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(57) Abstract: The embodiments 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, each coupled to one
of the plurality of sensing electrodes, a data, control and power circuit coupled to the plurality of local amplifiers, and a photonic device
bidirectionally communicating an electrical signal with the data, control mid power circuit. An optical fiber optically communicated
with the photonic device. The photonic device bidirectionally communicates an optical signal with the optical fiber. An optical interface
device provides optical power to the optical fiber and thence to the photonic device and receives optical signals through the optical
fiber from the photonic device. Tire optical interface device bidirectionally communicates an electrical data, control and power signal
to the computer.
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AN OPTICALLY COUPLED CATHETER AND

[01]  Background
[02}  Field of the Technology
[O3]  The invention relates 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 2744145, GOIN 274 146; GOIN
33/5438; HOLL 310049 and HO1L 510538,
[04]
[05}  Descripiion of the Prior Ast
fO6]  n a conventional diagnostic catheter, the sweak biopotential signals picked up by the right electrodes in the distal
tip are amplificd in extomal cquipment that s separated from the clectrodes by several meters of wirdng. This wiring 1s
vulnerable o noige pick up from 60 Hz poveer matos and higher frequency interfersace from operating romm equipment. As
a rozult, signals such as complex fractionated atrial clectrograms with amplhitades in the 147s of uV are often buried in the
noise.
[O7]  Existing wtracardiac recording tschnigues, while they have served the clinician and basic scientists reasonabhy well
over the past three to four decades, suifer from several inherent limifations. By the very nature of stilizing electrodes
connected by long cables to o distant differential amplifier, these systams ame subject to Hne “noise,” ambiont EM{, cable
muotion artifacts, and faolty connections.
[O8]  Local signals are subject to recording of far-field sighals, which at imes render the tnterpretation of complex, rapid
arthythnuias very difficell, if aol impossible. The conflation of far-fickd and siguals of real mierest, such as pulmonary vam
fiber potentials, accessory patlnvay signals, and slow pathway potontials, can sometimes be the cause of fatled ablations,
The ability to record local clectric activity with great precision and to the excloston of far-field signals would be of
paramount importance.
[09]  Current recording systens frequently cannot differentiate low amplitads, high-frequency signals from background
nolse. Extremely ow amplitude signals, such as those generated during slow conduction within a myocardial scar, are
frequently missed or lost in the background noise when amplifier gain is made sufficiently high to attermpt to reeord such
signals.
[10]  Continuous, low amphitsde, fractionated high-frequency signals such as those frequently seen in the atria of pationts
with chronic atnal fibnllation, cannot be further charactonized ysing existing woording technologies, These mgnals may
contatt important bicdogie and electrophysiologic mformation. For example, these signals may represent important arcas of
scarring that are responsible for formation of rotors. Alternatively, they may be manifesting discharges from contiguous
eptcardial parasympathetic ganglionated ples.
[11] In one application, sach as in Renal Denervation, variabilitics m human microanatomy of renal nerve distrnibution
and density of nerve endings front patient 1o pationt mean that we cannot take a “cookis cutter” approach to circumierential

ablation sites. Vasiability in ncuron function i type and size, from large to small means that we camnof only ablate the larger

bed
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regular-discharzing newron sites but must alse target the smaller frreg
tonal and can drive signaling even when the latge sites have boeen susuessiuuy aviwey,
[12]  Mapping of the renal artery allows for a precise identification of resal nerve location and size. Location data can be
wsed 1o identify precisely where to ablate, while size information can be used to discorn newron types fregular, irregular,
and nop~-spontancous). This can lead to greater efficacy and a reduced need for sertal ablations o the first is ineffoctive.
[13]  Ancther such application is in electrophysiological studies for entifvimng differest tvpes of anhythmia
Electrophysiology studics are porformed by mcasuring small signals from clectrades placed in the patient’s beart m a
sometimes very noisy envirgmment. As currently practiced, signal detection i the clectrophysiological Lab is subject to
extemal noise from pick~ap during the travel of the stgnal from the catheter tip 1o the amplifier located several feet away.
Signal processing at the multichamel recorder can subyect small signale of interest to degradation when appropriately
amplified, such that important microvolt-sized signals are lost when notse 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 characterized. Barbar Hubbard, in the text “The
World According to Wavelets”™, expresses the fundamental problem of filtering as a method for smoothing the wave
characteristics employving low pass and high pags filtering, and the obyvious problom of separating the noise component from
the native sigeal, which is the nability of the system o identefy which is which. If we know that a signal is snooth, 1o
changing slowly | and that the noise 13 fluctuating rapidly, we can filter out noise by averaging adjacent dasa to climinate
fluctuations while preserving the trend. Noise can also be reduced by filtering out high frequencies. For smooth signals,
which change relatinvely slowly and therefore are mostly lower frequeney, this will vot blur the signal toe much. Many
mteresting signaly are not smooth; they contwn high-frequency peaks, Bluninating all lugh frequencics nugtilates the
message, “outting the daisies along with the weeds,” m the words of Victor Wicker Hauser of Washington Untversity in St
Louss, adeguately expresses the main drawback of postprocessing such signals.
(7]

[18] Brief Summary
{19]  The itlusteated embodiments of the invention include an apparatus used in combination with & computer for sensing
biopotentials. The apparatus includes a catheter in which there iy a plurabity of sensing electrodes, a corresponding plurality
of local amplifiess, cach coupled to ong of the plurality of sensing electrodes, a data, controd and power civeuit coupled o
the plurality of local amplifiors, and a photonic device bidircctionally communicating an electrical signal with the data,
control and power cirewit. An oplical fiber optically commuuicated with the photonic device., The photonie device
bidivectionallv communicatos an optical signal with the optical fiber. An optical mterface device provides optical power 1o
the optical fibar and thenee 1o the photonic device and receivas optical signals through the optical fiber from the photonic
device, The optical interface devics bidivectionally conupumicates an electnical data, control and power sigaal to the
sompatar,
{201  The optical interface device mchides a laser to provide optical power to the optical fiber,
{21]  The optical interface device includes a photodetector to recetve optical signals through the optical fiber from the

photomic deviee,

)
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[22] The optical imterface device moludes a digital signal prow

photodiode, and to conuanicats with the computer.

{23]  The apparatus further inclndes a catheter cable coupling the optical interface device and the catheter, where the

optical fiber is included m the cathetor cable, which 1s MRI compatible and EMI impervious. Ouly optical signals are

communicated within the catheter cable.

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

{251  The apparatus fnther includes in one fabricated embodiment a flexible printed circuit board and where the focal
anyplifiers and data, control and power circuit comprise application specific idegrated cireuits {ASICS) mounted on both
sides of the flexible printed cireudt hoard within the catheter baving a size of 11 Frenck or smaller.

[26] In other words, the apparatus fusther inctudes a flexible printed circuit board and where the local amplifiers and
data, control and power circuit comprise apphication specific mtegrated cirawnts (ASICs) mounted on both sides of the
flexible primted circuit board having a width of 2. 3muy o less and 3 helght including the ASICy of 2mu or kugs,

{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 eivenit include a multipleser communicated to the plurality of electrades.

{

{
291 The plurality of local amplifiors sach have programmable gain

{301  The plurality of clecirodes senses analog electrical biopotentials and the data, control and power circuit inchade an
analog to digital converter to process the electrical biopotentials in digital form and the photonic device commumnicates the
cloctrical digital biopotential through the optical fiber to the optical interfhce as optical digital biopotential signals.

{31]  The catheter is configured as an electrophysiology catheter, venal denervation catheter, neuromodulation catheter,
or an epiloptic brain cathater.

{321  The apparatus further includes a temperature sensor communicated to the data, control and power cireuit,

{33} The dlustrated embodiments van alse be chasacterized as & method for sensipg biopotentials mcluding the steps

of providing a cathetor comprising a phurality of sensing electrodes, a corresponding plurality of local amplifiers, each

coupled to one of the phaality of sensing electrodes, a data, control and power circeit conpled to the plurality of Tocal
amplificrs; and a photonic dovice; sensing the biopotontials with the plusality of sensing electrodes; bidirectionally
communicating the biopotentials with the data, control and power cireuit, providing an optical fiber in a catheter cable
optically comnmmnicated with the photonie device; bidirectionally communicating an optical signal through the optical
fiber; and catheter; providing optical power to the opucal fiber and thenes to the photonie devies; recetving optical signaly
throagh the opticat fiber from the photonic devies; and bidisectionally conunenicating an electrical data, control and
power signal to the computer, so that the catheter cable ts MR compatible and EMI impervious.

{34] The step of sensing the biopotentials with the plurality of sensing electrodes includes the step of sensing the
biopotentials with a plurality of locally amplified MOSFET dectrodes,

[35]  The step of providing a catheter comprising a phuality of sensing electrodas, a corresponding pluvality of local
amplifiers, cach coupled o one of the plurality of sensing electrodes, a data, control and power circust coupled to the

plunality of focal amplifiers and a photonic device includes the step of providing a flexible printed cireuit board and

Lod
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mounting the local amphfiers and data, control and power cireuit

{ASICs) mounted an boih sides of the flexable printed circuit hoard Wi 186 CUBUICE HRVIERG #5146 UL 11 THSHGH U1 SERUGE,
or in the altemative mountod on both sides of the flexible prugted crrcuit board baving a width of 2.5mm or loss and a hoglht
ingluding the ASICs of 2w or less.

{36] The optically coupled catheter of the illustrated embodiments can be used t any field of medical diagnosis or
therapy and in particalar has specific application fo clectrophysiclogy, renal denervation. nenromodidation, nerve ending
measurements i the central norvous systom {CNS), and for psychiatric therapy of patients with degp deprassion or mante
deprossive state where medicating sgents are not offective. A special case 2 the use of such sensing mndabity in opileptic
seigure, where the eleotrodes with sach rosolptions can avgment the resolution of the focal potmt wsertion of
newromodidating ingdantable clectrodes where electrical potential at the site averts the epileptic event prior to Us oconrrence.
{37} The illustrated embodiment is an optical catheter systemy which is scanner and magnetic resonance imaging (MR
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 impmune to any wmdio frequency {RF) or electromagnetic nodse or interference.

[38] While the apparatus and method has or will be deseribed for the sake of grammatical fluidity with finctional
explanations, 1 1 to be exprossly understood that the clums, undess expressly formolated ynder 33 USC T2, are not to be
construsd as necessarily limited 18 any way by the construction of “means™ or “steps” limitations, but are to be acvordad
the full scope of the meaning and oquivalents of the definition provided by the claims under the judicial doctrine of
equivalents, and in the case where the claims are expressly formulated wnder 33 USC 112 are 1o be accorded full statutory
equivalents under 35 USC 112, The disclosure can be better visualized by turming now to the following drawings wherein

ltke elements ars referenced by Hke numerals.

{39] Brief Description of the Drawings
{401 Fig. 1 is a block dingram of an apparatus used in catheter impedance spectroscopy according to the lustrated
embodmments of the invention.
{411 Fig. 2 isa block diagrani of the components in the catheter tip of Fig, 1 according to the illustrated embodiments of
the invention.
{42]  Fig. 3 is a schematic disgram 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 s included in a size 11 French catheter or
sadler.

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

=

{441  Fig. 5 is o 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 Indions Galliom Nitude (InfzaN} bidirectional LED.

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

photomic scheme employed by the catheter for the detection of the hopotential,
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{471 Fig. 6C is apair of graphs illustrating bow an LED and a lass:
are emploved in the detection and data trangmission of biopotential measurement employvimg a catheter, IRe grapn m e
left portion of the figure is a graph of the laser and LED butensity as a function of time. The graph in the right portion of the

figure is a graph of the LED mtensity as a function of applied voltage.

=

[48] Fig. 7 is a schematic of the fabrication of the cirowity of Fig. 6 into another embodiment of the flexible catheter.
{491 Fig. § is a oross sectional view of the cathetor of Fig. 7 as scen through seotion Hines 8 — 8 of Fig. 7.

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

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

{82] Fig. 10bis a perpendicalar cross-sectional view of the renal artery of Fig. 10a.

{531 Fig. l0c is a longitudinal cross-sectional view of the renal artery of Figs. 10a and 10b.

{54] Fig. 11 is a diagram of a quadsipolar and decapolar sensing catheter of the ilustrated embodiments as disposed in
the left ventricle of the heart.

[55] ¥ig. 12aisa diagram illustrating the use of the catheter to identify a focal eptleptic origin in the brain.

{56} Fig. 12b is a diagram which in its upper portion illustrates the sensed biopotentials of a partial epileptic seizare and
use of the catheter to wdentify a focal epileptic onigin ia the brain,

{57} Fig. 12cisa diagram which in its upper portion ilusteates the sensed biopotentials of a generalized epileptic seizure
and use of the catheter to identify a focal epileptic origin n both sides of the brain.

[88] The disclosure and its varions embodiments can now be better understond by tuming o the following detatled
deseription of the preferred embodmments which are presented as lustrated 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 ihestrated

embodiments describod below.

{59} Detatled Bescription of the Preferved Embodiments

{60]  Fig. 1 is a block diagram of illustrating an impedance catheter system 38 using local amplifiers 30 according to one
of the tHustrated embodiments of the wvention. A catheter 40 iy coupled via a catheter cably 10, wiuch mcludes an optical
fiber 12 to an optical interface 18, Cable 12 and optical fiber 12, which may be several meters long, s coupled to optical
mterface 15, which in turm i coupled to a personal computer 26 or other data processor or control device or system through
a conventional wniversal serjal bus {USB). Optical interface 18 provides power to catheter 40 and serves to handle data flow
to and from catheter 40. A laser 20 is included in optical mierface 18 and is comirolied by a digital signal processor (DSP)
24. For example, a I'W 40%mn Titamum-Sapphire laser or faser diode with about 30mW to 150MW optical output may be
wsed. Any electrical comrol stgnals from computer 26 e communicated through DSP 24 to laser 20, where they ave ontput
a8 optical or photonie signals, and are coapled into optical fiber 12, Shmblatdy, photowe data op optical fiber 12 wput into
optical irerface 18 is reegived by photodiode 22 and converted into an electrical data signal commumicated o DISP 24 and
hence to computer 26, Dichroic mirror 42 diverts a portion of the output of laser 20 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 into a GalN LED {Philips Lumnieos Luxeon £3 or an inGanasam ughne enniimg
diode (LED} and photodetector (PD} 16, According to the direction of ias applied to LED/PD 16, it operates sither to
receive a photonde signal and convert it into an electrical replica when biased as a photodiode or to generate a photonie
stgnal tm yesponse te an electrical mput when biased as an LED. A semtconductor such as InGaN/GaN with multple
guantiem wall structure commonly vsed for light emitting diodas can be emploved for dual functions of optoclectronics
devices exhibiting photadetector proporties in under variable load conditions (biag). The principle of such device 1s noted
by the fact that Qptical cmission resulting fron 405 nin selective photoexeitation of carriers in the GalnN/GaN guantum
well ({FW) active region of a liglt-emitting diode, which reveals two recombination channels. The fivst recombination
channel 15 the reconbination of photoexeited carriers 1n the GalnN QWs. The second recombination chanvel is formed by
carriers that leak out of the GalnN QW active region, which in tum self-biag the device in forward direction, and thereby
induce a forward carrent, and subsequently recombine in the GalaN active region i a spatially distabuted mamner. The
results indicate dveamic camrier transport tnvolving active, confinement, and contact regions of the device. Thus, one can
casily integrate photodetectors with LEDs using the same epi-sinuciure to realize o GaN-based optoslectronie tntegrated
circuit (OEIC). See Y.D. Jhou eral., "Nitride-baged lght emitting diods and photodetector dual function devices with
WGaNAaN mudtiple quantin well structures™, Solwd State Electronies, Vol, 49, No. 8, Aug, 2005, pp 1347 - 1331, And
Martin F. Schubert et al. “Flectroluminesconce induced by photoluminescenes exertation in GalnN/ GaN light-emitting
diodes™ applied physies lettor 93, 191105, (2009),

{621 LED/PD 16 iz coupled to light application specific integrated cirouit (ASIC) 2%, which signal conditions and
commenicates a pherality of signals on serial pevipheral interface (SP1) bag 44 to a phurality of amplifier ASIC’s 30, each of
which are coupled to an electrode 32. The plurality of MOSFET electrodes 32 together with tip ground electrode 34 are the
sensing points of catheter 40, similar to the MOSFET clectrodes desentbed in greator detail in Shachar, etal, "Apparates
for magnetically deplovable catheter with MOSFET sensor and wmethod for mapping and ablation”, US Patent 7,365,834
incorporated harein by reforence as iF set cut in it entirety. Sensed biopotentials from MOSFET electrodes 32 are locslly
amplified by amplifier ASICs 30 and communicated 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. 21sa block diagram of the components in the catheter tip of Fig. 1 according to the illustrated embodiments of
the invendion. Light ASIC 28 inclades a power and data module 46, which converts the optical signal originating from laser
20 into both an glectrical power stanal for catheter 40 ag well of control signals and output data signals. Modale 46 converts
electrical power from LED/PD 16 derived from pulsed light isto continuous capacitive stored power stored on capacitor 47,
Module 46 is coupled 1o LED/PD 16 and controls the bias on to LED/PD 16 as well as bidirectionally commumicating digital
signals thereto and therefrom. Modale 46 is coupled to the catheter ground via a coupling resistor 32 used to monitor any
leakage curtent protection and to a tempergture sensor 30 by which signal conditioning and compensation are provided for
catheter 40, PMU Module 46 3 also bidizectionally coupled to DSP 48 by witich a syanchronizing clock signal is provided

to amplifier ASICs 30 and duough with data and control signats are bidirectionally conmmunicated.
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[64] DSP 48 communmcates with DSP 34 in amphifier ASIC 30,

through an analog to digital converter (ADC) 36, ADUC 36 i tur Iy powered Dy Moguia 40 ITONER 10W Gropout (LI}
voltage wgulator 38 driving a weforence voltage cirouit 60 coupled to ADC 56, ADC 36 weeeives 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 filter
{(HPE) 66 dnven by a fixed gain mnstnumentation amplficr (TA) 68 (here a Texas Instrument or Analog Devices
ADS2IZACBZE-PT. Floctrode 32 and tip ground clectrode 34 are coupled to 1A 68 dhrough an electrostatic discharge
protection circuit 70, In the illustrated embodinaeat 1A 68 has a fixed gain of 50 while PGA 64 is progranwmable froum { -
30, thus making a 1- 500 1V scosed signal at eloctrode 32 can be programemable and apprarasa 5 - 2530 mV input signal
to ADC 36,1 PGA 64 15 given a gain of 10, Sumilartv, a 1 — 10,000 gV sensed signal at electrode 32 can be scaled to appear
aga 0 - 1800 mV mput signal to ADC 536 by programming PGA 64 with a gain between 1 to 530, ora 1~ 100,600 pV sensed
signal at electrode 32 appears 35 a G - 1800 mV input stenal to ADC 56 by programsning PGA 64 with a gain between | to
33 Ia this maaner different electrode input signal ranges are progranumable and accommodated.

{65] Fig. 5 is a block diagram of another enbodiment of the componenis in the catheter tip of Fig. 1, similar to the
emnbodiment of Fig. 2. In the smbodiment of Fig. 5 hght ASIC 28 and amphifier ASKD 30 have been comsbined into an
mtegrated ASIC 86, In iiteprated ASIC %6 includes a multiplexer (MUX) 88 coupled fo a plurality of electrode channels
84, one of which is shown in detatl in Fig. 3. Tenmperature sensor 30 is also provided as an input to MUX 80, A sequencer
circuit 82 1s coupled between MUX 80 and DSP 48 bidirectionally coupled to module 46 to control the sequence of channels
84 sampled. A progranunable gain control signal 1s generated by DSP 48 and coupled o PGA 64, Data s provided by PGA
64 for each electsode 32 through MUX 80 to 4 low pass filter 62 to analog-to-digital converter 36 for communication to
DISP 36

{B68] Fig. 3 iz a schematic diagram ilustrating the fabrication of the components in the catheter tip according to the
Hustrated ombodiments of the tinvention in which the catheter system 15 included i a size 1] French catheter or smaller,
Optical fiber 12 in entheter cable 10 s coupled through end 14 o an asphereal leas 72 dyrecting collimated light from
optical fiber 12 infe LED/DP 16, LED/DP 16 15 disposed adjacent to the proximats end of flewsble prnted cirvagt board
{(FPCB} 74 which extends through the body of catheter sheath 40, In the embodiment of Fig. 3 a microcontrolier (MCU) 76
with a built-in analeg-to-digital converter is disposed on one side of FPCE 74 and an syverting amplifier cireuit (INV) 78
is disposed on the opposing side of the FPCB 74, INV 78 (here a Diodes 74AUP2GO6) is a lovw-power dual inverter with
open-dram outpet. it provides two mwverting beffers with opan-drain output. The output of the devics is an open drain and
can be connected to other open-drain outputs to knplement sctive-LOW wired-OR oy active-HIGH wired-AND functions.
A Schmiti-trigger action at all inputs makes the ciresit tolerant to slower input vise and fall times across the entire VCC
range from 0.8 V1o 3.6 V. INV 78 ensures a very low static and dysamic power consumption across the entise VOO range
from 0.8 Vo 3.6 V. Itis folly specificd for partial power-down applications using IOFF. The I0FF cirowtry disables the
output, preventing the damaging backflow current through the device when it is powered down. The stacked height of MCU
To, INV 78 and FPCR 74 i3 about 2oun and the widdy of FPCR 74 is about 2 Smm, the width of MCU 76 and INV 78 being
less, Also coupled to MCIT 76 on FPCB 74 is a bandpass filier 81 and thence to 1A o8, Disposed on the opposing side of
FPCB
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74 from 1A 68 is a audtiploxer (MUX) 80, MUX 80 15 coupled to t

and to tip ground eloctrode 34,

{67] Fig. 6Ais a hlock diagram of yet another cmbodiment of the components in the catheter tip of Fig. 1 in which MUX
81 15 coupled 10 tip ground electrode 34 and through a plurgtity of ESD chreuits 70 1o a corvesponding plurality of MOSFETY
clectrodes 32, TA 08 and bandpass filter 87 are then senally conpled between MUX 88 and the butlt-in ADC withm MCU
76. MCU 76 generates a control signal to MUX 80 which countrols the sequancing of the mudtiplexed data input signals from
MOSFET electrodes 32, Temperature sensor 30 in tum s coupled to MCU 76 as is sesistor 32, The catheter system 38 of
Fig, 6A 1s fabricaiod in one embodiment as shown m Fig. 7, similar to the embodiment of Fig, 3, In the embodiment as
depicted m Fig. 7. JA 08, BPE 87, and MCU 76 are mounted on and coapled to the top surface of FPCR 74 as top compovents
&8 with MUX 80, capacitor 47 and modele 46 are mounted on and coupled to the bottom surface of FPCB 74 as bottom
components 9. LEDPD 16 and lens 72 are adjacent to and midline with FPCB T4 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 conmponents 88 and bottom
conponaitts 90 again present a stacking beight with FRCB 74 of 2oum or less with a width defined by the width of FRPCB
74, which can be selected ag 2 3mm or less. FPCB is electrically coupled by wiring to catheter 40 for grounding purposes.
Fig. 6A isa block dingram of the smbodiments whereby photonic power and data transmitted optically employing an Indhum
Oalliem Nitnde (InGalN) adirectional LED. Fig. 6A further sheows the two scetions of the catheter 40 wherebv the catheter
is schematically divided into a proximal section 173 represeated by the handle 82 on Fig. 4 and a distal section of the
catheter 1835 contaiming the slectrodes and the photowe machinery forming the biosensing portion of the catheter.

{68] Fig. o8 is a schemabic representation of the pringiple of operation of the photodiode and the laser forming the
photonie scheme emploved by the catheter for the detection of the biopotential. The schematic formuing the civouit of
photonic power to the clectronics where the aser 20 provides coberent hight 176 (305mn) through the dichwoic nurror 42
and the optical fiber 12 o the LED/PD 16, The LED/PD 16 also selectively penerates an optical signal 177 (430nm) that
retns through the optical fiber 12 to the dichroie murror 42 where s reflecied fo a photodiode 22, Further circust 193
included in MCU 76 is a variable load which enables modulation of the signal fommed by the blue InGaN LEDPD 16w
generate a data stream representing the biopotential deteoted by the electrodes 32, The operation of the laser 20 and the blue
InGaN LEIVPD 16 where DU power 176 (3030m) 1s delivered to the catheter and where a retum of a binary data stream to
ciscuit 193 15 forther described by Fig. 60

[69] Fig. 6C is apair of graphs illustrating how an LED and a laser forniing the photosic detection and power mechanism
are emploved in the detection and data wansmission of biopotential measurement emploving 3 catheter. The graph in the
left portion of the figure is a representation of the laser and LED intensity as a function of ttime. The graph in the right
portion of the figure s a representation of the LED current as a fimction of applied voltage.

{701 Fig. 6C indicate two modes of operation in the photonie scheme which enables the bio-detection of potentials
within hological tissue. Whereby Laser 20 shoven i Fig, 6B genorates a light beam transmitted through a dicheoic mirror
42 and optical fibar 12 so that 4 continuous light sousce power signal 176 with a wave length of 405mm is delivered the
throngh LED/PD 16 to power the electronics of ASIC 86, When reverse biased LED/PD 16 is generated by the vadable

load condition 123 and set by microcontroller 76, the equivalent voltage potential meanwred at the biological species
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{Heart surface tissue or norve ending) a data stream 177 wath a wave

modelation of circait 195 {photonic evalent enussion of the poteruay asuIGy 81 U PIIORIGEE SIS, WIRISOY 8
variable load, changes the intensity of the of light gencrated by LED/PD 16 to sond & binary data strsam. The use of
biudivectionnl InGraN LED/PD 16 is possible by the emplovment of dichirote murror 42 which splits the bean as well as the
ncorporation of a vatiable Toad which wodulates the Light intensity output by LED/PD 16, Clocked pudsed poweris
delivered at 403nm and clocked binary data is returned at 450am as shown in the left portion of Fig. 6C in a tune-
multiplexed fashion. The right portion of Fig. 6C graphically repsesents the relationship betwesn the currentévoltage cunve
192 of LED/PD 16 and the variable load of civeuit 193 to provide the binary states as reprosented in the left portion of Fig,
6.

{71}  Fig. 4 is a side view of an assembled catheter svstern with a steerable tip. A catheter handle 32 inchudes optical
interfice 18, Catheter cable 10 extends from handle &2 to the site of operation and torminates in catheter ML A
conventional stvlet is incladed i catheter cable 10 and 15 controlled from handle 82 for steering and mancuvening the
Jocation of the catheter distal end, theseby enabbng contact with the targeted site within the confinament of the hiological
gpecies destred, eg. hoart surface tissue or verve ending and, optionally catheter 40, to altow catheter 40 to be remotely
steered from handle 82

{72} Fig. ¢ illustrate a possible appHeation of emploving the invention within the current art of electrophysiological
studies. The figure dlustrates the deplovment of the catheter 40 into the night renal artersal tract, adjacent to renal van 98,
for renal denervation (RDNY, & mimimally vasive procedurg to tremt resistant hyvpoerionsion. The procediwre uses
radiofrequency ablation to burn the nerves v the renal artertes. Thags process cavses a reduction o the nerve activity, which
deerases blood pregsure, The REN protocol reguire 3 site- speeific identificoation of rinal artery 94, renal ganglion 96, and
the electroanatonic location of arborized svimpathetic renal nerve endings 104, the nerve 106 is then ablated by the use of
radiofrequency modality throngh the adventitia 14, wlile correcting or modifiing using local amplification of biopotentials
sensed 1 the renal artery 94 of the left kidoey 92, Cathetor 40 s disposed thvough abdominal aora 100 carrving aorio-
comeal ganglion 102 into venal artery 94 in the proximity of renal ganglion 96, The use of the ventive device catheter 40
enable a proper definition of the location of the nerve ending and thereby will improve the diagnostic value of the current
art of RDN,

{73] Fig. 10ais perspective diagram illustrating the renal detasl of the renal avtery of Fig. 9 in relation to the tp of catheter
40 and the fact that the anatomical vartabilify of the arbortzed sympathetic renal nerve endings 104 ix human speeific and
camnot be assumed to be a generic may, most of RDN procedure fail. See Hitesh € Patel et al. “"Renal denervation for the
management of resistant hypertension™, Intogr Blood Press Congrol. 2015, §: 37-09, published online 2013 Dec. 3, doi:
10.2147ABPC.SA3632. Fig 10a is an illastration of a left kidvey 92 where the nerves innervating the kidoevs are either
efferent or afferent nerves. The nerves imnesvating the kidnevs are either efferent or afferent nerves 106 shown fn Fig. 10c¢
The efferent nerves derve from the neuraxing, along the renal artery 94 and vein. The atferent renal nerves travel fromt the
kidnoy towarnd the dorsal root ganglia 96 along the spinal cord, The efferent renal serves are postganglionic, and the majority

of these are adrenergic, i.e.. they contain norepinephring varicositics at their nerve terminals,
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{74]  An important neurotransmitier role for norepinephrine is

sympathetic nerve activity to zavo by chronic renal denervation reduced renal ESHS MOFEPMSPIVING CONCENTATON DY »¥W2 7y,
conversely, increasing wenal sympathefic nerve activity by renal syinpathetic nerve stioudation sucreased nowepinephrioe
concentration in renal venous blood. The signal characteristios of the efforent or the atferent nerves 106 is identified by the
low poise high sampling rate ADC 36, DSP 48 and PMU 46w Fig, 5 formmng a digstal “snap shot”™ associated by the
employment of the cloctronie scheme 164 and nerve ending-signal signature representation.

{751  The sxample of cloctro-anatomic cases, be it RDN in Fig 9, clectrophvsiclogical study for anhvthunia indicated by
schematic Fig, 11, or nerve onding variable anatomical placement of efferent or the afferent nerves shown in Figs, 10A,
108 and 10C are further tHlustrations of the needs for accurate mapping of clectro-anatomical features where a proper
diagnosis and spatiad definition incloding a clear representation of the morphological characteristies of the signal{s} provides
an important diggnostic mformation which in furn impact the therapontic success of the medical interventional procedure
ie. RDN or EP study of arthyflunias. FIG. 10a further iflustrates the mcorporation of apparatus for facilitating guided
delivery of a MOSFET mapping (and potentially), delivering RF energy for ablation via catheter 40 to innervated tissue snd
ganglia that contribute to renal sympathetic nerve activity in accordance with embodiments of the invention.

{T6]  In another embodinent, the RF ablation catheter 40 is ased cooperatively with an imaging systom such as known
the art for examyple, an impodance mapping apparatus by such as the 8t Jude Medical ENSITE or magunetic localization
svstem, as exgmplified ax CARTO by 1&) BioSense Webstor, which enables a catheter to locate target within anaromical
contest and by provide geometric coordinates of specific anatomical destination e.g. renal norves. This process of defining
an anatomical site such as a renal plosus ganglion to effect a change of nerve signal or generally enhance a procedure, we
generally clagsify as nevromodulation or a renal denervation. Specifically, where a sergical andfor electnical intervention
deactivates the abilttv of the syoypathetic nerve or is ganglia to influence the activity of the svoyathetic aufonmmia nervous
systent to achiove a chimcal outeome.

{771 Inanother embodiment of the irvention we improve the desired clinical outcome by emploving the MOSFET sensor
arrav of electrodes 32 within the catheter 40 i a stable position whereby the MOSFET sensor array of electrodes 32 registars
a high bloclectrical potontial and when an impedancs sensor, which is software defined within the cathetor’s digital circuitry,
indicates a contact with a specific impedance value, the catheter 40 13 than activated to deliver energy with a set valoe of
w.g. 840 walts of RF energy. FIG. 10a describes a MOSFET sensor aray of electrodes 32 and #ts umigated RF ablation
cathetor 40 conhgured for mamtainng the catheter 1n a stable posttion and orieniation as detadled using the embodiments
noted by the referenced patent noted above and by debivenng the necessary energy to denervate the active site. The svstom
and itz wethods provide the operator with the means to affect the modulation of nerve actizaly and achieve the desired goal
of nenrp-attemsation to achieve an optimal clinical goal.

{781  The process described is govemed by the use of the apparatus’ ability to first provide an indication of position and
orentation of the cathoter 41 with constant impedance value indicating surface contaet with the vessel fomon so as fo be
cuable to deliver the necessary RF oncrpy through the adventitia and where the ablating energy 15 transiitted to the renal

nerve and the ganglia 1o an optimal and safe mode.
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{791  According to one embodiment, the irigated ablation cath

clectrodes 32 s deliverad 1o a Tocation within a patient’s renal arkery ¥4, 1oe MUDPL | SEHSOV AXTAY CANSIST 44 Preterapiy
inclodes a mapping dovice, (ot shown) such as EnSite Navix of St. Jude Medical or other mapping device such as CARTQ
produced by Y& BroSense Webster,

{80} Fig. 10b is a perpendicalar cross sectional view of the renal artery of Fig, 1a and Fig. 10¢ s o fongitudinal cross
soctional view of the renal artery of Figs, 10a and 105, which dlustrate the structure of renal artery 94, namely showmyg the
nerves 106 m the renal wall, the renal lumen 108, the cndothelium 110 providing the lining of ronal arery 94, the media
tawer 112 backing the sodothelium 114, the serounding adventitia 114 and finally the encasing fat tissucs 116, The above
anatonioal details are an ihesteation of the complexity and variability of the anatondcal sits, where biopotential activities
must be distinguished, identified and recorded with fidelity so as to enable a therapeutic optimal result. This 1s the mainstay
of the utility of the inventive steps of emploving a local amplification and digitizing such distinet signal with fidelity and
cohmic value that the carrent ant can’t deliver, dug to the inherent signal-to-noise ratio (SNR) in the current architeeture of
clectrodes processed at a distance.

{81} Fig. 11 s a diagrammatic longitedingl side cross section of the left atrium of the heart 150 and where an
clectrophysiological study emploving an optical catheter 40 combined with a decapolar catheter 128 o identify electrical
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 current art is reduced substantially by recording the biopotestial
on the sttes without averaging the signal and the fact that the native signal is digitized within the distal end of the catheter
128, the measured ouiput cannot be correpted by any external notse andfor pickup by the long shaft of the catheter, Fig. 11
iHastrates the sensing of an excitable oo Bular matrix tvpical for heart’s muscle. The sensed biosignaly 136 from the decapolar
catheter 128 are depicied 1 graphic form to illustrate an electrophysiological study, where a physieal placement of muliiple
catheters 1o the left atnom to sense and sfterword ablate the desired site(s) m order to correat an arthythuma, (e.g. such as
AbbY. The figore tHlustretos the cass where muliiple electrodes catheter 130 will display different blopotentials and unless
we distingnush them and recond them locally, the current art technology averages their values and can’t distinguish betwean
far and near field results,

{82] Additionally, Fig. 11 is a graphical representation of a ganghionic 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 record digitally the sigaal, 1s the mamstay of this appheation. The use of optical power and transnussion of the digital
data 1 a binary form further elommates the aeeds to genarate an averaging of the various electrodes, as the local signal may
mchicate a “non-~standard” behavior wisch 15 the undedyving representation of a disease. The conventzonal prior art employs
electrodes, which mberently must average the signal over a timespan, and thereby reduce the resohstion on a local level.
{831 T 11 is additionally an example of the embodiment of the invention where we use a graphic representation of
ganghonis plexus signal and whers the analogue complex wave Is proserved by the machinery described above as o
demonstrates the vse of the cmthetor sensing capabiiities and onables a consistent and measurable application of contact
foree as a function of impedance value to distinguish betweon the contact foree over the tissue measured and the anatomical

stracture, and by Serther providing a safe and optimal contact foree between the catheter distal end and the biclogical site

N
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or structure. This measwre of fores ¥ essential for the fidelity of the

the phvsical mvarse law, Heneo the operator peeds © know that the vioputcusias G 1o 510 B YUUSHUE 85 4 BSusig UL g
bioclecttic potential of acar field from the contacted tissue as opposed to tar fields sarmed by the blood flow transtusing
through the renal artery,

{84] TFigs. 120 - 12¢ are side cross scotional views of a patient’s bmin 138 and optical cathetor 40 whereby an
electroanatomic stady of focal eptepsies and seiznres that emanate from an epileptogenic focus within the brain. Fig. 23
is a diagram iHastrating the ase of the catheter 40 to wdentify a focal epileptic ongin in the brain 138 Fig. 12b is a diagram
which 1 #s upper portiom iHustrates the sensed biopotentials 140 of a partiad epileptic stizure and use of the catheter 40 1o
ientify a focal partial seizure epileptic origin 142 in the brain 138, Fig. 12b mdicates a clinteal representation of a local
seizure 142 identifiod by the corresponding electrpencephalogram noted by the waveformy of the local scizre signaly 144,
which indicates the seizyre opicenier. Fig, 12¢is a diagram which in its upper portion illastrates the sensed biopotentials
144 of a gencralized epileptic seizure and use of the catheter 40 to identify a pencralized focal epileptic origin 146 in both
sides of the brain. Fig. 12¢ further olaborates on the ability of a precise bropotential catheter of the tepe described by this
invention which enables the distinction of such an apparatius to discriminate between localized seizures verses global
sezures 146, The corresponding sleetroencephalogram 144 represents the various electrode of the existing arty of measuring
bram output while the catheter 44 identifios the anatonucal and topographical localization of the epicenter,

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

{868]  Therefore, it must be understood that the iHustrated embodiment has been set forth only for the parposes of example
and that it should not be takon as lniting the embodiments as detined by the followimng claims. For exanple, notwithstanding
the fact that the clemends of a claim are sef fosth below o a cortain combination, # must be exprassly wnderstood that the
embodiments mchade other combinations of fower, more or different elemaents, which are disclosed 1 above even when not
inittally claimed in such combinations. A weaching that two glements are combined in  clabmed combination is further to
be understood as also allowing for a clavmed combivation in which the two elemoents are not combined with each other but
may be vsed alone or combined in other combinations. The excision of avy disclosed element of the ewbodiments is
explicitly contemplated as within the scope of the embodiments.

{87]  The words used wn this specification to deseribe the various smbodiments are to be understood not only in the sense
of thair commonly defined mweanings, but to include by special definition m this specification structure, matenial or acts
bevond the scope of the commonly defined meanings. Thus, if an element can be understood i the contedt of this
spectfication as inchuding more than one meaning, then its use in a claim st be understood as being genernic to all possible
meanings supported by the specification and by the weord itself

{881  The definitions of the words or cloments of the following claims are, thevefore, defined in this specification to
mclade not only the combination of clements which are hiternally set forth, but all equivalent structure, material or acts for

performing substantiatly the same funetion in substantially the same way to obtaln substantially the same resalt. In thig
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sense 1t3s therefore contemplated that an squivalent substitution of

clements in the claims below or that a single eloment may be subshiumeu 1wor Cv0 L1 BVIV CEIIRY 13 @ CIUBL ALBOUEH
clements may be deseribed above s acting m certain combingtions and sven tutially clatsned as such, it is 1o be expressly
understood that one or more elements from a clabued combination can it some cases be exeised from the combination and
that the clatmed combination mayv be directed to 2 sub combination or variation of a sub combivation.

{89] Iosubstantial changss from the claimed subject matter as viewed by a person with ordinary skill in the art, now
knowen or later devised, are exprossly contemplated as being equivalently within the scope of the clanns. Thewefors, obvious
substitutions now or lator known o one with ordinary skifl io the art are defined to be withun the scope of the defined
eloments.

{90} The claims are thus to be understood to include what is specifically illustrated and desoribed above, what is
concepiionally equivalent, what can be obviously substituted and what essentially incorporates the essential idea of the

embodiments.

o
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We clam:

1. An apparafus used i combination with a computer for sensing biopotentialy comprising: a cathaisr
COMPIINNG:

a plurality of sensing clectrodes; a corresponding plusality of ocal ampliticrs, cach conpled to one of
the plurality of sensing electrodes; a data, control snd power cirant coupled to the phurality of focal amplifiers;
and

a photonie device hidirectionally communicating an clectrical signal with the data, control and power
cirenit, an optical fiber optically comnunicated with the photonie device;

where the photonic dovice bidimetionally communicates an optical signal with the optical fibar; and an
aptical interface device fo provide optical power to the optical fiber and thence to the photonis device and to
receive optical signals through the optical fiber from the photomic device, whete the optical interface device

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

2. The apparstus of clasm § where the optical interface device includes a laser to provide optical powerto
the optical fiber.
3 The apparatus of claim | where the optical isterface device includes a photodetector to receive optical

signals throagh the optical fiber from the photomie device.

4, The apparatus of claim 2 where the optical interface dovice includes a photodetector to receive optical

signals throngh the optical fiber from the photonie device,

& The apparatis of claim 4 where the optical srertace deviee cludes a digital signal processor to contrel

and copumemicate with the laser and photodinde, and to communicate with the computer,
6. The apparatus of claim | further comprising a catheter cable coupling the optical interface device and
the catheter, where the optical fiber is included in the cathetor cable, which 13 MRI compatible and EMI

fmpervious,

7. The apparatus of clawn 6 whers only optical signals are conmunicated within the catheter cable.

14
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8. The apparatos of clabm 1 whers the plurality of electrodes sach comprise a MOSFET clectrode.

8. The apparatus of clam 1 further comprising a Boable printed cwouit board and where the logal
amplifiers and data, contral and power cirenit comprise application specific integrated circuits (ASICs) mounted

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 further comprising a Bexible printed circuit board and where the local
amplifiers and dafa, control and power circuit comprise application specific integrated circuits (ASICs) mounded
on both sides of the flexible printed circuit board having a width of 2 Snum or lesy and a height inclading the

ASICs of 2mm or less.

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

or a photodiode depending on Dias control.

12. The apparatus of claim | whess the data, control and power cirawit includes 3 mudtiplexer commmnicated

to the plurality of clectrodes.

13, The apparstus of claim § wherein the plurality of local amplifiers cach have progranunable gain.

14, The apparatus of claim 1 where the plurality of eloctrodus sense analog electrical biopotentials and
where the data, control and power circuit wcludes an asalog to digital converter fo process the clectrical
biopotentials in digital form and where fhe photonic device comnrunicates the electrical digital biopotential

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

15, The apparatus of claim 1 where the catheter is configersd as an clectrophysiology catheter, renal

denervation catheter, nevromodulation catheter, or an epileptic brain catheter.

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

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

providing a cathetor comprising o plorality of sensing electrodes, a corresponding phurality of local
amplifiers, sach coupled to ong of the phuralities of sensing clectrodes, a data, control and power circult coupled
o the plurality of tocal amplificrs, and a photonic devies,;

sonsing the biopotentials with the plurabity of sensing electrodes;

bidiectionally communicating the biopotentials with the data, control and power cirawt, providing an
optical fiber m a catheter cable optically commumicated vath the photonic device;

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

providing optical power to the optical fiber and thence to the photonic device,

recciving optical signals through the optical fiber from the photonic devics; and

bidirectionally comumunicating an clectneal data, control and power signal fo the computer, so that the

catheter cable is MRI compatible and EMT impervious,

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

comprises sensing the biopotentials with a plurabity of locally amplified MOSFET cledirodes.

18, The method of claim 17 where providing a cathetor comprising a plurality of sensiog electrodes, a
corresponding ploratity of local araplifiers, vach coupled 1o one of the phunlity of sensing electrodes, a data,
comtrol and power circuit conpled 1o the plurality of local amplifiers and a photonte device comprises providing
a flexible pristed cirouit board and mounting the local amphifiers and data, control and power cirouit in the form
of application specific intograted oireutts (ASIUR) mounted on both sides of the flexabde printed eireuit board

within the cathetor having a size of 11 French or smaller.

20. The method of clatm 17 where providing a catheter comprising a plurality of sensing electrodes, a
corresponding plerality of local amplifiers, sach coupled t0 one of the phuality of sensing clectrodes, a data,
comtrol and power circust cowpled to the plurality of local amphificrs and a photonie device comprises providing
a Hexible ponted cucuyt board and mounting the local amplifiers and data, control and power eirquat i the form
of apphication specific inteprated circuits (ASICs) mownted on both sides of the flexible printed civeuit board

having a width of 2. 3mm or less and a height including the ASICs of 2mm or less.

16
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