includes the steps of: providing an MRI compatible refillable drag
reservoir; providing an MRI compatible, hermetically sealed, implantable chamber, providing an MRI compatible refill
infet disposed in and hermetically sealed within the MRI compatible, hermetically sealed, implantable chamber and tn
fluid communication with the dreg reservoir; providing an MRI compatible pump disposed i and hermetically sealed
within the MRI compatible, hermetically sealed, mplantable chanber and in fluid conunanication with the drug reservorr,
providing MRI compatible control electronics disposed in and hermetically sealed within the MRI compatible,
hermetically sealed, implantable chamber and clectnically communicated to the pump; providing an MRI compatible
catheter electrically communicated with the MRI compatible control clectronics and m fluid communication with the
pump; and providing an MRI compatible ventriculoperitoneal (VP) shunt electricallv and in fluid conununication with
the catheter.

[162] Many alierations and modifications may be made by those having ordinary skill in the art without departing from

the spintt and scope of the embodivents. Therefore, it mast be enderstood that the iftestrated enbodiment has been set
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forth only for the purposes of example and that it should sot be taken as limiting the embodiments as defived by the
following embodiments and #s various embodiments.

[163] 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 linubing the embodiments as defined by the following claims. For example,
notwithstanding the fact that the slements of g clamm are set forth below n a cortain combination, it must be expressly
understood that the embodiments includes other combinations of fower, more or different elements, which are disclosed in
above even when not mitially clamed in such combinations. A teaching that two elements are combined n a claimed
combigation s forther to be understood as also allowing for a claimed combination m which the two cloments are not
combined with cach other, but may be used alone or combined in other combinations. The excision of any disclosed
clement of the embodiments is explicitly contemplated as within the scope of the embodiments.

[164] The words used in this specification to describe the various embodiments are to be understood not only in the
sense of their commonly defined meanings, bot to include by special definition in thus speeification stracture, matevial or
acts bevond the scope of the commeonty defined meanings. Thus if an clement can be understood in the context of this
specification as including more than one meaning. then #s use in a claint must be understood as being goneric to all
possible meanings supported by the specification and by the word itself.

[165] The defunitions of the words or elerments of the following claims are, therefore, defined in this specification to
nclude not only the combination of elements which are Iiferally set forth, but all equivalent struchure, matenal or acts for
performing substantialty the same fonction w substantiaily the same way 1o obtain substantially the same result, In this
sense it 18 therefore contemplated that an equivalent substitution of two or more clements may be made for any one of the
clements in the claims below or that a single clement may be substituted for two or more elements n a claim. Although
eloments sray be describad above as acting i cortain combinations and even Initially claimed as such, it 1s to be exprossly
understood that one or more clements from a clamed combination can 1 some cases be excised from the combination and
that the claimed combination mav be directed 1o a subcombination or variation of a subcombination.

[166] Insubstantial changes from the claimed subject matter as viewed by a person with ordinary skill in the art, now
knows or later devised, are expressly contemplated as bomng equivalently within the scope of the clmms. Therefore,
obvious sebstitations now or lator knowa to one with ordinary skill in the art are defined to be within the scope of the
defined oloments.

[187] The claims are thus to be understood 1o include what is specifically illustrated and described above, what is
conceptionally eguivalent, what can be obviously substitiied and also what essentiallyv sneorporates the essential idea of

the embodiments.
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We clam:

1. An MRI compatible apparatas comprising:

a refiflable drug reservoir;

a hermetically scaled, implantable chamber;

a punp disposed in and hermetically sealed withun the hermctically sealed, implamtable chandber and in fluid
comnumication with the drug reservoir; and

control electronics disposed 1n and hermetically sealed within the hermetically sealed, implantable chamber and
eloctrically compumnicatod to the pump,

where the refillable drug reservoir, hermetically sealed, implantable chamber, pump and where the control

clectronies are MRI compatible.

2. The apparatus of claim 1 further comprising a bactertal filter disposed i and henmctically sealed within the MRI
compatible, hormetically scaled, implantable chamber and i fluid communication between the drug reservoir and the

pump.

3. The apparatus of claim 1 further comprising an MRI compatible inlet safety valve disposed w and hermetically
scaled witlun the MRI compatible, bermetically sealed, implantable chamber and in fluid communication between the

drug reservoir and the refill infet.

4, The apparatus of claim | where the drug reservoir is bellows shaped and resdient, and fusther comprising an MR1
compatible reservolr gaugs pressure sensor {o sense pressure v the drug mservolr, which pressare is conrelated with the

drug reservoir's volume due to spring loading of the bellows shape of the drug reservoir,

5. The apparatus of claym 1 further comprising a catheter or VP shunt, and an MRI compatible outlet clog sensor to

detect a pressure spike in Higuid flow to sense clogging in the catheter or VP shunt.

6. The apparatus of claim 1 wherein the MRI compatible refillable drug reservolr is bermetically sealed within the

MRI compatible, hermetically sealed, implantable chamber.

7. The apparatus of claim 1 where the VP shunt comprises an optical source and detector to monitor the

concentration of medicating agents dispensed from the drg seservoir.

& The apparatus of claim 1 where the pump is remotely programmable to adjust the delivery of medicating agents,
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9. The apparatus of claim 1 where the control clectromcs comprises a nucroprocessor and memory programmable
for dispensing medicating agents, and for controlling, regulating, and reponting of binlogical response parameters arising

from the medicating agents |

1€, The apparatus of claim | where the drug reservorr is selectively loaded with as biological response modifiers,

enzymes, therapoutic ageats, drugs, and chemotherapy agends,

11 The apparatus of claim 1 further comprising a VP shunt and where a patient bas a solid tumor, where the VP
shunt is arranged to drigate the solid tumor and where the drug reservoir is loaded with an agent to increase cell adhesion

molecules targeting the solid tmor used for adherence of cviotoxic cells to the solid tumor.

12. The apparatus of claim 1 where the control electronies meludes remotely programmable control civenstry with

(MTD).

13. The apparatus of claym 1 where the drug reservoir is loaded with a chemotherapewtic agent, where the control
clectronics incledes remotely programmable controf circuitry mcorporating stored pharmacokinetic and
pharmacodynantic parameters assoctated with the chemotherapeutic agent, and where the pump s controlied by the
programmable control circuitry to deliver the chemotherapeutic agent i view of the incorporated pharmacokinetic and

pharmacodynamic parameters to achiove a desired result without any foxie side effect.

14. The apparatus of claim 1 where the control electronies includes remotely programmable control strouttry to
regulate dispensation of umor BRMs according to their pleiotropic nature to allow for biological processes or
mechanisms to develop by selectively reducing or enhancing selected agents in the drug reservolr to provide patient-

spocific treatment.

15. The apparatus of claim 1 where the control electronics includes remotely programmable control circuitry to
dispense agents within a specific time domain to a tumor site 1o selectively provide an mwnune modulating effect and/or

anti-prohiferate effect, and dosing depending on which effect is to be maxtmally stimalated.

16, The apparatus of claim 1 where the control electronics mehudes remotely prograsumable control eireutiry

sclectively controlling the pump to provide mmamum dosing of a chemotherapeutic agent 1o a tumor site by using the

maximum tolerated doses (MTD) in a time domain which does not interfere with the activity of BRMs.
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17. The apparatus of claim } where the control clectronics malundes romotely programmmiable control circuitry to allow
an expression of a BRMs cascade effect due to communication of cyviokines as messengers with their synergistic, additive

or antagonistic interactions that affect a target tumor cell.

18. The apparatus of claim | where the controf clectronies inclades remotely programmable controf etreuitry to
schedule delivery of medicating agents, mchuding chemotherapy and BRMs, based on toxicity, measures of

bicavailability, solubility, and concentration, and of circulation based on locality.

19, The apparatus of claim 1 where the control electronics mnchudes remotely programmable control circuttry 1o
selectively deliver agents in selective doses on a selective schedule based on wdividual differences of various tirnors

depending on the disease stage, ianwne factors, body weight, age and chronobiology.

20, The apparatus of claim | where the controf electronics incluades remotely programmable control circustry to
nyitigate factors such as peak scrum concentration associated with peak occurrence of side effocts of an agent
miravenously mjected, so that the peak concentration of the agent is correlated climcally with a peak side effect.
21 The apparatus of claim 1 where the control electromces mehudes remotely programmable control circuitry to
seleetively deliver an agent having a bell-shaped response curve as concentration of the agent mcreases o provide

improved control of the use of the agent according to the a bell-shaped response carve.

22 The apparatus of claim | where the controf clectronies inclades remotely programmable control civeustry to
provide an offective mode of adnunistrating an agent in combination with chemotherapy by selectivaly schedaling
delivery local administration of different agents in combination with monoclonal antibodies and tumor necrosis factors

(TFNs).

23, The apparatus of claim 1 where the control electronics mchudes remotely programmable control circuttry 1o
selectively control or explo#t delivery, dose. cvcle, circadian tinwe effects and the entire pharmacokmetic and
pharmacodynamic behavior of an agent and to provide corresponding feedback reports in tenms of a biological measare of

fumor responses o the agent.

24, The apparatus of claim 1 where the control electronies mcludes remotely prograsumable control cireutivy to
provide local administration of BRMs and chemotherapeutic agents to enhance mechanismis that support overlapping
effects i reducing temor burden and chimipation of tumors, to mduce an improved mesponse by using biomodulators
augmenting pationt anti-tamor response via production of oviokines, to decrease suppressor mechanisos, to incroase
pationt inununological response, to Hmit toxicity of an agent by locality of delivery, to maximize the dose, to increase

susceptibility of a coll membrane characteristic for an improved chemotherapy result, or to decrease twmor metastasis.
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25, The apparatus of claim 1 where the control electronics meludes remotely programmable control civeustry use a
Creech technique of regional ov 1solated himb perfusion to selectively delivery high-doses of chemotherapy to an isolated
or local site of melanoma or sarcoma by using BRMs and TNF-« to damage neovascalar circelation surrounding a tumor

without destroving normal tissue.

26, The apparatus of claim 1 where the control electronies mchudes remotely programmable control cireuttry
selectively deliver a plogality of agents using a cormesponding selectively determined plarality of doses and a
corresponding seiectively determmed plurality of schedules of the phaality of agents to maximize the anti-tumor effocts

of gach agent while not increasing toxicity.

27 The apparatus of claira | ehere the pump farther comprises an overpressure protection valdve to close pump

output when a predetenmnimed overpressure iz applied to the pump when filled or refilfed.

28. The apparatus of claym § where the pusmp includes a negative pressure drug reservolr and a drug inlet
comnumicated to the negative prossure drug reservolr, whereby the negative prossure drog reservoir is fillable or refillable

with an extomal nonpush drug souree.

29, The apparatus of claim 28 further comprising the external nonpush drug source.
34, The apparatus of claim | where the control electronics is programmable to control the pump to output a lower

pulse pressare por stroke as compared to conventional pamps that use pistons, which have g higher pulse pressare at the

peak of the stroke, wherehy granuloma is reduced, whereby convection-enhanced delivery of a drug is facilitated.

tad
S

An apparatus compnsing:
an MRI compatibie refillable drag reservoir
ant MRI compatible, hermetically sealed, implantable chamber;
an MRI compatible refill inlet disposed in and hermetically sealed within the MRI compatible, bermetically
sealed, implantable chamber and in Hud communication with the drag reservoir;

an MRI compatible pump disposed in and henmetically sealed within the MRI compatible, hermetically sealed,
implantable chamber and i fluid conununication with the drug reservoit;

MRI compatible control clectronics disposed in and hermetically sealed withm the MR compatible, hermetically
sealed, implantable chamber and electncally communicated fo the pump;

an MRI compatible cathoter electrically commumicated with the MRI compatible control electronics and in fluid
conmuication with the pump; and

an MRI compatible ventriculoperitoneal {VP) shunt electrically and in fluid communication with the catheter.
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