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Abstract)

Stroke"and"cardiovascular"disease"are"major"health"threats"in"the"United"States."Treatment"is"

typically"done"under"XQray"fluoroscopy"but"MR"imaging"could"provide"physiological"information"

and"does"not"have"ionizing"radiation."An"issue"with"MR"is"that"tools"have"to"be"compatible"in"a"

magnetic"field"environment."Hence,"the"aim"is"to"build"an"RC"with"satisfactory"tip"visualization"at"

various"orientations."It"will"be"utilized"in"a"stroke"model"involving"swine"where"the"catheter"will"

be"inserted"in"the"femoral"artery"up"to"the"carotid."There"will"also"be"testing"the"accuracy"of"the"

electromagnetic"simulation"software"XFdtd."

"

A"unique"material,"pyralux"(by"Dupont),"was"processed"with"photolithography"to"etch"the"design."

The"resonators"were"wrapped"around"catheters"and"tuning"was"done"to"achieve"the"proper"

resonant"frequency"for"3.0"T"and"1.5"T"MR"scanners."Scans"were"made"with"vascular"phantoms"

and"mainly"MRA"(TOF"GRE)"protocols."Catheters"were"oriented"perpendicular"or"parallel"to"the"

B0"magnetic"field."OsiriX"and"MS"excel"were"used"to"calculate"the"SNR"of"the"catheter"relative"

to"the"background."

"

Increasing"flip"angle,"starting"from"5"degrees"and"ending"at"90"degrees,"decreases"the"SNR"and"

stronger"signal"is"achieved"at"1.5T"than"3.0T"with"these"parameters."There"is"not"a"significant"

different"between"SNR"with"the"perpendicular"and"parallel"orientations"in"the"3.0T."XFdtd"

successfully"demonstrated"the"relationship"between"frequency,"capacitance,"and"inductance"

with"a"single"coil"model"but"not"with"the"double"helix."A"clot"was"successfully"induced"in"the"

femoral"artery"of"a"pig"and"temperature"mapping"shows"insignificant"heating"hazards."
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The"goal"of"the"resonator"is"to"visualize"the"tip,"so"wider"bandwidth"would"be"useful"to"account"

for"frequency"shifts"caused"by"magnetic"field"disturbances."While"choosing"the"ROI"for"analysis,"

selection"was"based"off"covering"the"catheter"width"and"choosing"the"background"such"that"any"

artifacts"can"be"accounted"for."Although"the"same"TOF"GRE"sequence"in"previous"successful"

cases"were"used,"the"new"sequences"tested"this"year"were"variable"so"they"were"not"included"

in"analysis."""

"

From"this"study,"it"is"shown"that"the"resonator"has"similar"SNR"regardless"of"orientation"in"the"

GE"3.0"T"scanner."It"would"be"most"beneficial"to"use"low"flip"angles"and"currently"the"1.5"T"

scanner."

-

)
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Introduction)
"
Typical-Modalities-

Public"health"threats"such"as"ischemic"stroke,"brain"aneurysm,"and"atherosclerosis"are"major"

causes"of"death"and"disability"in"the"United"States."ImageQguided"endovascular"interventions"is"

a"growing"field"as"studies"continue"to"demonstrate"similar"efficacy"and"lower"morbidity"when"

compared"to"traditional"surgical"techniques.1Q5-For"cardiac"applications,"such"as"quantifying"

ejection"fraction"and"wall"motion"score,"echocardiography"is"the"most"commonly"used"clinical"

method."However,"it"is"associated"with"inability"to"differentiate"dyskinetic"from"hypokinetic"

myocardium.6Q8"The"gold"standard"for"diagnosis"and"treatment"is"currently"under"xQray"

fluoroscopic"guidance,"but"even"this"modality"has"its"disadvantages."Prolonged"navigation"can"

result"in"increased"radiation"dose"to"the"patient"and"interventionist"when"using"xQray"

fluoroscopic"visualization,"as"well"as"thrombus"formation"and"use"of"increased"volume"of"

exogenous"contrast.9Q18"

-

MRI-

Unlike"other"modalities,"magnetic"resonance"imaging"(MRI)"provides"quantitative"functional"and"

structural"information.23,24"Previously,"low"spatial"and"temporal"resolution"have"made"the"

modality"unattractive"but"recent"development"aims"to"reverse"that"trend.19,20"The"development"of"

wideQbore"and"open"MR"scanners"provides"a"dimension"of"access"to"the"patient"that"was"

previously"not"possible."With"the"open"MR"environment,"interventional"procedures"became"

feasible"for"a"variety"of"applications.19"For"example,"clinical"MRI"studies"demonstrated"the"

impairment"in"radial,"circumferential"and"longitudinal"strain"in"ischemic"myocardium.21Q23"

Investigators"found"that"MRI"had"higher"sensitivity"and"specificity"than"2D"strain"

echocardiography"in"patients"with"acute"myocardial"infarctions24-and"scar.25-Furthermore,"

contrast"enhanced"MRI"can"delineate"patchy"myocardial"infarct"in"patients26-and"animals.27Q29"
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MR"perfusion"and"thermometry"allow"for"monitoring"the"effects"of"procedures"such"as"thermal"

and"cryoQablations."For"instance,"while"treating"an"acute"ischemic"stroke"caused"by"

thromboembolic"occlusion"of"a"cerebral"artery,"it"is"possible"to"visualize"the"ischemic"penumbra"

(via"perfusion)"surrounding"the"core"infarct"(via"diffusion)"such"that"a"clinical"determination"can"

be"made"as"to"whether"to"reopen"an"occluded"artery"while"the"intervention"is"being"executed."

This"intraQprocedural"evaluation"of"tissue"damage"could"prevent"hemorrhage"upon"reopening"an"

artery"into"brain"tissue"that"is"already"infarcted.30--

-

Steering-

The"majority"of"endovascular"interventions"require"the"use"of"a"guidewire,"a"small"profile,"

flexible"metal"wire"with"a"hydrophilic"coating."Providing"a"stable"track,"a"catheter"is"then"

introduced"over"the"wire.31"Because"the"guidewires"are"relatively"rigid"compared"to"the"vessel"

walls,"they"can"cause"vessel"wall"dissection,"perforation,"and"hemorrhage.9Q18"Furthermore,"with"

specific"applications"such"as"treatment"of"an"aneurysm,"catheter"steering"is"difficult"when"the"

neck"is"oriented"90"degrees"to"the"parent"vessel.32,33"In"fact,"one"of"the"challenges"of"

endovascular"interventional"procedures"is"to"remotely"direct"the"catheter"tip"into"tiny"blood"

vessel"branches."Conventionally,"development"of"catheter"materials,"tip"geometries,"and"

manual"skill"of"the"practitioner"have"been"used"to"address"this"issue.34"""

-

MARC-

To"tackle"the"catheter"navigation"issue,"copper"coils"(orthogonal"helical"shaped"and"saddleQ

shaped)"have"been"mounted"on"the"catheter"tip.""They"were"tested"on"a"1.5"T"scanner"where"

steady"state"free"precession(SSFP)"was"empirically"judged"to"be"most"suitable.35--The"coils,"

when"energized,"create"a"miniature"magnetic"field,"resulting"in"an"observable"artifact"at"the"

catheter"tip."When"no"current"runs"through"the"tip,"the"minimal"artifact"allows"highQresolution"

local"tissue"imaging.36"Deflection"of"the"magneticallyQassisted"remote"control"(MARC)"catheter"
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tip"occurs"when"the"magnetic"field"generated"by"the"coil"is"not"parallel"to"B0.37"For-threeQ

dimensional"deflections,"magnetic"moments"in"threeQdimensional"space"are"necessary.38"

However,"the"electric"current"required"to"generate"these"magnetic"moments"also"generate"

enough"heat"through"resistive"dissipationK"this"causes"temperatures"unsafe"for"blood"or"vascular"

walls."Heating"could"also"occur"in"the"wires"within"the"lumen"of"the"catheter"due"to"the"B0"field"

coupling"with"the"radiofrequency"magnetic"fields.39Q41"

"

Tip-Visualization-

Accordingly,"tip"visualization"has"to"be"achieved"and"this"has"been"difficult"due"to"the"MR"

environment."Several"techniques"have"been"proposed"to"highlight"the"instrument"tip,"thus"

enabling"the"precise"positioning"of"the"instrument.42"HeavyQmetal"compound"markers"at"the"

catheter"tip"are"typically"used"for"tip"visualization"in"xQray"fluoroscopy."In"MRI"however,"such"

markers"may"either"disrupt"the"image"or"in"the"case"of"markers"with"ferromagnetic"properties,"

be"unsafe."Therefore,"alternative"visualization"methods"such"as"passive"and"active"catheter"tip"

tracking"have"been"developed.43Q45"

"

Passive"position"monitoring"techniques"are"confronted"with"the"challenge"to"generate"sufficient"

contrast"between"the"instrument"and"surrounding"anatomy.20"They"also"do"not"deliver"

coordinates"that"are"required"for"fast"and"automated"device"localization."However,"they"are"cost"

effective"and"easy"to"implement.""A"common"approach"is"to"embed"a"coating"containing"

paramagnetic"particles"onto"the"device."This"locally"distorts"the"homogenous"static"magnetic"B0"

field.42"Active"guidance"relies"on"incorporating"a"miniature"rf"coil"into"the"instrument."It"provides"

superior"visualization"and"allows"for"automatic"tracking"of"absolute"coordinates"using"small"

receive"coils"at"the"tip"with"the"coaxial"cable"connected"to"the"scanner."Another"method"is"

based"on"local"magnetic"fields"generated"by"DC"fed"conducting"structures."Subtraction"of"MR"

images"with"and"without"DC"yields"images"from"which"device"location"can"be"extracted.42"
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"

A"method"that"has"taken"off"and"is"proving"to"be"feasible"is"the"application"of"resonant"circuits."

The"low"levels"of"current"supplied"to"the"resonator"would"aid"in"this"undertaking."If"tuned"to"the"

Larmor"frequency,"the"resonator"substantially"enhances"the"excitation"angle"in"and"adjacent"to"

the"fiducial"coil,"and"locally"increases"the"sensitivity"of"the"receive"coil.46"RCs"implemented"on"

interventional"instruments"produce"intense"local"signal"enhancement"on"gradient"and"spin"echo"

sequences"after"small"tip"excitation."The"transmit"coil"couples"to"the"fiducial"coil,"locally"

enhancing"the"B1"field"and"thus"enhancing"excitation"angle"in"directly"adjacent"surroundings"of"

the"fiducial"coil."A"major"issue"however"is"that"current"markers"lose"signal"enhancement"for"

certain"orientations.20"Hence,"our"goal"is"to"create"a"catheterQcompatible"resonator"that"can"be"

visualized"regardless"of"orientation"to"the"inherent"B0"field."

"
"
Materials-and-Methods-
-
Physics-

In"previous"models,"wire"was"used,"but"in"this"study,"a"resonator"was"built"via"photolithography""

to"achieve"a"smaller"profile"which"is"a"staple"in"endovascular"procedures.""

Photolithography"(Figure"1)"results"in"a"resonator"a"polyimide"layer"of"0.025"mm"thick,"and"

copper"layers"of"0.018"mm"thick.""It"was"tuned"to"the"Larmor"frequency"on"a"3.0"T"(128"MHz)"

GE"scanner"and"on"a"1.5"T"(63.9"MHz)"Phillips"Scanner."Relevant"theory"and"equations"are"

important"to"calculations"of"resonant"frequency."Resonant"frequency"is"calculated"via"

" " " " " " " " "
" " " " " (1)"
" " " " " " " "
" "
where" represents"resonant"frequency," represents"angular"frequency,"L"is"the"inductance"

(Henrys)"which"is"calculated"via"the"physical"properties"of"the"coil,"and"C"is"the"capacitance"(in"

picofarads)."Q"factor"determines"the"sensitivity"to"the"surrounding"environment."It"is"defined"by""
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" " " " " " " " "
" " " " " """"""(2)"
"
"
where"R"is"resistance.""
"
In"regards"to"simulations,"a"relationship"between"2"frequencies"and"2"capacitance"values"will"be"
useful."
"

f1"/"f2"="√"C2"/"√C1""" """""(3)"

The"resonator"model"proposed"is"a"single"LC"double"helix"with"each"helix"being"orthogonal"to"

the"other"(Figure"2)."The"perpendicular"orientation"decouples"the"circuits."Also,"the"said"design"

is"independent"of"catheter"orientation"with"regard"to"the"B0"field"direction.46"The"excitation"of"a"

single"wound"RC"depends"strongly"on"its"degree"of"coupling"with"the"B1"excitation"field."Thus,"

visualization"of"a"RC"depends"on"the"orientation"of"the"coil"surface"axis"to"the"B1"field"direction."

If"the"patient"is"oriented"in"the"zQaxis,"and"there"is"flux"going"through"a"orthogonal"surface,"a"

small"flip"angle"excitation,"such"as"5"degrees,"results"in"a"substantially"higher"excitation"in"the"

fiducial"surroundings.20"

"
"
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
Figure-1:-Photolithography"Process."Coat"copper"(green"layer)"and"polyimide(substrate)"with"photoresist."Align"the"
photomask"to"protected"regions."Apply"UV"light."Develop"with"sodium"carbonate."Etch"out"the"remaining"copper"with"
ammonium"persulfate."Strip"the"remaining"photo"resist."Image"from"cnx.org"2015."
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"
"
"
"
"
"
"
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
Figure-2:-Double"helix"modeled"in"electromagnetic"simulation"software"XFdtd."Parameters"were"adjusted"to"reflect"
the"physical"model"and"helices"were"oriented"perpendicular"to"each"other."Copper"helices"do"not"touch."Conductive"
wire"completes"the"circuit"at"one"end"while"a"combination"of"the"voltage"source/capacitor"completes"the"circuit"at"the"
other"end."
"
"
Building-the-Resonator-

The"material"used"in"the"study"is"pyralux,"which"is"composed"of"polyimide"(dielectric"material)"

sandwiched"between"a"layer"of"copper."The"process"starts"with"thoroughly"cleaning"the"working"

surface"and"substrate"with"isopropyl"alcohol."A"negative"photoresist"was"laminated"to"the"

substrate."The"photoresist"is"sensitive"to"traditional"lighting"so"it"is"imperative"for"the"process"to"

be"performed"under"a"controlled"environment."The"process"was"repeated"on"the"other"side."A"

photomask"in"conjunction"with"a"negative"photoresist,"contains"the"inverse"of"the"pattern"to"be"

transferred."2"photomasks"were"aligned"(1"for"each"side"of"the"material)"and"the"product"was"

UV"exposed"under"a"vacuum."UV"light"causes"the"negative"resist"to"become"polymerized,"

making"it"more"difficult"to"dissolve."The"pyralux"was"then"placed"in"a"developer"solution"(sodium"

carbonate)"which"removes"the"unexposed"portions."11%"weight/volume"of"ammonium"

persulfate"is"used"to"remove"the"layers"of"substrate"not"protected"by"photoresist,"otherwise"

known"as"the"copper."The"substrate"was"then"placed"in"a"stripper"solution"which"alters"the"resist"

so"that"it"no"longer"adheres"to"the"substrate,"thereby"revealing"the"protected"copper"(Figure"3)."
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Ultimately,"the"resonators"consisted"of"a"capacitor"section"(copperQdielectric"polyimideQcopper)"

and"an"inductor"section"(just"the"polyimide)."They"were"cut"out"by"hand"from"the"pyralux"

material."

"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
-
Figure-3:-Completed"resonators"on"the"pyralux"sheet."One"leg"from"the"apex"is"the"capacitance"section"where"the"
squares"incrementally"change"the"capacitance."The"other"leg"is"the"inductance"section."
"

Tuning-

The"resonators"were"wrapped"around"a"catheter"(generously"provided"by"Penumbra)"with"outer"

radii"of"0.087”"and"inner"radii"of"0.084”"(Figure"4)"and"the"circuit"was"completed"via"conductive"

silver"epoxy."The"resonator"was"tuned"in"water"using"a"network"analyzer."Water"was"used"to"

achieve"the"same"permittivity"as"in"the"scan"environment"(the"catheter"will"be"flushed"with"

water)."Initially,"only"capacitance"was"adjusted"by"completing"the"circuit"at"various"sections"of"

the"capacitor"side"of"the"resonator.""The"capacitor"strip"had"a"number"of"squares"where"each"

square"would"add/reduce"the"capacitance"in"increments."In"later"steps"of"the"experiments,"

inductance"was"manipulated"by"adjusting"the"thickness"of"the"polyimide,"which"is"inversely"

proportional"to"the"capacitance."
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-
Figure-4:-Manually"cut"out"resonators"wrapped"around"catheter"with"outer"radii"of"0.087”."Copper"layers"do"not"touch"
and"circuit"was"completed"via"silver"epoxy."
"

Simulations-

To"aid"in"this"process,"the"model"was"simulated"via"electromagnetic"simulation"software"XFdtd"

by"Remcom."The"software"facilitates"a"realistic"environment"for"determining"resonant"frequency"

and"quality"factor"(Q),"which"would"be"the"variable"for"determining"strength"of"the"signal.42""

Simulating"the"entire"MRI"marker"enables"precise"estimation"of"electrical"properties"as"well"as"

the"impact"within"the"MR"environment."As"the"software"is"relatively"new,"a"simple"single"loop"

coil"design"was"built"to"confirm"the"validity"of"the"software."A"schematic"depiction"of"the"catheter"

was"included"for"representational"purposes"only,"so"electromagnetic"properties"for"the"catheter"

were"not"included."In"order"to"construct"the"coil,"a"cylinder"with"inner"radii"and"outer"radii"

parameters"had"to"be"constructed."With"a"series"of"rectangular"block"subtractions,"the"desired"

single"loop"coil"was"achieved"(Figure"5).""

-
-
-
-
-
-
-
-
-
-
-
-
-
Figure-5:-Single"loop"coil"made"out"of"rectangular"modeled"copper"wire."A"series"of"rectangular"cuts"had"to"
performed"in"order"to"achieve"desired"design."Phantom"placed"in"the"center."Circuit"completed"via"capacitor"and"
power"source"(represented"in"green)."
"
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Modeling"the"double"helix"was"more"complicated"as"many"parameters"(Table"1)"had"to"be"

adjusted"and"were"dependent"on"each"other."In"addition,"the"copper"helices"should"not"touch"

(Figure"6),"otherwise"there"would"be"a"short"circuit."Rather,"the"circuit"was"completed"via"an"

inductive"wire."

"

"
"
"
"
"
"
"
"
"
-
-
-
-
-
-
-
-
-
"
-
-
Table-1:-The"parameter"of"one"helix"of"the"double"helix"model"via"XFdtd."Parameters"of"note"are"the"distance"per"
turn"and"number"of"turns"(which"affect"inductance)."Cylinder"radius"is"the"radius"of"the"wire"itself.""
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
-
-
-
-
-
-
-
Figure-6:-Double"helix"in"mesh"mode."The"copper"wires"do"not"touch."The"circuit"is"completed"via"conductive"wire."
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After"modeling,"a"mesh"has"to"be"established"for"accuracy"in"calculations."It"consisted"of"a"grid"
of"rectangles"with"userQcontrolled"dimensions."A"smaller"mesh"would"give"greater"accuracy"but"
take"up"more"storage"and"prolong"calculations."Hence,"it"is"preferred"if"a"balance"between"the"
two"are"achieved."It"is"also"of"note"that"mesh"dimension"(in"x,y,z"axis)"could"be"based"on"the"
geometry"of"the"RC,"so"as"to"achieve"efficiency"between"time"and"accuracy."As"such,"in"an"axis"
without"little"variation,"a"larger"dimension"could"be"used"whereas"with"many"variations,"it"is"
necessary"to"use"a"smaller"dimension."In"the"simulations"for"the"double"helix,"a"suitable"size"
mesh"was"established"such"that"at"least"9"full"voxels"could"fit"into"the"helix"as"seen"from"the"yz"
plane"(Figure"7).-"
-

-

-

-

-

-

-

-

-

-
Figure-7:-Double"helix"as"seen"in"the"YZ"plane"in"mesh"mode."A"mesh"size"is"chosen"such"that"at"least"9"rectangles"
fill"each"helical"wire.-
-

Given"that"helix"wire"had"a"radius"of"0.08"mm,"a"mesh"of"0.02"mm"(x),"0.02"mm"(y),"0.04"mm"(z)"

was"determined"to"be"appropriate."A"port"is"then"established"with"varying"resistance,"but"

starting"with"50"ohms"(the"standard"for"the"software)."A"capacitor"(which"is"the"same"tool"as"the"

port)"is"constructed"as"well"and"the"capacitance"is"inputted."Simulation"was"particularly"used"to"

find"inductance"but"there"was"not"a"direct"method"to"calculate"it"from"the"geometry"of"the"model."

Hence,"our"chosen"capacitance"and"desired"resonant"frequency"were"inputted"to"find"the"

inductance."The"software"could"input"a"voltage"source"thereby"generating"the"s11"graph."This"is"

to"verify"the"resonant"frequency"and"observe"the"Q"factor."Resistance"was"then"modified"to"vary"

the"sensitivity"of"the"peak"and"test"the"accuracy"of"the"software."Of"note"is"that"the"number"of"

time"steps"were"adjusted"as"well."In"earlier"simulation,"the"number"of"time"steps"was"set"to"
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10,000"so"there"wasn’t"enough"calculations"to"get"a"meaningful"plot."In"later"simulations,"the"

time"step"was"set"to"100,000"which"was"sufficient.""#

"

Scan-

The"initial"MR"scan"consisted"of"testing"the"efficacy"of"a"novel"guidewire"by"MARVIS"inserted"

into"a"MRQsafe"catheter."Navigation"was"tested"with"an"experienced"and"inexperienced"user"in"

which,"poor"visualization"was"seen"in"both"cases."A"cryogel"abdominal"aortic"phantom"(and"

other"vascular"phantoms)"were"used"consisting"of"branching"arteries"of"30,"45,"60,"and"75"

degrees"(Figure"8)."It"provides"slippery"walls"and"physiologically"relevant"vessel"trajectories"and"

diameters"(6.4Q22.2"mm)."The"phantom"was"placed"in"distilled"water"in"a"plastic"bin"with"½”"vinyl"

tubing"connected"to"the"bin."A"5.3"mm"introducer"sheath"was"inserted"into"the"tubing"to"mimic"

the"size"of"a"typical"vascular"access,"although"it"simulated"accessing"from"the"upper"extremity"

rather"than"the"femoral"artery.47"

"
"

"
Figure-8:-Abdominal"phantom"with"various"angles"of"branching"arteries"to"simulate"a"realistic"environment."Slippery"
walls"and"access"from"above"do"not"simulate"the"actual"environment"however."Phantom"was"placed"in"distilled"water"
and"has"an"introducer"sheath.-
"
Subsequent"scans"involved"the"catheter"with"our"integrated"resonator."It"was"tested"in"an"

orientation"perpendicular"to"the"B0"in"the"1.5"T"in"order"to"confirm"results"from"a"previous"study"

in"the"Hetts"lab."In"the"past,"copper"coil"was"used"for"visualization.""Comparison"was"done"to"



# 12#

see"if"there"would"be"any"difference"with"pyralux."Scans"were"then"performed"in"the"3.0"T"

scanner"in"parallel"and"perpendicular"orientation."Fast"TOF"GRE"sequence"was"used"with"flip"

angles"of"1,5,10,20,"and"90"degrees."Data"analysis"was"performed"via"selecting"regions"of"

interest"for"intensity"and"noise"(background)K"the"software"used"was"Osirix.""

"

Clinical-Progress-

Once"simulations"and"actual"construction"of"the"catheter"are"complete,"progress"towards"clinical"

value"can"commence."As"the"technology"is"still"in"an"early"stage,"we"used"the"RC"in"a"pig"

model."Foreseeably,"a"stroke"will"be"induced"in"the"carotid"artery"and"the"catheter"will"be"

inserted"under"standard"surgical"procedure."Tip"visualization"at"various"orientations"will"be"

observed."If"a"clot"is"detected,"it"could"be"mechanically"extracted"or"TPA"(anticoagulant)"could"

be"injected."Temperature"probes"with"fiber"optics,"were"utilized"to"assess"heating"implications."

The"probes"were"placed"in"the"lumen"of"the"catheter,"on"the"resonator,"and"in"the"water"bath."

MS"Excel"was"used"to"enter"the"data"and"visualize"the"plot."To"advance"the"goal"of"using"the"

resonator"in"a"stroke"model,"an"artificial"clot"was"induced"by"taking"blood"out"of"the"pig,"allowing"

it"to"coagulate,"and"injecting"it"back"into"the"femoral"artery."

Table-2:-Intensity"of"catheter"over"intensity"of"background"ratios"for"1.5"Tesla,"at"varying"flip"angles"and"with"catheter"
oriented"perpendicular"to"B0."Regions"of"interest"were"chosen"based"on"manual"perception."Increasing"flip"angle"
decreases"the"ratio.""
-
-
-
-



# 13#

Results"
-
SNR-and-Temperature-

Using"a"typical"MRQsafe"catheter,"images"were"visually"poor"with"the"3.0"T"(Figure"9)."SNR"was"

not"measured"as"a"result."Integrating"the"resonator,"satisfactory"visualization"in"the"1.5T"was"

achieved"with"the"resonator"perpendicular"to"the"z"axis."Given"the"relatively"consistent"

temperature"plot"of"MRA,"one"of"the"major"MR"protocols"used"in"clinical"cases37,"there"does"not"

seem"to"be"any"heating"hazards"(Figure"10)."Signal"intensities"were"calculated"via"selecting"an"

roi"inside"the"coil"and"background"(noise)."Using"various"flip"angles,"lower"flip"angles"gave"the"

highest"SNR"(Table"2)."With"the"3.0"T,"visibly"less"satisfactory"images"were"obtained"and"the"

SNR"values"corroborate"that"(Table"3)."

"
Magnet'Strength'
(Tesla)'0'Flip'Angle'

Intensity'of'
Catheter'

Intensity'of'
Background'

Ratio'of'Intensity'of'
Catheter/Intensity'of'Background'

3.00$5.00& 20912.50& 10733.73& 1.95&
3.00$90.00& 9472.70& 6826.99& 1.39&

"
Table-3:-Intensity"of"catheter"over"intensity"of"background"ratios"for"3.0"Tesla,"at"varying"flip"angles"and"with"catheter"
oriented"perpendicular"to"B0."Regions"of"interested"were"chosen"based"on"manual"perception."Increasing"flip"angle"
typically"decreases"the"ratio."-
"
In"addition,"the"resonator"was"tested"in"an"orientation"parallel"to"the"z"axis,"in"which"similar"SNR"

was"achieved"(Table"4).""

"
Magnet'Strength'
(Tesla)'0'Flip'Angle'

Intensity'of'
Catheter'

Intensity'of'
Background'

Ratio'of'Intensity'of'
Catheter/Intensity'of'Background'

3.00$1.00& 5220.00& 2713.74& 1.92&
3.00$5.00& 15748.75& 7611.05& 2.07&
3.00$10.00& 20668.33& 13556.19& 1.52&
3.00$90.00& 8353.38& 7346.67& 1.14&

-
Table-4:-Intensity"of"catheter"over"intensity"of"background"ratios"for"3.0"Tesla,"at"varying"flip"angles"and"with"catheter"
oriented"parallel"to"B0."Regions"of"interested"were"chosen"based"on"manual"perception."Increasing"flip"angle"typically"
decreases"the"ratio."-
"
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Though"parameters"needed"to"target"128"MHz"were"calculated,"initial"tests"showed"a"frequency"

of"2"GHz."Manipulation"of"the"polyimide’s"thickness"and"capacitance"eventually"achieved"a"

value"of"128"MHz"but"the"attenuation"was"about"Q4db,"which"is"not"strong.""

"

"
"
"
"
"
"
"
"
"
"
"
"
-
-
-
-
-
Figure-9:-Poor"visualization"of"the"catheter"and"guidewire,"without"the"resonator,"in"the"abdominal"phantom"during"
timing"test"for"experience"and"inexperienced"user.""
-

"
"
Figure-10:-MRA"temperature"mapping"with"probes"placed"at"different"locations:"on"the"coil,"in"the"lumen,"in"the"
distilled"water."Temperatures"were"relatively"stable"and"do"not"seem"to"pose"a"heating"hazard."
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Calculations-via-XFdtd-
"
With"XFdtd,"modeling"of"a"single"loop"(Figure"5)"accurately"corresponded"to"equation"(1)."

Setting"the"resistance"of"both"capacitor"and"power"source"to"150"ohms,"and"arbitrarily"setting"

the"capacitance"to"25"pf,"a"resonant"frequency"of"149.92"MHz"was"obtained"(Figure"11)#.""

"

"

"

"

"

"

"

-
Figure-11:-s11"plot"simulated"in"XFdtd."Resistance"of"power"source"and"capacitor"set"to"150"ohms."Capacitance"was"
set"to"25"pf."Resonant"frequency"of"149.92"MHz"
"

Using"equation"(3)"and"assuming"the"target"resonant"frequency"was"128"MHz,"the"capacitance"

should"be"changed"to"34.30"pf."The"resulting"resonant"frequency"was"128.26"MHz"(Figure"12)"

thereby"confirming"equation"(1).""

"

"

"

"

"

""

"

"
"
Figure-12:-s11"plot"simulated"in"XFdtd."Resistance"of"power"source"and"capacitor"set"to"150"ohms."Capacitance"was"
set"to"34.30"pf."Resonant"frequency"of"128.26"MHz."
"
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However,"increasing"resistance"led"to"a"visibly"narrower"peak"and"higher"Q"value."There"also"

seems"to"be"some"instability"along"the"fringes"of"the"plot"as"resistance"continues"to"increase"

(Figures"13.1Q13.4)."Values"in"the"simulation"were"not"applied"to"our"actual"resonator"as"a"

result."Finally,"the"clot"procedure"in"the"femoral"artery"was"successfully"performed"under"xQray.-

"

#"
" " """Figure-13.1:-25"ohms- - - - ------------Figure-13.2:-"50"ohms"

"
-----------------------------Figure-13.3:-150"ohms- - - - ------------Figure-13.4:-500"ohms"
"
Figures-13.1T13.4:-Progression"of"adding"resistance"to"the"single"loop"coil"(Resistance:"25,"50,"150,"500)."Rather"
than"having"a"wider"bandwidth"according"to"equation"(2),"the"peak"gets"narrower"and"Q"value"appears"to"increase.""
Fringing"appears"on"the"boundaries"with"resistance"of"500"ohms.-
"
It"was"found"that"if"there"was"a"differential"in"resistance"between"the"capacitor"and"voltage"

source,"the"s11"plot"will"look"nonQuniform"(Figures"14.1,"14.2)""

"

"

"

"

"

"

-
-
-
Figure-14.1:-Resistance"of"capacitor"is"25"ohms."Frequency"is"128.01"MHz"
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"

"

"

"

"

"

"

-
Figure-14.2:"Resistance"of"capacitor"is"50"ohms."Frequency"is"128.50"MHz"
"
Figures-14.1T14.2:"s11"plot"simulated"via"XFdtd"to"get"a"resonant"frequency"close"to"128"MHz."Capacitance"was"
kept"at"34.3"pf."Resistance"of"power"source"was"kept"at"300"ohms"while"resistance"of"capacitor"was"varied"to"show"
incongruity"of"plot."
"
"
Applying"equation"(3)"to"the"helical"model,"results"are"shown"in"Table"5."

Frequency(MHz)- Capacitance(pf)-
150.00" 25.00"
127.00" 28.50"
123.80" 30.00"

-
Table-5:-Varying"capacitance"of"the"double"helix"model"to"get"resonant"frequency.-
-

Ultimately,"the"plot"did"cover"128"MHz"but"had"a"wide"bandwidth"and"was"not"uniform""

(Figure"15).--

-

-

-

-

-

-
-
-
-
-
Figure-15:-s11"plot"of"double"helix,"with"resistance"of"source"as"25"ohms."No"resistance"set"for"capacitance."
Capacitance"set"to"28.19"pf"as"calculated"from"equation"(3).""
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A"plot"resembling"an"s11"was"only"achieved"by"having"no"resistance"on"the"capacitor."If"any"
resistance"were"to"be"added"onto"the"capacitor,"the"peak"would"be"unQrecognizable"(Figure"16)."
"

"

"

"

"

"

-
-
-
-
Figure-16:-s11"plot"with"resistance"of"source"as"50"ohms."250"ohms"resistance"set"for"capacitance."Capacitance"set"
to"50"pf."
"
-
Discussion-
-
Loaded-Case-

As"an"objective"of"the"study"was"to"prioritize"tip"tracking,"the"Q"factor"does"not"have"to"be"

extremely"high."High"Q"factor"would"result"in"higher"sensitivity"so"that"would"be"useful"if"the"

primary"goal"was"to"investigate"surrounding"tissue"in"detail."It"should"be"noted"that"once"the"

catheter"is"inserted"in"the"vasculature,"there"will"be"magnetic"field"distortions,"known"as"a"

loaded"case."This"can"be"due"to"hemoglobin"or"guide"wires"which"can"electromagnetically"

interact"with"the"LC."Also,"ultimately"the"catheter"will"become"heatQshrunk."As"a"result,"the"

resonant"frequency"as"measured"by"simulation"or"network"analyzer"may"shift."Compensation"is"

performed"by"tuning"in"an"environment"with"the"same"permittivity"as"our"catheter,"which"we"

flush"with"water."However,"it"is"challenging"to"simulate"an"ironQpresent"blood"environment"until"

the"actual"scan."The"discrepancy"between"controlled"environments"and"the"actual"scan"is"also"

apparent"via"signal"intensity."Although"the"peak"may"have"great"attenuation"as"shown"in"a"

network"analyzer,"it"may"not"be"a"true"assessment"of"the"intensity"within"the"scanner."This"issue"

can"only"be"resolved"via"trial"and"error"with"the"actual"scan"as"well."Having"an"s11"with"a"wider"
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bandwidth"(Figure"17)-hence"would"be"useful."Even"with"a"shift,"the"broad"peak"still"covers"the"

range"and"will"resonate"close"to"the"Larmor"frequency."Signal"intensity"will"therefore"not"be"lost.""

"
"
"
"
"
"
"
"
"
"
"
-
-
-
-
-
-
Figure-17:-Representation"of"manipulating"the"Q"factor."Increasing"Q"leads"to"a"shorter"bandwidth"with"higher"peak."
Image"from"RadioQelectronics"2014."
"
"
Simulation-Value-Analysis-

Assessing"XFdtd,"equation"(1)"is"followed."Even"in"the"double"helix"model,"though"resonant"

frequency"is"difficult"to"distinguish,"it"was"still"within"range."In"addition,"applying"equation"(3),"it"

was"found"that"the"software"does"keep"the"ratios"the"same."For"example,"using"a"frequency"of"

149.92"MHz"(with"25"pf"capacitance),"and"128.76"MHz"(with"34.3"pf),"the"ratios"on"both"sides"

converge"to"1.17."There"seems"to"be"widespread"errors"with"equation"(2)"as"from"the"software,"

resistance"appears"to"be"proportional"to"Q"factor."Furthermore,"having"different"resistance"

between"the"capacitor"and"power"source"alters"the"symmetry"of"the"plot."This"could"be"a"

software"issue"or"this"could"instigate"further"investigation"as"to"the"validity."Finally,"with"the"

double"helix"model,"adding"any"resistance"to"the"capacitor"would"produce"a"plot"that"does"not"

resemble"an"s11."In"the"actual"resonator,"there"was"no"resistance"attached"to"the"capacitor"so"

whether"adding"one"would"produce"a"conventional"s11"plot"is"yet"to"be"seen."Via"simulation,"the"

resistance"can"be"experimented"with"to"determine"what"is"the"ideal"Q"factor."However,"it"has"
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been"seen"in"our"study"that"XFdtd"has"complications"regarding"equation"(2),"so"it"would"not"be"

feasible"to"attempt"it"with"that"software."

"
"
Scan-Parameters-

The"images"with"the"1.5"T"in"past"years"contrasted"greatly"with"the"images"obtained"with"the"

same"scanner"in"this"study."The"only"difference"was"that"the"recent"model"was"built"out"of"

paralux."Consultations"with"MR"physicists"were"held"and"a"possible"reason"could"be"due"to"

image"processing"parameters."Parameters"such"as"gray"scale"range"and"the"dynamic"range"

have"to"be"consistent"throughout"scans."Another"idea"introduced"was"to"have"a"manual"prescan"

in"which"transmit"gain"was"manipulated"and"the"phantom"was"scanned"firstK"it"will"then"be"

introduced"later."Along"with"the"theme"of"consistency,"scanning"protocols"were"not"that"since"

the"1.5"T"and"3.0"T"were"from"different"manufacturers."Suggested"protocols"were"fast"SPGR"

3D,"SSFSE,"T1"FSE,"T2"Flair,"T2"FSE,"DWI,"and"realQtime"Fiesta."However,"the"protocol"

decided"on"for"most"analysis"is"fast"Time"of"Flight"(TOF)"GRE"since"that"was"the"protocol"used"

successfully"in"previous"years."In"addition,"another"sequence"to"investigate"would"be"steady"

state"free"precession"as"it"has"been"shown"to"have"optimal"spatial"and"temporal"resolution"for"

catheterQcoil"tip"visualization.48"Overall,"quality"of"images"may"be"improved"by"altering"the"

parameters"under"which"imaging"is"performed."A"different"imaging"sequence"may"be"used"to"

determine"if"an"increase"in"image"quality"and"clarity"is"experienced.49-Because"tip"visualization"

was"still"in"its"early"stages,"focus"was"mainly"on"whether"the"tip"can"be"seen"in"the"first"place,"

regardless"of"standardizationK"hence,"this"was"a"flaw"in"study"design."""

-

Catheter-Steering-Methods"

Several"studies"describe"deflection"of"a"guidewire"with"a"magnetic"tip"under"a"guidance"system"

consisting"of"two"magnets"positioned"around"the"operating"table."This"system"is"limited"due"to"

the"required"use"of"the"external"magnetic"system"and"separate,"modified"CQarm"angiography"
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system"for"imaging."The"use"of"large,"movable,"external"magnets"makes"this"system"

incompatible"with"real"time"MR"imaging.50Q52"Another"study"demonstrated"a"catheter"system"that"

could"achieve"deflection"by"placing"soft"ferromagnetic"spheres"encased"at"the"distal"tip"of"a"

microcatheter."However,"dipoleQdipole"interactions"between"spheres"can"lead"to"undesirable"

jumping"displacement,"preventing"precise"control"of"the"catheter"tip.53-The"issue"with"the"MARC"

catheter"is"that"electric"currents"required"to"generate"desired"magnetic"moments"can"generate"

enough"heat"through"resistive"dissipationK"this"can"cause"temperatures"unsafe"for"blood"or"

vascular"walls."Heating"could"also"occur"in"the"wires"running"down"the"lumen"of"the"catheter"

due"to"field"coupling"with"radiofrequency"magnetic"fields.39Q41"From"several"studies,"it"was"found"

that"the"use"of"saline"coolant"and"alumina"to"facilitate"heat"transfer"are"feasible"options"for"a"

construct"such"as"the"MARC54."Further"considerations"for"heating"exist"via"the"braiding"of"the"

catheters."RF"induces"heating"of"nitinolQbraided"during"MR"imaging"however"tungstenQbraided"

showed"potential"safe"use"without"SAR"restrictions.55-This"suggests"that"further"material"

development"can"be"integrated"in"the"resonator"design"to"advance"it"toward"clinical"usage."

-

Temperature-Regulations"

The"standards"by"the"US"Food"and"Drug"Administration"for"recommended"temperature"rise"

should"not"exceed"1°C"on"or"in"the"head"and"2°C"in"the"torso"and"extremities."While"MR"

thermometry"is"within"the"capability"of"the"scanner"and"could"be"used"to"obtain"a"general"idea"of"

temperatures"within"tissues,"it"is"limited"by"interference"from"blood"flow"or"other"movement"and"

by"local"distortion"of"the"magnetic"field"by"ferromagnetic"components"of"the"catheterK56-hence,"

this"was"why"fiber"optics"were"used"in"this"study."The"temperature"deviations"in"all"3"settings"

(bath,"lumen,"resonator)"had"a"temperature"change"less"than".2°C"which"validate"the"heating"

safety"properties"of"the"resonator."

)

"
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Comparing-Magnet-Strength-
#
Even"though"signal"to"noise"ratio"and"spatial"resolution"is"conventionally"better"in"higher"field"

strength,"the"1.5"T"had"better"visualization"of"the"catheter"in"all"cases.57"This"could"be"due"to"

manufacturer"differences"or"stronger"magnetic"field"would"actually"not"be"suitable"for"this"

resonator."It"was"also"observed"that"a"smaller"flip"angle"was"sufficient"to"get"the"best"SNR"

values."Overflipping"would"be"excessive"as"evidenced"by"the"appearance"of"artifacts."While"

calculating"SNR,"it"should"be"noted"that"the"roi"size"was"not"consistent"throughout"all"

measurements."The"goal"of"getting"a"roi"of"a"catheter"was"to"cover"the"width"such"that"areas"of"

signal"(and"without)"were"covered"(Figure"18)."

"
"
"
"
-
-
-
-
-
-
-
-
-
-
-
-
-
Figure-18:-Fast"TOF"GRE"(3.0"T)"with"flip"angle"of"90"degrees."Catheter"is"oriented"perpendicular"to"magnetic"field."
Regions"of"interest"are"chosen"such"that"they"cover"the"entire"width"of"the"catheter"and"enough"of"the"background"
such"that"varying"intensities"can"be"covered.""
-
The"goal"of"getting"a"roi"of"the"background"was"to"make"sure"it"covered"any"ringing"artifact"or"

visible"distortions."This"method"however"is"dependent"on"human"judgment"of"accurate"

selections."Ultimately,"the"results"do"suggest"that"the"resonator"retains"signal"intensity"

regardless"of"orientation"(with"3.0"T)."Therefore,"the"future"goal"is"to"take"the"next"step"into"

clinical"accessibility"via"implementation"in"a"stroke"model,"specifically"inducing"a"clot"in"the"

carotid"artery"and"visualization"of"the"resonator"in"this"environment."

"

"
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Further-Steps-

The"orthogonal"double"helix"coil"design"that"was"chosen"has"evidence"of"navigating"tortuous"

vessels"with"satisfactory"signal"intensity."What"can"be"explored"however,"is"if"this"model"does"

not"operate"as"expected"in"the"stroke"setting,"further"RC"designs"can"be"proposed."One"such"

example"is"a"single"RC"with"three"faces."It"will"wrap"around"the"catheter"and"no"matter"what"

orientation"it"is"in,"there"will"always"be"a"loop"having"flux"perpendicular"to"the"subject."As"the"

loops"do"not"face"each"other,"coupling"is"not"expected"but"this"instigates"further"investigation."In"

addition,"the"design"can"be"compared"for"construction"complexity"and"heating"implications"to"

better"serve"the"clinical"setting."With"findings"showing"that"the"design"in"thos"study"does"have"

good"visualization"for"various"orientations,"steps"are"set"for"improving"the"attenuation"and"

achieving"greater"signal"intensity."Because"there"are"issues"automatically"calculating"

inductance"and"finding"the"SNR"via"simulation,"this"part"of"the"project"may"be"dropped"or"

reduced"of"significance."The"values"of"interest"that"are"necessary"for"this"project"to"proceed"can"

be"substituted"with"the"network"analyzer.""

"

Conclusion"

The"standard"method"of"imaging"endovascular"intervention"is"with"fluoroscopy,"which"yields"

concerns"with"dosage"of"contrast"agents"and"radiation."In"patients"who"are"susceptible"to"such"

influences"such"as"young"children"or"pregnant"women,"the"risks"may"not"justify"the"benefit."

Hence,"an"evolving"field"of"using"MR"guidance"has"developed."This"does"come"with"MR"

constraints,"which"include"limited"patient"access,"insufficient"assortment"of"compatible"

instruments,"and"difficult"device"visualization.42"Various"techniques"to"tackle"the"challenge"have"

developed,"but"RCs"seem"to"have"gained"the"most"traction."For"endovascular"procedures,"the"

RCs"can"be"implemented"with"catheters"to"achieve"good"visualization"and"low"hazard"to"the"

patient."It"is"notable"however,"that"some"procedures"involve"navigating"through"tortuous"
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vessels."This"causes"a"change"of"orientation"with"respect"to"the"magnetic"field"and"signal"loss"

may"occur."In"this"study,"we"proposed"the"usage"of"decoupled"RCs"aligned"orthogonally"to"

combat"this"issue."It"has"been"shown"that"if"the"catheter"is"oriented"parallel"or"perpendicular"to"

the"B0,"signal"intensity"will"not"be"lost.""

"

When"completely"developed,"the"resonator"would"allow"the"interventionist"to"make"treatment"

decision"based"on"realQtime"MRQbased"physiological"information,"which"is"not"a"perk"with"xQray"

guidance."Also,"navigational"speed"is"expected"to"be"as"fast"as"standard"xQray"guidance."Adding"

to"the"time"efficiency,"especially"related"to"the"treatment"of"ischemic"stroke,"many"treatment"

decisions"are"based"on"non"invasive"imaging"before"the"intervention"has"started,"such"as"

perfusion"or"diffusion"MR"imaging."Consequently,"the"technology"would"allow"differentiation"of"

viable"and"nonviable"brain"tissue"intraoperativelyK"this"helps"guide"the"interventionist"as"to"which"

occluded"arteries"should"be"revascularized"and"which"are"more"safely"left"occluded."

"

"A"major"concern"throughout"the"patient"community"is"xQray"radiation."Especially"with"patients"

destined"for"multiple"angiograms"or"young"patients,"exposure"to"the"amount"of"radiation"may"

actually"result"in"overall"greater"risk."Successful"development"of"MR"safe"endovascular"

catheters"would"eliminate"ionizing"radiation"risks."As"further"progress"of"the"resonator,"photo"

lithography"has"reduced"the"overall"profile"as"opposed"to"traditional"wire,"which"is"especially"

significant"for"applications"in"smaller"vessels.58"

"

From"this"study,"it"was"shown"that"the"resonator"is"visible"with"orientations"parallel"and"

perpendicular"to"the"3.0"T"B0"magnetic"fieldK"the"SNR"values,"which"are"based"on"the"intensity"

of"the"resonator"to"the"background"noise,"for"respective"flip"angles"confirm"this."However,"SNR"

values"were"greater"in"1.5"T"so"this"suggests"the"resonator"is"better"suited"for"that"scanner."In"

addition,"temperature"tests"using"fiber"optics"have"not"shown"significant"heating"hazards"and"a"
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clot"was"successfully"induced"in"the"femoral"artery"of"a"pigK"these"are"progressive"steps"for"

clinical"relevance."Using"the"electromagnetic"simulation"software"XFdtd,"it"was"found"that"

applications"to"the"helical"model"were"not"viable,"but"useful"information"such"as"confirming"the"

resonant"frequency"(relative"to"capacitance"and"inductance)"can"still"be"applied"to"a"simple"

single"coil."Overall,"the"resonator"has"achieved"milestone"targets"and"will"soon"be"applied"to"an"

animal"stroke"model"for"the"eventual"goal"of"achieving"clinical"significance.""

"
#
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