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We clamny:

1. An apparafus used i combination with a computer for sensing biopotentials comprising: a catheter
COMPIINNG:

a plurality of sensing electrodes; a corresponding plurality of local amplificrs, cach conpled to one of
the plurality of sensing electrodes; a data, control and power cirant coupled to the phaality of local amplifiers;
and

a photonic device bidirectionally communicating an electrical signal with the data, control and power
cireuit, an optical fiber optically commumicated with the photonie device;

whera the photonic dovice bidisectionally commmunicates an optical signal with the optical fibar; and an
aptical interface device to provide optical power fo the optical fiber and thence o the photonis device and to
receive optical signals through the optical fiber from the photonic device, where the optical interface device

bidirectionally conumunicates an electrical data, control and power signal 1o the computer,

2. The apparatus of claim § where the optical interface device inclades a laser to provide optical power to
the optical fiber.
3 The apparatus of claim 1 where the optical interface device includes a photodetector o receive optical

signals throagh the optical fiber from the photomie device.

4, The apparatus of claim 2 where the optical interface device includes a photodetestor to receive optical

signals throagh the optical fiber from the photonie device,

& The apparatus of elam 4 where the optical tierface device includes a digital signal processor to control

and copumemeate with the laser and photodiode, and to communicate with the computer,
6. The apparatus of claim | Ruther comprising a catheter cable coupling the optical interface device and
the catheter, whese the oplicad #ber t¢ included in the catheier cable, which is MRI compatible and EMI

fmpervious,

7. The apparatus of clam © whero only optical signals are communicated within the catheter cable,

14



WO 2020/242753 PCT/US2020/032379

8 The apparatus of clatm T whers the plurality of electrodes sack comprise a MOSFET electrode.

8. The apparatus of clasm 1 further comprising & Sexible printed cwowit board and where the logal
amplifiers and data, control and power circuit comprise application specific infegrated circuits (ASICs) mountod

on both sides of the flexible printed circuit board within the catheter having a size of 11 French or smaller.

10. The apparatus of claim 1 firther compristng a Bexible printed civcuit board and where the local
amplifiers and data, coutrol and power cirouit comprise application speeific idegrated circuits (ASIC:) mounted
on both sides of the flexible printed cirouit bosrd baving a width of 2. 5mm or less and a height including the

ASICs of 2mm or less.

11 The apparatus of claim | where the photonic device selectively operates as both a light cmitting diode

or a photodiode dependiag on bias contrel.

12. The apparatus of claim | where the data, control and power cirowt inchudes a multiplexer commumcated

to the plurality of clectrodes.

13, The apparatus of claim 1 wherein the plurality of local amplifiers each have progranumable gain.

14, The apparatus of claim 1 where the plurality of electrodes sense analog electrical biopotentials and
where the data, conirol and power cireutt includes an analog to digital converter o process the glectrical
biopotentials in digital form and where the photonic device comnmmicates the electrical digital biopotentiad

through the optical fiber to the optical itorface as optical digital biopotential signals.

15, The apparatus of claim 1 where the catheter Is configared as an electrophysiology catheter, renal

denervation catheter, neuromoduiation catheter, or an epileptic brain catheter,

16,  Theapparatus of claim 1 fasther comprising a temperature sensor communicated to the data, control and

powEr circuif.
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17. A method for sensing biopotentials comprising:

providing a cathetor comprising a plurality of sensing electrodes, a coresponding plurality of local
amplifiers, cach coupled to ong of the phuralitics of sensing eledtrodes, a data, control and power circuit coupled
o the plurality of focal amplifiers, and a photonic devieg;

sonsing the biopotentials with the plurabity of sensing electrodes;

bidirectionally communicating the biopotentials with the data, control and power cirawt, providing an
optieal fiber v 3 catheter cable optically compnnicated with the photomce device;

bidirectionally communicating an optical signal through the optical fiber and catheter,

providing optical power to the opticat fiber and thonee 1o the photonic devics;

receiving optical signals through the optical fiber from the photonie devics; and

bidircctionally communicating an clectneal data, control and power signal fo the computer, so that the

catheter cable is MRI compatible and EMI impervious,

18. The method of claim 17 whese sensing the biopotentials with the plumlity of sensing clectrodes

comprnises sensing the bropotentials with a pharality of locally amphified MOSFET clectrodes.

18, The method of claim 17 where providing a catheter comprising a plurality of sensing electrodes, &
corresponding plarality of local smplifiers, each coupled 1o one of the plumslity of sensing electrodes, a data,
comtrol and power circuit conpled to the plarality of Tocal amplifiers and a photontc device comprises providing
a flexible printed circuit board and mounting the local amphificrs and data, controd and power circuit in the form
of application speific intograted cireunts (ASICs) mountad on both sides of the flexibde primted ctreuit board

within the cathetor baving a size of 11 Fronch or smaller.

20. The method of clatm 17 where providing a catheter conpriging a plurality of sensing electrodes, a
corresponding plerality of focal amplifiers, cach coupled 10 one of the plurality of sensing clectrodes, a daty,
control and power circait coupled to the plurality of local amplifiers and a photonie device comprises providing
a Hexible ponted croutt board sud mouwnting the loeal anplifiers and data, control and power cirewt 1 the form
of application specific inteprated circuits (ASICs) mowded on both sides of the flexible printed circuit board

having a widt of 2.5mm or less and a height including the ASICs of 2mey or less.

16
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AN OPTICALLY COUPLED CATHETER AND

[01]  Background
[02}  Field of the Technology
[O3]  The invention selates to the field of bioelectric catheters and in particular to catheters having MOSFET sensor
arrays using a local amplifier, such as appear in CPC subclasses: GOIN 274145, GOIN 27/4146; GGIN
33/5438; HOL1L 310049, and HOIL 531/0538.
[04]
[05}  Descripiion of the Prior Ast
fO6]  n a consentional diagnostic catheter, the weak biopotestial signals picked up by the right elecirodes in the distal
tpy are amplificd in external cquipment that i separated from the clectrodes by several meters of wiring. This wiring is
vulngrable to noise pick ap from 60 Hz poveer mains and higher frequency interforence from operating romm equipment. As
a rozult, signals such as complex fractionated atrial clectrograms with anplitades i the 107°s of uV are often buried in the
noise.
[O7]  Existing wtracardiac recording ischniques, while they have served the clintcian and basic scientists reasonabhy well
over the past three to four decades, suffer from several inheront Hmittations. By the very nature of atilizing electrodes
connected by long cables to u distant difforential amplifier, these systens are subject to Hne “noise,” ambiont EM{, cable
mution artifacts, and fanlty connections,
fO8]  Local signals are subject to recording of far-field signals, which at times render the interpretation of complex, rapid
arrhythnuias very difficolt, i not impossible. The conflation of far-field and signals of real interest, such as pulmonary vein
fiber potentials, accessory pathway signals, and slow pathway potentials, can sometimes be the cause of failed ablations,
The ability o record local electric activity with great precision and o the exclusion of far-field signals would be of
paramount importance.
[09]  Current recording systems frequently cannot differentiate low amplitade, high-frequency signals from background
nolse. Extremely low amplitude signals, such as those geonerated dusing slow conduction within a myocardial scar, are
frequently missed or fost in the background noise when amplifier gain is made sufficiently high to attenipt to secord such
signals,
[0} Contimuous, low amplitsde, fractionated high-frequency signals such as those frequently seen in the atria of patients
with chronic atnal fibrllation, cannot be fither charactorized using existing recording technologies, These mgnals may
contat important biologie and electrophysiologic information. For example, these signals may represent important areas of
scarring that are responsible for formation of rotors. Alternatively, they may be manifesting discharges from contiguous
eptcardial parasympathetic ganglionated plest.
[11]  In one application, such as in Renal Denervation, variabilitics i human microanatomy of renal nerve distribution
and density of nerve endings from patient fo patient mean that we cannot take a “eookiy cutler” approach to circumfesential

ablation sites. Vagiability in neoron function w type and size, from large to small means that we camnot only ablate the larger

bed
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regular-discharzing nevwron sites but must alsoe target the smaller orreg
tonal and can drive signaling oven when the large sites have boen suckessiwuy avtuey,
[12]  Mapping of the renal artery allows for a presise identidication of ronal norve location and stze. Location data can be
wsed 1o identify precisely where to ablate, while size information can be used to discorn neuron types {regular, irregular,
and non~spontancous). This can lead to greater efficacy and a reduced need for senal ablations o the first is ineffoctive.
[13]  Ancther such application is in electrophysiological studies for identifymng  different types of armhythmia
Electrophysiology studics are porformed by measuring small signals from clecirodes placed in the patient’s heart m a
sometimes very noisy onvironment. As currently practiced, signal detection tn the clectroplvsiological Lab iz subject to
extemnal nose from pick-up during the travel of the signal from the catheter tip o the amplifier located soveral feet away.
Signal processing at the mudtichannel recorder can subyect small signals of intereat 1o degradation when appropriately
amplified, such that important serovolt-sized signals are lost when noise is filtered out.
[14]  Fractionation potentials recorded in scarred myocardial tissue, which serve as ablation targets, as well as pulmonary
veinn potentials and accessory pathway potentials, need to be accurately charcterized. Barbara Hubbard, in the text “The
World According to Wavelets”, oxpresses the fundamental problem of filtering as a method for smoothing the wave
characteristics employing low pass and high pags filtening, and the obviows problam of separating the noise component from
the native signal, which is the inability of the system to identify which is which. If we know that a signal 1s smooth, 16
changing slowly | and that the noise is fluctuating rapidly, we can filter out noise by averaging adjacent data to climinate
fluctuations while proserving the trend. Noise can alse be reduced by filtenng out hugh frequencies. For smooth signals,
which change relatively slowly and therefore are mostly lower frequeney, this will not blur the signal too much. Many
mteresting signaly are not smooth; they contan high-frequency peaks, Elimumsating all high frequencies nustifatex the
message, “outting the daisies along with the weeds,” i the words of Victor Wicker Hauser of Washington University in St
Louts, adeguately expresses the main drawback of postprocessing such siguals,
(7]

[18] Brief Summary
{19]  The itlustrated embeodiments of the invention include an apparatus used in combination with a computer for sensing
biopotentials. The apparatus includes a catheter in which there is a plurality of sensing electrodes, a corresponding plurality
of local amplifiers, cach coupled to one of the plurality of sensig electrodes, a data, control and power cireuit coupled to
the plurality of local amplifiors, and a photonic device bidirectionally commumicaling an electrical signal with the data,
control and power circuit. An oplical fiber optically commuicated with the photonic device. The photonie devics
bidivectionallv communicates an optical signal with the optical fiber. An optical mterface device provides optical power 1o
the optical fiber and thenee 1o the photonic device and receives optical signals through the optical fiber fiow the photonic
device, The optical inferface device bidiectionally commumcates an electrical data, control and power signal to the
sompatar,
{201  The optical imerface device includes a faser to provide optical power to the optical fiber,
{21]  The optical intorface device inchudes a photodetector to recetve optical signals through the optical fiber from the

photomic deviee,

)
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[22] The optical mterface device mcludes a digital signal prow

photodiode, and to commmunicats with the computer.

{23]  The appwatus further includes a catheter cable coupling the optical interface device and the catheter, where the
optical fiber is included in the cathetor cable, which s MR compatible and EMI tmipervious. Only optical signals ae
commumcated within the catheter cable.

{241  The plurality of electrodes each comprise a MOSFET electrode.

{251  The apparatus frther includes in one fabricated smbodiment a flexible printad circait board and where the focal
anyplifiers and data, control and power circuit comprize application specifie tdegrated circuits (ASICs) mounted on both
sides of the flexible printed cirenit board within the catheter baving a size of 11 Frenck or smalfer,

[26]  In other words, the apparatus fusther includes a flexible printed circuit board and where the local amplifiers and
data, control and power circuit comprise apphcation specific integrated cirowits {ASICSY mounted on both sides of the
flexible primted circuit board having & width of 2.5mm or less and 3 height including the ASICs of 2 or Jess,

{271 The photonic device selectively operates as both a light emitting diode or a photodiode depending on bias control.
{28]  The data, control and power circuit inclade a multipleser commumicated to the plurlity of electrodes.

{291 The pluratity of Tocal amplifiors sach have programmable gain

{301 The phuality of elecirodes senses asalog electrical biopotentials and the data, control and power cireuit inchule an
analog to digital corverter to process the clectrical bopotentials in digital form and the photonic device commuicates the
cloctrical digital biopotential through the optical fiber to the optical intorfhice as optical digital biopotential sigsals,

{31]  The catheter is configured as an electrophysiology catheter, renal denervation catheter, nearomodulation catheter,
or an epileptic brain catheter.

{321  The apparatus further mcludes a temperature sensor communicated 1o the data, control and power cireuit,

{33} The dlustrated embodinents can also be characterized as a method for sensing biopotentials including the steps

of providing a catheter comprising a plurality of sensing electrodes, a corresponding plurality of local amplifiers, each.

coupled to one of the pharality of sensing electrodes, a data, control and power civenit coupled to the plurality of focal
amplificrs; and a photonic device; sensing the biopotentials with the plurality of sensing electiodes: bidirectionally
communicating the biopotentials with the data, control amd power cirenit, providing an optical fiber in a catheter cable
optically communicated with the photonie devies; bidireetionally conmmumicating an optical signal through the optical
fiber; and catheter; providing optical power to the optical fiber and thence to the photonic device| receiving optical signals
throagh the optivat fiber from the photonic devics; and bidirectionally conumunicating an slectrical data, control and
power signal to the computer, so that the catheter cable ts MR compaiible and EMI imporvious.

{34] The step of sensing the biopotentals with the plurality of sensing elecirodes includes the step of sensing the
biopotentials with a plurality of locally amphlificd MOSFET clectrodes,

[35]  The step of providing a catheter comprising a phoality of sensing clectrodes, a corrasponding pluvality of local
amplifiers, cach coupled to one of the phurality of sensing electrodes, a data, control and power circuit coupled to the

plunality of local amplifiers and a photonie device inclades the step of providing a flexible printed cireuit board and

Lod
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mounting the local smphficrs and data, confrol and power cireuit

{ASICS) mounted on both sides of the flexable printed circuit Boand Witk Wie CUmCISn BivIg @ 5146 UL 11 FHIIGH U1 SIAe
or in the alternative moumted on both sides of the tlexible pristed crrewit board having a width of 2. 5mm or less and a height
ingluding the ASICs of Zmm or less.

{36] The optically coupled catheter of the illustrated embodiments can be used fn any field of medical diagnosis or
thevapy and in particolar has specific apphication fo clectropbysiology, renal denervation, weuromodulation, nerve ending
measurements i the central nervoes system {INS), and for psychiatric thesapy of pationts with deep depression or manie
deprossive state where medicating agents aro not offective, A spodial case 1z the use of such sensing mndabity in epileptic
seigure, where the electrodes with sach rosolotions can sugment the resolution of the focal point wsertion of
newromodidating implantable electrodes where electrical potential at the site averts the epileptic event prior to Us ocourrence.
{37}  The illustrated embodiment is an optical catheter systemy which is scanner and magnetic resonance imaging (MRT)
compatible. It is characterized by a highly flexible cathetor without the use of any shielded wires in the catheter cable. The
catheter system is totally immune to any mdio frequeney (RF) or electromagnetic notse or interference.

[38] While the apparatus and method has or will be described for the sake of grammatical fluidity with Amectional
explanations, 1 1$ to be expressly understood that the claims, unless expressly formulated under 33 USC 12, are not to be
construcd as necessanly lmited i any way by the construction of “means”™ or “steps”™ limitations, but are to be acconded
the full scope of the meaning and equivalents of the definition provided by the claims vnder the judicial doctrine of
equivalents, and i the case where the claims are exprossly formalated wader 33 USC 112 are to be accorded full statutory
equivalents under 35 USC 112, The disclosure can be better visualtzed by taming now to the following drawings wherein

ltke elements ars referenced by Hke numerals.

{391 Brief Description of the Drawings
{401 Fig. 1 is a block dingram of an apparatus used in catheter fmpedance spectroscopy according to the illustrated
embodiments of the invention.
{411 Fig. 2 isa block diagram of the components in the cathetor tip of Fig, 1 according to the tlustrated embodiments of
the invention.
{42]  Fig. 3 is a schematic diagram of one embodiment of the fabrication of the components in the catheter tip according
to the lustrated erabodiments of the invention in which the catheter svstem is included 1o a size 11 French catheter or
sadler.

{43] Fig. 4 is a side view of an assembled catheter system with a steerable tip.

=

{44]  Fig. 5 is 2 block diagram of another embodiment of the components in the catheter tip of Fig. 1.

{45] Fig. 8A is a block diagram of the embodiments whereby photonic power and data transmitted optically emploving
an Indiany Galliom Nitride (IolalN} bidirectional LED.

[46] Fig. 6B s a schematio representation of the principle of operation of the photodiode and the laser forming the

photomic scheme emploved by the catheter for the detection of the hopotential,
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{471 Fig. 6C is apair of graphs thustrating bow an LED and a lase

are emploved in the detection aid data transiussion of biopoteitial meeasurement Gmployag & cAICIor. 1Re SUapn W we
left portion of the figure ts a graph of the laser and LED intensity as a function of time. The graph in the nght portion of the
figure is a graph of the LED intonsity as a function of applied voltage.

[48] Fig. 7 is a schematic of the fabrication of the cirewity of Fig. 6 into another embodiment of the flexible catheter.
{491 Fig. § is a oross sectional view of the cathetor of Fig. 7 as scon through seotion lines 8 - 8 of Fig. 7.

{501 Fig. 9 is a diagram of the deplovment of the catheter into the right renal tract for renal denervation using focal
amplification of biopotentials.

[51]  Fig. 10ais perspective diagram illustrating the revnal detail of the renal atery of Fig. 9.

{82] Fig. 10bis a perpendicnlar eross~-sectional view of the renal artery of Fig. 10a.

{531 Fig. 0o isa longitudinal cross-sectional view of the renal arterv of Figs. 10a and 10b,

{54]  Fig. 11 is a diagram of a quadripolar and decapolar sensing catheter of the iflustrated embodiments as disposed in
the left ventricle of the heast.

[55] ¥ig. 12ais a diagram illustrating the use of the catheter to idestify a focal epileptic origin 1n the brain.

{56} Fig. 12bis a diagram which in its upper portion ilhustrates the sensed biopotentials of a partial epileptic seizure and
use of the cathetar to identify a focal epileptic ongin i the biain,

{57} Fig. 12cisadiagram which in its upper portion ilfustrates the sensed biopotentials of a generalized epileptic seizure
and use of the catheter to wdentify a focal epileptic origin in both stdes of the brain,

[88] The disclosure and its varions embodiments can now be better understood by tuming 1o the following detatled
deseription of the preferred embodiments which are presented as Hustrated examples of the embodiments defined in the
claims, I is exprossly wnderstood that the embodiments as defined by the claims may be broader than the iHustrated

embodiments described below,

{59} Detatled Bescription of the Preferved Embodiments

{60]  Fig. 1 isa block diagram of illusteating an impedance catheter system 38 using Jocal amplitiers 30 according to one
of the tlustrated embodiments of the wvention. A cathetor 40 13 coupled via a catheter cably 10, wiuch weludes an optical
fiber 12 to an optical mterface 18, Cable {2 and optical fiber 12, which way be several meters long, is coupled to optical
mterface 15, which in tumuis coupled to a personal computer 26 or other data processor or control device or systern through
a conventional wniversal serial bus (USB). Optical interface 18 provides power to catheter 40 and serves fo handle data flow
to and from catheter 40. A laser 20 is included in optical mierface 18 and is controlied by a digital signal processor (DSP)
24. For example, & I'W 405mm Titamiom-Sapphire laser or laser diode with about 30mW to 130MW optical outpat may be
uwsed. Any electrical control signals from computer 20 awe contmunicated throuh DSP 24 1o Taser 20, whese they ave ontpat
a8 optical or photone signals, and are coupled into optical fiber 12. Simikarly, photomie data on optical fiber 12 wput into
optical iierface 18 is ruecived by photediode 22 and converted into an electrical data signal communieated to DSP 24 and
hence to computer 26, Dichroie mirror 42 diverts a portion of the vutput of laser 26 to photodiode 22 for feedback control

of the laser level.
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{61]  The transmitted photonic signals from optical interface 18 a

end 14 of optical fber 12 and are directed nito a GaN LED {(Philips Lumneas Luxeon £ or an IUanyUan ugnt ennimg
diods (LED} and photodetector (PDY 16, Acconding to the dircction of bias applisd to LED/PD 16, it operates sither to
receive a photonde signal and convert itinte an electrical replica when biased as a photodiode or to generate a photonie
stgnal ta response te an electneal mput when biased as an LED. A semitconductor such as InGalN/GaN with multiple
guantiem wall structure commonty ased for bight emitting diodes can be emploved for dual functions of optoslectronics
devices exhibiting photodetector properties in under variable load conditions {biag). The principle of such device 1s noted
by the fact that Qptical emission resulting frony 405 nm selective photoexeitation of carriers in the GalnN/GaN gquantun
well ({FW) active region of a light-emitting drode, which reveals two recombination chanuels. The first recombination
chamnel s the reconbination of photoexcited carriers in the GalnN QWs. The second recombination chanuel is formed by
carriers that leak out of the GalnN QW active region, which in tum self-bias the device in forward direction, and therehy
induce a forward carrent, and subseguently recombine in the GalaN active region 1 a spatially distnbuted manmner, The
results indicate dyeamic carvier transport ivvolving active, confinoment, and contact regions of the device. Thus, one can
casily integrate photodetectors with LEDs using the same epl-structure to realize a GaN-based optoelectronic integrated
circuit (OEIC). See Y. D Jhou etal ., “Nitride-based Hght emitting diods and photodetoctor dual fimotion devices with
IGaNGaN mudtipke quantum well structures™, Sohd State Blectronies, Vol 49, No. 8, Aug, 2005, pp 1347 - 1331, And
Martin F. Schubert et al. “Electrolunineseence induced by photolumnescence exeitation in GalaN/ GaN light-emitting
diodes™ applied physies lettor 93, 191103, (2009).

{621 LED/PD 16 i coupled to light application specific mtegrated cirouit {ASIC) 2%, which signal conditions and
commenicates a pherality of signals on seddal peripheral interface {SPI) bus 44 1o a phurality of amplifier ASIC s 30, sach of
which are coupled to an electode 32, The plurality of MOSFET electrades 32 together with tip ground electrods 34 are the
sensing points of catheter 40, similar to the MOSFET clectrodes desenbed in greater detail in Shachar, et.al, “Apparatus
for magnetically deplovable catheter with MOSFET sensor and method for mapping and ablation”, US Patent 7,869,834
incorporated herein by reforence as i set out in its eontirety. Sensed biopotentiale from MOSFET electrodas 32 are locally
amplified by amplifier ASICs 30 and commmumicated via bus 44 into light ASIC 2% to be multiplexed out to LED/PD 16 and
communicated as multiplexed photonic signals on optical fiber 12,

{63] Fig. 2sa block diagram of the components in the catheter tip of Fig. 1 according to the illustrated embodiments of
the invendion. Light ASIC 28 includes a power and data module 46, which converts the optical signal originating from laser
20 into both an electrical power signal for catheter 40 ag well of control sigials and output data signals. Modale 46 converts
electrical power from LED/PD 16 denived from pulsed light into contimuous capacitive stored power stored on capacitor 47
Module 46 18 couplod to LRDVPD 16 and controls the bias on to LEDPI 16 as well as bidirectionally commumcating digital
signals thereto and thereftom. Models 46 iz coupled to the catheter ground via a coupling resistor 32 used o monitor any
leakage curtent protection and to a temperature sensor 30 by which signal conditioning and compensation are provided for
catheter 40, PMU Module 46 is also bidirectionally coupled to DSP 48 by which a svnchronizing clock signal is provided

to amphifier ASICs 30 and fluough with data and contvol signals are bidirectionally communicated.
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[64] DSP 48 commumcates with DSP 34 in amplifier ASIC 30,

through an analog 1o digited converter (ADC) 36, ADC 36 in wrn Iy powered Dy TOOGRIS 40 TFONEH 10W QrOPoUE (LA}
voltage regulator 38 dnving a referencs voltage cirouit 60 coupled to ADC 36, ADC 36 wecives the data signal from low
pass Alter (LPF) 62 driven by programmable gain amplifier (PGA) 64, PGA 64 takes its input signal from high pass fiher
{(HPF) 66 dnven by a fixed gan instnumentstion amplifier (IA) 68 (here a Texas Instrument or Analog Doviees
ADS2IZACBE-P7. Electrode 32 and tip grovnd clectrode 34 are coupled to TA 68 through an clectrostatic discharge
protection circait 70, In the illustrated embodiment 1A 63 has a fixed gain of 36 while PGA 64 18 progranwmable from { -~
30, thus making a 1- 300 uV scased signal at eloctrode 32 can be prograramable and apprarasa 5 - 250 mV wput signal
to ADC 36,1 PGA 64 is given a gain of 10, Similarhy, a 1 — 10,000 1V sensed signal at electvode 32 can be scaled to appear
aga 0 - 1800 mV nput signal to ADC 56 by programming PGA 64 with a gain between o 3 ora 1 - 100,000 pV sensed
signal at electrode 32 appears as & 0 - 1R00 mV input signal t0 ADC 36 by programming PGA 64 with a gain between | to
3. In this maaner different slectrode mput signal ranges are programmable and accommodated.

{68] Fig. 5 is a block diagram of another embodiment of the components in the catheter tip of Fig. 1, similar to the
emnbodiment of Fig. 2. In the embodiment of Fig. 3 hght ASIC 28 and amphifier ASKT 30 have been combined into ane
mtegrated ASIC 86, In inteprated ASIC 86 includes a multiplexer (MUX) 8¢ coupled to a plurality of electrode channels
#4, one of which is shown in defail in Fig. 3. Temperature sensor 30 is also provided as an input to MUX 80, A sequencer
cireuit 82 1s coupled between MUX 80 and DSP 48 bvduectionally coupled to module 46 to control the sequence of channels
84 sampled. A progranumnable gain control signal 1s generated by DSP 48 and coupled fo PGA 64, Data 1s provided by PGA
64 for each electsode 32 through MUX 80 to a low pass Hlter 62 to analog-to-digital converter 36 for communication {0
DISP 36

{B68] Fig. 3 iz a schematic diagram iHostrating the fabrication of the components in the catheter tip according to the
Husteated ombodiments of the ivvention in which the catheter system 15 ocluded w a size 11 French catheter or smaller,
Optical fiber 12 in entheter cable 10 is coupled through end B {o an asphencal lens 72 directing colbmated light from
optical fiber 12 info LED/DP 16. LED/DP 16 is disposed adjacent to the proximate end of fensble printed cirvad board
{(FPCB} 74 which extends through the body of catheter sheath 40, In the embodiment of Fig. 3 a microcontrolier (MCL) 76
with a built-in analog-to-digital converter is disposed on one side of FPCB 74 and ao tyverting amplifier cireuit (INV) 78
is disposed on the opposing side of the FPCB 74, 1INV 78 (here a Diodes T4AUPGO6) is a low-power dual inverter with
open-dram outpet. it provides two inverting baffers with open-drain output. The outpud of the devies is an open drain and
can be connected to other open-drain outputs to implement active-LOW wired-OR or active-HIGH wired-AND functions.
A Schmiti-trigger action at all inputs makes the cireuit tolerant to slower input rise and fall times across the entire VCC
range from 0.8 Vo 3.6 V. INV 78 cosures a very low static and dynamis powar consmmption across the ontire VCC range
from 08 Vo 3.6 V. it is fully speaified for partial power-dows applications using IOFF. The IOFF circwtry disables the
cutput, preventing the damaging backflow current through the device when i1 is powered down. The stacked height of MCU
7o, INV 78 and FPCR 74 is about 2aum and the width of FPCR 74 is abowt 2 S, the width of MCU 76 and INV 74 being
less, Also coupled to MCU 76 on FPCB 74 is 3 bandpass filier 81 and thesce to TA 68, Disposed on the opposing side of
FPCB
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74 from 1A 68 is a mudtiplexer {MUX) 80, MUX 80 15 coupled to t

and to tip goound electrode 34,

[B87]  Fig. 6A is ablock diagram of yot another cmbodiment of the components in the catheter tip of Fig. 1 in which MUX
81 15 coupled 10 tip ground clectrode 34 and through a phuzality of ESD circnits 70 to a corresponding plurality of MOSFET
clectrodes 32. TA 08 and bandpass filter 87 are then serially coupled between MUX 840 and the butlt-in ADC withm MCU
76. MCU 76 gonerates a cowtrol signal to MUX 8¢ which controls the sequencing of the mudtiplexed data mput signals from
MOSFET electrodes 32, Temperafure sensor 30 i tum is coupled to MUU 76 as is wosistor 32, The catheter system 38 of
Fig, 6A 1s fabricaiod in one embodiment as shown in Fig. 7, similar to the embodiment of Fig, 3, In the embodiment as
depicted o Fig, 7. JA 62, BPE 87 and MCU 76 are mounted on and coupled to the top surface of FPCB 74 as top components
&8 with MUX 80, capacitor 47 and modake 46 are mounted on and conpled to the bottom surface of FPCB 74 as bottom
components 9. LEDPD 16 and lens 72 are adjacent to and midline with FPCE 74 with optical fiber 12, Ag shown in the
perpendicuiar cross sectional view of Fig. 8, as scon through section lines 8 ~ 8 of Fig. 7, top componcnis 88 and bottom
conmponaitts 90 again present a stacking boight with FRCB 74 of 2num or loss with a width defined by the width of FPCB
74, which can be selected as 2 3mm or less. FPCRB is electneally coupled by wiring to catheter 40 for grounding pusposes.
Fig. A isa block diagram of the embodiments whereby photonic power and data transmitted optically employing an Indium
Oalliem Nitnide (InGaN) idirectional LED. Frg. 0A further shews the two sections of the catheter 40 whereby the catheter
is schematically divided into a proximal section 173 represented by the bandle 82 on Fig. 4 and a distal section of the
catheter 185 contatming the electrodes and the photonic machinery forming the biosensing portion of the catheter.

{68] Fig. o8 is a schemalic sepresentation of the pringiple of operation of the photodiode and the laser forming the
phaotonie scheme employed by the catheter for the detection of the biopotential. The schomatic fornmng the oirouit of
photonic power to the clectronies where the laser 20 provides coherent light 176 (405mm) through the diclwoic sirror 42
and the optical fiber 12 to the LED/PD 16, The LED/ED 16 also selectively genesates an optical signal 177 (430mm) that
retns through the optical fiber 12 to the dichrole mirror 42 where wis seflected fo a photodiede 22, Fasther civcut 193
included in MCU 76 iy a variable load which enables modulation of the signal formed by the blue InGaN LEDPD 16
generate a data stream reprosenting the biopotential detected by the electrodes 32. The operation of the laser 20 and the blue
InGaN LEIVPD 16 where DC power 176 (4030m) is deliverad 1o the catheter and where a return of a binsry data streaw to
ciscuit 193 15 forther described by Fig, 6C.

[69] Fig. 6C is a pair of graphs tlustrating how an LED and 3 laser forming the photonic detection and power mechanism
are emploved in the detection and data wansmission of biopotential measuwrement emploving a catheter. The graph in the
left portion of the figure is a representation of the laser and LED intensity as a function of time. The graph in the right
portion of the figare 1s a representation of the LED current as a function of applicd voltage.

{701 Fig. 6C indicate two modes of oporation in the photonic scheme which enables the bio-detection of potentials
within hological tissue. Whereby Laser 20 shoven in Fig, 6B genorates a light beam transmitted through a dicheoic mirrnr
42 and optical fibar 12 so that a continuous light rource power signal 176 with a wave length of 405nm is delivered the
throngh LED/PD 16 to power the electronics of ASIC 86, When reverse biased LED/PD 16 s generated by the vadable

load condition 123 and set by microcontroller 78, the equivalent voltage potential meanwred at the hiological species
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{Heart surface tissue or norve ending) a data stream 177 wath a wave

modelation of circeit 195 (photonic cquivalent entission of the: poterums muasureg au s LICIOYIGEE S0, WIKRSDY &
vartable load, changes the intensity of the of light gencrated by LED/PD 16 to sond a binary data stream. The use of
biudivectionnl InGraN LED/PD 16 15 possible by the emplovyment of dichwote mirror 42 which splits the beam as well asthe
mcorporation of a variable load which modulates the Hght intenstty outpat by LEB/PD 16, Clocked pudsed poweris
delivered at 403nm and clocked binary data is returned at 430am as shown in the left portion of Fig. 6C in a time-
multiplexed fashion. The right portion of Fig. 60 graphically represents the relationship betwesn the current/voltage curve
192 of LED/PD 16 and the variable load of civeuit 195 to provide the binary states ag reprusented o the left portion of Fig,
6.

{71}  Fig. 4 s a side view of an assembled catheter svstemn with a steerable fip. A catheter handle 32 includes optical
nterface 18, Catheter cable 10 extends from handie &2 to the site of operation and ternvinaies in catheter ML A
conventional stvlet iz included in catheter cable 10 and 1s controlled from handle 82 for steering and mancuvering the
Jocation of the catheter distsl end, thoreby enabling contact with the targeted site within the confinament of the hiologicsl
gpecies destred, eg. hoart surface tissue of verve ending and, optionally catheter 40, to allow catheter 40 {0 be remotely
steered from handle 82,

{72} Fig. ¢ illustrate 2 possible application of emploving the invention within the current ant of electrophysiological
studies. The figure dlustrates the deplovment of the catheter 40 into the night renal artenial tragt, adjacent to renal vewn 98,
for renal denervation {(RDN), g miminrally invasive procedure o trenl resistant hypertension. The procedwre uses
radiofrequency ablation to burn the nerves inthe renal arterteg. Thag process cavses a reduction n the nerve activity, which
deernzases blood pregsure, The RDN protocol roquire 8 sitee speeific idenification of ronal artery 94, ronal ganglion 96, and
the clectroanatonis Jocation of arborized svmpathetic rensl nerve endings 104, the nerve 106 is then ablated by the use of
rashofrequency modality throngh the adventitia 4, while comecting or modifying using local amplification of biopotentials
sensed in the renal artery 94 of the left kidoey 92, Catheter 40 iy disposed through abdominal aorta 100 carrving aorto-
comeal ganglion 102 into renal artery 94 in the proximity of renal ganglion 96, The use of the ventive device cathater 40
enable a proper definition of the focation of the nerve ending and thereby will improve the diagnostic value of the current
art of RDN,

{73] Fig. 10ais perspective dingram illustrating the renal detail of the renal artery of Fig. 9 in relation to the tp of catheter
40 and the fact that the anatomical variability of the arborized sympathetic renal nerve endings 104 i human speeific and
cannot be assumaed to be 3 generic map, most of RDN procedure fail. Sce Hitesh € Pasel et al. “Renal denervation for the
management of resistant hypertension™, Integr Blood Press Control. 2015, §: 37-6%, published online 2015 Dec. 3, dob:
10.2147ABPC. 863632, Fig 10a is an iltastration of a left kidney 92 where the werves innenating the kidueys are cither
efferent or afferent nerves. The nerves innervating the kidneys are either efferent or afferent nerves 106 shown in Fig. 10¢
The efferent nerves derive from the neuraxing, along the renal artery 94 and vein. The afferent renal nerves travel fromt the
kidnoy towand the dorsal root ganglia 96 along the spinal cord. The efferent renal perves are postganglionic, and the majority

of these are adronergic, Le., they contain norepinephrine varicositics at their nerve terminals,
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{74]  An important newrotransmitier role for norepinephrine is

sympathetic nerve activity to zero by chronic renal denervation reducaq renal TISSHS ROTEPUSPRYING CONCCALTATION DY FY27y,
conversely, increasing wenal symopathetic serve activity by romal svropathetic serve stioudation morcassd nowpinephrioe
concentration in remal venous blood. The signal characteristics of the efferent or the affercnt nerves 106 is identified by the
low poise high samphng rate ADC 56, DSP 48 and PMU 46w Fig. § forming a digital “snap shot™ associated by the
employment of the clectronic scheme 164 and nerve ending-signal signature representation.

{751  The sxample of clectro-anatomic cases, e i RDN in Fig 9, clectrophivsiolugical study for anshvthmia indicated by
schematic Fig, 11, or nerve onding varable anatomical placoment of offerent or the afforent nerves shown in Figs, 10A,
1B and 10C are further Hlustrations of the needs for accurate mapping of clectro-anatomical foatures where a proper
diagnosis and spatiad definition melading a clear representation of the morphological characteristies of the signal{s) provides
an important diagnostic information which in furn impact the therapeutic success of the medical interventional procedure
ie. RDN or EP study of amhytlunias. FIG. Hia firther tlustrates the incorporation of apparatus for facilitating gpuided
delivery of a MOSFET mapping (and potentially), delivering RF energy for ablation via catheter 40 to innervated tissue and
ganglia that contribute to renal sympathetic nerve activity in ascordance with embodiments of the invention.

{T6]  In another smbodiment, the RF ablation catheter 30 is ased coopsratively with an hnaging system such as knowa
the art for examyple, an impodance mapping apparatus by such as the 8t Jude Medical ENSITE or magnetic localization
system, a8 cxempdifiod az CARTO by J&J BioSense Webster, which enables a catheter to locats target within anatcsnical
contest and by provide geametric coordinates of spectfic snatomical destination ¢.g. remal nerves. This process of defining
an anatomical site such as a renal plexus ganglion to effect a change of nerve signal or gencrally enhance a procedure, we
generally clagsify as newromadulation or a renal denervation. Specifically, where a sergical andfor electncal intervention
deactivates the abiltty of the sympathetic nerve or tis ganglia 1o influence the activity of the svaypathetic autonomic nervous
systent 1o achiove a climcal outcome.

{771 Inanother embodiment of the mvention we improve the desired clinical outcoms by emploving the MOSFET sensor
arrav of electrodes 32 within the catheter 40 in a stable position wwhereby the MOSFET sonsor array of electrodes 32 registers
a high bloclectrical potontial and when an mpedance sensor, which is sofiware definod within the catheter’s digital clreuitry,
indicates a contact with g specific impedance value, the catheter 40 13 than activated to deliver enevgy with a set value of
w.g. 840 walts of RF energy. FIG. 10a desenibes a MOSFET sensor amay of electrodes 32 and #ts vmgated RF ablation
cathetor 40 conhgured for mamdaining the catheter in a stable position and orientation as detaled wsing the embodiments
noted by the referenced patent noted above and by delivenng the necessary energy 1o denervate the active site. The svstom
and itz wethods provide the operator with the means to affect the modulation of nerve activity and achieve the desired goal
of nowro-attemsation to achieve an optiraal clinical goal.

{781  The process described 15 governed by the use of the apparatas' ability 1o first provide an indication of position and
orentation of the cathoter 40 with constand impadance value indicating surface contact with the vessel femen so as fo be
cuable to deliver the neoessary RY energy through the adventitia and where e ablating energy 1s transmuitted to the ronal

nerve and the ganglia sn an optimal and safe mode,

10



WO 2020/242753 PCT/US2020/032379

{791 According to one embodiment, the irrigated ablation cath

clectrodes 32 s delivered to a location within a patient’s renal arfory va. 108 MUDEPE L SCHSOT AVTAY CAUNSISY 4 Prorerapiy
mcludes 3 mapping device, (rot shown) such as EnSite Navix of 8t. Jude Medical or other mapping device such as CARTO
produced by Y& BioSense Webster,

{80} Fig. 10b is a perpendicalar cross sectional view of the renal artery of Fig. 1 and Fig. 10¢ is a longitudinal cross
soctional view of the renal artery of Figs, 10a and 10b, which sHustrate the structure of renal artery 94, pamely showmng the
nerves 106 m the renal wall, the renal lumen 108, the cndothclium 110 providing the hining of renal arfory 94, the media
tawer 112 backing the sodothelium 118, the surrounding adventiia 114 and finally the encasing fat fissucs 116, The above
anatomical details are an flusteation of the complexity and variability of the anatomical sits, where blopotential activities
must be distinguished, identified and recorded with fidelity so as 0 enable a therapeutic optimal result. This is the mainstay
of the atility of the inventive steps of emploving a local amplification and digitizing such distinet signal with fdelity and
cohmic valug that the current art can’t deliver, due to the inherent signal-to-notse ratio (SNR) in the current architecture of
clectrodes processed at a distances.

{81} Fig 11 s a diagrammatic longitudinal side cross section of the feft atrium of the heart 150 and where an
clectrophysiological study emploeving an opical catheter 4 combined with a decapolar catheter 128 to identify clectrical
potential biosignals 136 within the loft superior pulmonary vein 148, With the use of the novel optical catheter, the SNR
and far-ficld/near-ficld averaging customarily used by the carrent art is reduced substantially by recording the biopotental
on the sites without averaging the signal and the fact that the native signal is digitized within the distal end of the catheter
128, the measured output canmot be corrapted by any external noise and/or pickup by the long shaft of the catheter. Fig. 11
iHastrates the sensing of an excitable eollular matrix tvpical for heart s muscle. The sensed biosignals 136 from the decapolar
catheter 128 are depicied 1 graphic form o Hlustrate an clectrophysiological study. where a physical placement of muluple
cathetors 1o the feft atnum to sense and afterword ablate the desired sde(s) m order to comect an arrhythima, fe.g. such as
AbbY. The figore tHlustrates the cass where multiple electrodes catheter 130 will display different bopotentials and unless
we distingnuch them and recond them locally, the cursent art lechnology averages their values and can’t distinguish batwean
far and near fiold results.

{82] Additionally, Fig. 11 is a graphical representation of a ganglionic waveform indicating the ability to distinguish
characteristic waves. The use of the preferred embodiment i this apphcation, with the ability to locally measure, amphfy
and rocord digitally the signal, s the maastay of this application. The use of optical power and transmission of the digital
data 1 a binary form further elmmates the needs fo gonerate an averaging of the various elecirodes, as the local signal may
mchicate a “non-~standard” behavior which is the underlving representation of a disgase. The conventional prior ast emplovs
electrodes, which inherently muost average the signal over a timespan, and thereby reduce the resolution on a local level.
{831 P 11 is additionally an example of the smbodiment of the invention where we use a graphic representation of
ganghonis plexus signal and whers the avalogue complex wave Is preserved by the machinery described above as o
demonstrates the vse of the catheter scnsing capabifities and enables a consistent and measurable apphcation of contact
foree as a function of impedance value to distinguish between the contact force over the tissue measured and the anatomical

stracture, and by father providing & saft and optimal contact force between the catheter distal end and the biclogical site

N
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or stracture. This measure of fores 18 exsential for the fidelity of the

the phvsical mvarse law, Heonco the operator neods © know that the viopototitias U 1ig 510 B YUUsHuo 85 4 BSasiig UL g
bioclectric potential of near ficld from the contacted Hssue as opposed to tar fields carried by the blood flow transtusing
through the renal artery,

{84] TFigs. 120 — 12¢ are side cross scctional views of a pationt’s brain 138 and optical cathetor 40 whereby an
electroanatomic stady of focal epilepsies and seizures that emanate from an epileptogenic focus within the bran. Fig, 12a
is a diagram iHastrating the use of the catheter 40 to wdentify a focal epileptic origin in the bramn 138 Fig. 130 is a diagram
which 1 #s upper portion iHustrates the sonsed blopotentials 148 of a partial epileptic stizure and use of the catheter 40 30
identify a focal partial seizure epileptic origin 142 n the bran 138, Fig. 12b indicates a clinteal representation of a local
seizure 142 identifiod by the corresponding electroencephalogram noted by the waveformy of the local seizure signaly 144,
which indicates the setzure opiventer. Fig, e is a diagram which in its upper portion illugtrates the sensed biopotentials
144 of a genctalized epileptic seizure and use of the catheter 40 to identify a generalized focal epileptic origin 146 in both
sides of the brain. Fig. 12¢ further claborates on the ability of a precise biopotential catheter of the tepe described by this
invention which enables the distinction of such an apparatus to discriminate between localized seizures verses global
setzures 146, The corresponding slectrocncephalogram 144 represents the various electrode of the existing arty of measuring
bram oufput while the catheter 44 identifics the anatonucal and topographical lecalization of the epicenter,

{85] Many alterations and modifications may be made by those baving ordinary skill in the art without departing from
the spinit and scope of the embodiments. Therefore, it must be understood that the iHusteated embodiment has been set forth
only for the purposes of example and that it should not be taken as linuting the embodiments as defined by the following
cmbodiments and it varous embodiments,

{868]  Therefore, it must be understood that the iHustrated endhodiment hag beon set forth only for the purposes of example
and that 1t should not be taken as lupiting the embodinents as defined by the followmg claims, For example, notwithstanding
the fact that the olemends of a claim are sef forth below in a cortain combimation, # must be oxpressly wnderstood that the
embodiments mohade other combimations of fower, more or different clemants, which are diselosed in above even when not
inittally claimed in such combinations. A teaching that two dlements are combined in a claimed combination is further to
be understood as also allowing for a clabmed combivation in which the two elements are not combined with each other but
may be used alone or combined in other combinations. The excision of any disclosed clement of the ewmbodiments is
explicitly contemplated as withi the scope of the embodiments.

{87]  The words used w this specification to describe the various smbodiments are to be understood not only in the sense
of thair commonly defined meanimgs, but to include by special defuntion m this specification structure, matenal or acts
beyond the scope of the commondy defined meanings. Thas, if an cloment can be snderstood i the contest of this
spectfication as inchuding more than one meaning, then its use in a clain must be wnderstood as being generic to all possible
meanings supported by the specification and by the veoud itself

{88] The dofinitions of the words or cloments of the following claims are, thorefore, defined in this specification o
mclude not only the combination of clements which ate hitemlly set forth, but all equivalent structure, matenial or acts for

performing substantially the same function in substantially the same way 1o obtain sebstantially the same result. In ths
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sense 1t 3s therefore contemplated that an equivalent substitution of s

clements in the claims bolow or that a single elomont may b substiueu 1o Ly U VIV GEAUGIRY 18 & CIAEL ALRUUES
clements may be described above as acting m cortain combinations and sven uwtially clavued as such, itz o be exprossly
understood that one or more elements from a clabed combinmtion can in some cases be excised from the combination and
that the clatmed combination may be directed to a sub combination or variation of a sub combination.

{89 Insubstantial changes from the claimed subjest matter as viewsd by a person with ordinary skill in the at, now
known or later devised, are exprosaly contemplated as being sguivalently within the scope of the clains. Thewefors, obvious
substitutions now or lator knowi to one with ordinary skifl in the ant are defined to be within the scope of the defined
eloments.

{90} The claims are thus to be understood to include what is spectfically ilustrated and desertbed above, what is
concepiionally squivalent, what can be obyviously substiteted wnd what essentially ncorporates the essential idea of the

embodiments.
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