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AbVWUacW
FeWal heaUW UaWe (fHR) moniWoUing iV cUiWical foU aVVeVVing feWal healWh in XWeUR, eVpeciall\ in

pUegnancieV inYolYing WZinV, WUipleWV, oU higheU oUdeU pUegnancieV, ZheUe VWandaUd moniWoUing WechniqXeV
ma\ VWUXggle Wo diVWingXiVh indiYidXal heaUW UaWeV dXe Wo Whe cloVe pUo[imiW\ of feWXVeV. GiYen WhaW DoppleU
UlWUaVoXnd (US) iV Whe de facWR VWandaUd foU fHR moniWoUing, iW iV cUXcial Wo impUoYe iWV accXUac\ and
effecWiYeneVV in mXlWiple geVWaWion VcenaUioV. DoppleU US ZoUkV b\ meaVXUing an objecW¶V diVWance b\ Whe
UeflecWion of WUanVmiWWed XlWUaVoXnd ZaYeV WhUoXgh a giYen mediXm oYeU Wime. We aimed Wo cUeaWe a
phanWom model ZiWh medical gel WhaW UeplicaWeV Whe XWeUXV WiVVXe, aV Zell aV VpeakeUV WhaW ZoXld acW aV Whe
heaUW beaWV, and pie]oelecWUicV WhaW acWed aV Whe VenVoU aUUa\ in a giYen poViWion. WiWh WhiV, Ze aimed Wo
collecW daWa fUom Whe VpeakeUV and AUdXino code aWWached Wo Whe pie]oelecWUicV Wo XVe WhiV daWa aV Whe heaUW
VignalV WhaW Ze ZoXld laWeU deconYolXWe and XVe. AddiWionall\, Ze deVigned an algoUiWhm WhaW XWili]eV
XlWUaVoXnd daWa geneUaWed in MATLAB, appl\ing FaVW FoXUieU TUanVfoUm (FFT) and bandpaVV filWeUing Wo
iVolaWe Vpecific heaUW UaWe fUeqXencieV. We When XVed WhiV daWa in a non-lineaU leaVW VqXaUeV opWimi]aWion
appUoach foU Time DiffeUence of AUUiYal (TDoA) calcXlaWionV Wo WUiangXlaWe Whe fHRV in WhUee-dimenVional
Vpace. The UeVXlWV demonVWUaWe WhaW Whe algoUiWhm can effecWiYel\ VepaUaWe and locaWe WZo XniqXe fHRV,
ZiWh poWenWial implicaWionV foU enhancing feWal moniWoUing in higheU oUdeU geVWaWion pUegnancieV. OXU
ZoUk UepUeVenWV a VWep WoZaUdV impUoYing feWal moniWoUing WechniqXeV, offeUing a pUomiVing Wool foU
obVWeWUic caUe in mXlWiple geVWaWion pUegnancieV.

Ke\ZoUdV: feWal heaUW UaWe (fHR) moniWoUing, WUiangXlaWion, mXlWiple geVWaWion pUegnancieV, DoppleU
XlWUaVoXnd (US), Time DiffeUence of AUUiYal (TDoA), Vignal pUoceVVing, non-lineaU leaVW VqXaUeV
opWimi]aWion

IQWURdXcWiRQ
MXlWiple geVWaWion (WZin, WUipleW, eWc.) biUWhV

conVWiWXWe appUo[imaWel\ 3% Wo 4.5% of all biUWhV. TheVe
biUWhV ofWen UeVXlW in pUemaWXUe deliYeU\ and pUodXce
infanWV Zho aUe Vmall foU Whe geVWaWional age and haYe
loZeU biUWh ZeighWV.1 NoWabl\, Whe neonaWal moUWaliW\ UaWe
foU black WZin infanWV iV WZice WhaW of ZhiWe WZinV,
highlighWing healWh diVpaUiWieV in mXlWiple geVWaWion
pUegnancieV. ImpUoYemenWV in Wechnolog\ WhaW impUoYe
oXWcomeV foU WheVe infanWV±VXch aV biUWh ZeighW and

moUWaliW\ UaWeV±aUe neceVVaU\ foU addUeVVing WheVe
healWhcaUe gapV. DoppleU XlWUaVoXnd (US) iV Whe de facWR
Wechnolog\ foU feWal heaUW UaWe (fHR) moniWoUing in
pUegnanW Zomen, opeUaWing b\ meaVXUing diVWanceV
WhUoXgh Whe UeflecWion of US ZaYeV WhUoXgh mediXmV oYeU
Wime. ThiV Wechnolog\ cXUUenWl\ pUeVenWV WZo pUoblemV: iW
can obVWUXcW Whe loZeU back of Whe pUegnanW peUVon,
complicaWing Whe efficienW and effecWiYe adminiVWUaWion of
an epidXUal dXUing laboU, Zhich can be highl\ deViUed
dXUing laboU and deliYeU\. FXUWheUmoUe, Zhile VWandaUd
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clinical fHR moniWoUV ZUap aUoXnd Whe loZeU back, Whe\
W\picall\ can moniWoU onl\ one heaUW UaWe aW a Wime. ThiV
limiWaWion makeV iW difficXlW Wo diffeUenWiaWe beWZeen
mXlWiple heaUW UaWeV in Whe caVe of mXlWiple geVWaWion
pUegnancieV. ThiV \eaU¶V pUojecW aimed Wo deVign a gel
phanWom WhaW mimicV Whe enYiUonmenW of mXlWiple
geVWaWionV. ThiV gel phanWom ZaV XVed Wo WeVW a heaUW UaWe
moniWoUing deYice capable of UeceiYing YolWage daWa fUom
mXlWiple VoXUceV. Finall\, an algoUiWhm ZaV deYeloped Wo
filWeU, anal\]e, and idenWif\ VimXlWaneoXV fHRV.

DRSSleU UlWUaVRXQd
In clinical pUacWice, Whe de facWR meWhod foU fHR

moniWoUing iV Whe DoppleU US. ThiV meWhod iV XVed Wo
moniWoU Whe fHR befoUe and dXUing laboU and iV peUfoUmed
XVing a US WUanVdXceU WhaW iV eiWheU fi[ed on Whe abdomen
oU handheld b\ a medical pUofeVVional. The conWinXoXV
moniWoUing of Whe fHR and of Whe XWeUine acWiYiW\ iV knoZn
aV caUdioWocogUaph\2 (CTG), and a moniWoU iV fi[ed on Whe
abdomen in WhiV caVe. FoU inWeUmiWWenW fHR moniWoUing, a
handheld DoppleU US iV XVed. The pUimaU\ objecWiYe of
fHR moniWoUing iV Wo UedXce feWal moUWaliW\ and moUbidiW\
b\ idenWif\ing Whe feWXVeV¶ heaUW UaWeV and UiVkV, aV Zell aV
Whe opWimal Wiming foU deliYeU\. HoZeYeU, Whe XVe of
DoppleU Woda\ UangeV fUom aVVeVVing blood floZ in Whe
feWXV and Xmbilical coUd, Wo eYen floZ paWWeUnV in Whe heaUW.
The DoppleU US had a hXge innoYaWiYe pUogUeVVion fUom
Whe 1960V Xp XnWil Whe laWe 1990V, fUom a Vimple aXdio
Vignal Wo a pUedominanWl\ VXbjecWiYe image foUmaW.3
HoZeYeU, Vince When, WheUe haYe been no majoU innoYaWionV
Wo WhiV Wechnolog\.

SigQificaQce
TZin pUegnancieV haYe higheU UaWeV of neonaWal

deaWh and feWal deaWh dXUing laboU Whan a VingleWon,4 dXe Wo
Whe facW WhaW aUoXnd 70% of WZin biUWhV aUe pUemaWXUe.5
HoZeYeU, moniWoUing feWal heaUW beaWV in Whe WhiUd WUimeVWeU
(29-40 ZeekV) iV moUe peUWinenW Wo Whe feWal oXWcome aW Whe
Wime of biUWh.6 In mXlWiple-geVWaWion pUegnancieV, Zhich aUe
inheUenWl\ high-UiVk, Whe healWh of Whe feWXVeV iV paUamoXnW
Wo minimi]e complicaWionV foU boWh Whe feWXVeV and Whe
pUegnanW indiYidXal. FeWal healWh iV W\picall\ aVVeVVed b\
moniWoUing Whe fHR of each feWXV WhUoXgh Whe geVWaWion
peUiod. AlWhoXgh feWal heaUWbeaWV can be deWecWed aV eaUl\
aV fiYe Wo Vi[ ZeekV, cXUUenW DoppleU US Wechnolog\ doeV
noW Ueliabl\ idenWif\ indiYidXal heaUWbeaWV XnWil 10-12
ZeekV of geVWaWion.7 AccXUaWel\ moniWoUing diVWincW heaUW
UaWeV in mXlWiple geVWaWion pUegnancieV iV challenging ZiWh
DoppleU US dXe Wo Whe limiWed Vpace ZiWhin Whe Zomb and
UelaWiYe poViWioning of Whe feWXVeV, Zhich complicaWeV Whe

deWecWion of VepaUaWe heaUWbeaWV. FXUWheUmoUe, moniWoUing
WZin heaUW UaWeV ofWen inYolYeV XVing Xp Wo WZo DoppleU US
WUanVdXceUV. ThiV VeWXp can lead Wo eUUoUV ZheUe one feWXV¶V
heaUW UaWe iV UecoUded WZice, leaYing Whe oWheU WZin
XnmoniWoUed.

SSecific AiP 1
To Vafel\ WeVW oXU noYel algoUiWhm, Ze aimed Wo

opWimi]e Whe meWhod foU inWegUaWing VoXnd emiWWing deYiceV
inWo Whe gel phanWom, a gelaWinoXV model XVed Wo UeplicaWe
Whe acoXVWic impedanceV of hXman WiVVXe foU US imaging.
In oUdeU Wo opWimi]e Whe meWhod foU cUeaWing a phanWom
model, Ze aimed Wo deYelop a non-inYaViYe meWhod Wo
VeamleVVl\ geneUaWe phanWom heaUWbeaWV WhUoXgh Whe
inWegUaWion of micUophoneV inWo a gel WhaW mimicV Whe
YaUioXV la\eUV of hXman WiVVXe WhaW VXUUoXnd a W\pical
XWeUXV, Zhile aYoiding Whe cUeaWion of XninWended aUWifacWV.

SSecific AiP 2
We aimed Wo UedeVign Whe DoppleU US deYice aUUa\

Wo enhance Whe deWecWion of mXlWiple fHRV fUom diffeUenW
VenVoUV poViWioned along Whe abdomen and e[Wending doZn
Whe Vide of Whe moWheU. ThiV UedeVign ZaV neceVVaU\
becaXVe Whe iniWial VenVoU configXUaWion aWWempWed Wo
WUiangXlaWe Whe fHRV fUom VenVoUV placed Volel\ on a Vingle
plane aboYe Whe feWXVeV, Zhich pUoYed inadeqXaWe. The
MATLAB pUoceVVing fUameZoUk VWUXggled ZiWh WhiV
configXUaWion, ofWen inaccXUaWel\ idenWif\ing Whe locaWionV
of Whe WaUgeW heaUWV, and WhXV inaccXUaWel\ calcXlaWing WheiU
heaUW UaWeV. B\ e[panding Whe VenVoU aUUa\ Wo ZUap oYeU Whe
abdomen and doZn Whe Vide, Ze impUoYed Whe diVWUibXWion
of Whe VenVoUV and enhanced WheiU abiliW\ Wo accXUaWel\
WUiangXlaWe Whe heaUW UaWeV in WhUee-dimenVional Vpace.

SSecific AiP 3
The final and main aim of WhiV pUojecW ZaV Wo

deYelop an algoUiWhm Wo filWeU and anal\]e XlWUaVoXnd daWa
Wo idenWif\ Whe heaUW UaWeV of mXlWiple feWXVeV in a Zomb.
ThiV code ZaV geneUaWed in MATLAB and aimed Wo filWeU
Whe VignalV, FoXUieU WUanVfoUm, and WUiangXlaWe Whe heaUW
beaWV XVing Time DiffeUence of AUUiYal (TDoA) Wo geW Whe
XniqXe poViWionV of Whe heaUWV in WhUee-dimenVional Vpace,
Zhile alVo accoXnWing foU Whe impedanceV and aWWenXaWionV
of Whe Vignal fUom Whe XWeUXV Wo Whe VenVoUV.

MaWeUiaOV

Gel PhaQWRP MaWeUial
TZo poXndV of XnpUepaUed GelaWin #3, eqXiYalenW

Wo 64 cXbic incheV, ZeUe pXUchaVed fUom HXmimic
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Medical8 foU oXU gel phanWom model. ThiV gel ZaV VelecWed
becaXVe iWV acoXVWic pUopeUWieV aUe opWimall\ VXiWed foU
UeplicaWing XWeUine WiVVXe, aV deVcUibed b\ Whe manXfacWXUeU.
GiYen WhaW Whe deYice iV deVigned foU clinical XVe ZiWh
pUegnanW indiYidXalV and needV Wo model a V\VWem ZiWh
WZinV in XWeUR, WhiV gel ZaV deemed ideal.

Gel PhaQWRP FeWal HeaUWbeaW GeQeUaWRU
An AUdXino Uno9 ZaV pXUchaVed fUom AUdXino Wo

conVWUXcW oXU feWal heaUWbeaW geneUaWoU. AddiWionall\, WZo
2-WaWW 8 Ohm VpeakeUV ZeUe pXUchaVed fUom Ama]on,
Zhich ZeUe XVed Wo emiW heaUWbeaW mimic VignalV ZiWhin
Whe gel phanWom.

FeWal HeaUW RaWe MRQiWRU
The pie]oelecWUicV and elecWUical Wape foU Whe fHR

moniWoU ZeUe pXUchaVed fUom Ama]on, Zhile Whe ZiUeV
ZeUe inclXded in oXU AUdXino Uno kiW. The AUdXino Uno
boaUd, pXUchaVed fUom AUdXino, ZaV XVed Wo impoUW Whe
daWa fUom oXU fHR moniWoU.

MeWhRdV

Gel PhaQWRP MRdel DeYelRSPeQW
The gel phanWom ZaV cUeaWed XVing Whe folloZing

VWepV: IniWiall\, 2 lbV of gel phanWom maWeUial ZaV diYided
b\ hand inWo appUo[imaWel\ 1 cXbic inch poUWionV, aV
Uecommended in Whe manXfacWXUeU¶V inVWUXcWionV WhaW
accompanied oXU gel pXUchaVe. We When placed WheVe
chXnkV inWo an oYen-Vafe glaVV diVh WhaW \ielded a
pie-Vhaped gel phanWom ZiWh dimenVionV of 3.5 cm in
heighW, 19 cm in XppeU diameWeU, and 23 cm in loZeU
diameWeU (UefeU Wo SXpplemenWal FigXUe 1 foU YiVXal
UefeUence). The diVh ZaV When heaWed in a conYenWional
oYen VeW aW 250 ℉ (121 ℃) foU foXU hoXUV, oU XnWil no
bXbbleV Uemained in Whe gel. Once fXll\ melWed, Whe gel
ZaV UemoYed fUom Whe oYen and alloZed Wo cool aW Uoom
WempeUaWXUe foU 12 hoXUV, coYeUed ZiWh alXminXm foil Wo
pUoWecW againVW conWaminaWion b\ foUeign maWeUialV dXUing
Whe cooling pUoceVV. AfWeU Whe cooling peUiod, Whe
Volidified gel ZaV caUefXll\ UemoYed fUom Whe baking diVh
and placed on a plaWe, When coYeUed ZiWh alXminXm foil
once moUe Wo pUoWecW iW fUom conWaminanWV. To faciliWaWe
cleaneU cXWV, a heaWed knife blade ZaV XVed Wo Vlice a 4 cm
VecWion inWo Whe Vide of Whe gel. TZo VpeakeUV ZeUe inVeUWed
7 cm apaUW ZiWhin Whe gel Wo VimXlaWe ³phanWom feWal
heaUWbeaWV´ deVignaWed aV ³FeWXV A´ and ³FeWXV B.´ The
gel doeV noW UeqXiUe Vpecial VWoUage condiWionV and ZaV
kepW coYeUed aW Uoom-WempeUaWXUe, appUo[imaWel\ 70℉
(21℃).

FeWal HeaUWbeaW DaWa GeQeUaWiRQ
GeO PhaQWRP DaWa GeQeUaWLRQ

The feWal heaUWbeaW geneUaWoU ZaV conVWUXcWed
XVing an AUdXino Uno and WZo VpeakeUV. The AUdXino Uno
ZaV pUogUammed Wo geneUaWe aXdible pXlVeV WhaW mimic
feWal heaUWbeaWV in XWeUR. ThiV pUogUam, adapWed fUom code
b\ Roman RamiUe] and AndUeZ Thede, enabled Whe
conWUol needed Wo geneUaWe diVWincW heaUWbeaW VignalV fUom
each VpeakeU.

FeWal HeaUW RaWe DaWa FilWeUiQg
AfWeU collecWing VoXnd daWa and geneUaWing

V\nWheWic daWa, Ze XWili]ed a MATLAB algoUiWhm foU Vignal
pUoceVVing. We XVed a FaVW FoXUieU TUanVfoUm (FFT) Wo
conYeUW Whe Wime-domain daWa inWo Whe fUeqXenc\-domain
foU fXUWheU anal\ViV (FigXUe 2). ThiV WUanVfoUmaWion ZaV
neceVVaU\ becaXVe feWal heaUWbeaWV aUe chaUacWeUi]ed b\
Vpecific fUeqXencieV, and conYeUWing Wo Whe
fUeqXenc\-domain alloZed XV Wo YalidaWe Whe geneUaWed
VignalV. BandpaVV filWeUV ZeUe When applied Wo focXV on Whe
higheVW peakV, iVolaWing WheVe VignalV and UedXcing noiVe
foU VXbVeqXenW pUoceVVing.
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TUiaQgXlaWiRQ MeWhRd DeYelRSPeQW
TDRA

TDoA ZaV XVed Wo calcXlaWe Whe ph\Vical diVWanceV
VepaUaWing each VenVoU Wo Whe heaUWbeaWV, giYen Whe Vpeed of
VoXnd in XWeUine WiVVXe. To accompliVh WhiV, Ze fiUVW
geneUaWed V\nWheWic heaUWbeaW VignalV XVing Whe meWhod
oXWlined aboYe. The VenVoU aUUa\ ZaV configXUed in Vi[
WhUee-dimenVional locaWionV, ZiWh VenVoUV 16 cm apaUW.
The\ ZeUe VWUaWegicall\ placed Wo encompaVV boWh Whe
abdominal and laWeUal aVpecWV of Whe VXbjecW. Each VenVoU¶V
Vignal ZaV calcXlaWed XVing Whe EXclidean diVWance beWZeen
each VenVoU and Whe feWal heaUW VoXUce (HeaUW A and HeaUW
B). FoU a VenVoU aW poViWion Vi and a VoXUce aW SA oU SB, Whe
diVWance diA oU diB iV giYen b\ (1).

, (1)𝑑
𝑖𝐴 

ࡦ ||𝑝
𝐴 

ࡠ ՛
𝑖
|| 𝑑

𝑖𝐵 
ࡦ ||𝑝

𝐵 
ࡠ ՛

𝑖
||

Then, Whe Wime dela\ foU Whe VignalV dXe Wo Whe
pUopagaWion of VoXnd WhUoXgh XWeUine WiVVXe, ZiWh a Vpeed
of VoXnd c (e.g. 1458.85 m/V)10 ZaV calcXlaWed XVing (2).
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TheVe Wime dela\V ZeUe XVed Wo VhifW Whe V\nWheWic
heaUW UaWe VignalV, Zhich ZeUe modeled aV VinXVoidal ZaYeV
modXlaWed b\ Whe heaUW UaWe fUeqXenc\, aWWenXaWed b\ Whe
inYeUVe of Wime. The Vignal fUom HeaUW A and B UeceiYed aW
VenVoU i can be deVcUibed b\ (3, 4).
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ZheUe fA and fB aUe Whe heaUW UaWe fUeqXencieV foU HeaUW A
and HeaUW B, UeVpecWiYel\, and a iV Whe aWWenXaWion facWoU.

The combined VignalV fUom boWh VoXUceV ZeUe When
added WogeWheU foU each VenVoU, VimXlaWing Whe oYeUlapping
ZaYefoUmV WhaW ZoXld be deWecWed in an acWXal moniWoUing
VcenaUio. TheVe VignalV foUmed Whe baViV foU oXU TDoA
calcXlaWionV, ZheUe Ze meaVXUed Whe aUUiYal WimeV of
VignalV aW each VenVoU UelaWiYe Wo Whe fiUVW VenVoU, Zhich
became Whe foXndaWion foU VXbVeqXenW VoXUce WUiangXlaWion.

TULaQgXOaWLRQ aOgRULWhP
In oUdeU Wo WUiangXlaWe WZo fHRV in XWeUR, Ze fiUVW

XVed Whe MATLAB fminVeaUch fXncWion, a diUecW VeaUch
meWhod paUWicXlaUl\ VXiWed foU oXU applicaWion dXe Wo iWV
compaWibiliW\ ZiWh non-lineaU, non-diffeUenWiable fXncWionV.
The opWimi]aWion pUoceVV ZaV configXUed ZiWh Vpecific
opWionV Wo conWUol Whe end of Whe opWimi]aWion pUoceVV
baVed on Whe WoleUance foU Whe fXncWion YalXe change
(µTRlFXn¶). See SXpplemenWaU\ EqXaWion 1.

The VoXUce locaWionV foU HeaUW A and B ZeUe
eVWimaWed b\ minimi]ing Whe coVW fXncWion deVigned Wo
calcXlaWe Whe eUUoU in TDoA. The iniWial gXeVV foU Whe heaUW
locaWionV ZaV VeW aW Whe oUigin (0,0,0). The coVW fXncWion,
WdRa_cRVW, calcXlaWeV Whe eUUoU beWZeen Whe meaVXUed
TDoA and Whe pUedicWed TDoA calcXlaWed foU a giYen
poViWion [. See SXpplemenWaU\ EqXaWion 2.

The WdRa_cRVW fXncWion calcXlaWeV Whe VXm of
VqXaUed diffeUenceV beWZeen Whe meaVXUed and pUedicWed
TDoA YalXeV. FoU a gXeVVed poViWion [, Whe pUedicWed
TDoA foU each VenVoU iV compXWed b\ Whe diffeUence in
diVWance fUom Whe gXeVVed poViWion Wo each VenVoU diYided
b\ Whe Vpeed of VoXnd c, noUmali]ed b\ Whe diVWance Wo Whe
UefeUence VenVoU. See SXpplemenWaU\ EqXaWion 3. ThiV
appUoach idenWifieV Whe poViWion of Whe heaUW WhaW Zill giYe
Whe leaVW amoXnW of eUUoU, WhXV giYing an eVWimaWe of Whe
heaUW'V locaWion.

FeWal HeaUW RaWe DeWeUPiQaWiRQ
An aUUa\ ZaV cUeaWed Wo VWoUe Whe peak fUeqXencieV

WhaW ZeUe deWecWed b\ each VenVoU in oXU VenVoU aUUa\.
Then, foU each VenVoU¶V Vignal, an FFT ZaV peUfoUmed Wo
conYeUW Whe Wime-domain Vignal inWo iWV coUUeVponding
fUeqXenc\-domain UepUeVenWaWion. The abVolXWe YalXeV of
Whe FFT UeVXlWV ZeUe Waken Wo obWain Whe magniWXde
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VpecWUXm foU each VenVoU. WiWhin Whe magniWXde VpecWUXm,
Whe ma[imXm poinW ZaV idenWified, Zhich UepUeVenWed Whe
peak fUeqXenc\. ThiV peak iV indicaWiYe of Whe moVW
dominanW fUeqXenc\ componenW ZiWhin Whe Vignal, oU Whe
fHR. The VeaUch foU WhiV ma[imXm YalXe ZaV UeVWUicWed Wo
Whe fiUVW half of Whe fUeqXenc\ Uange (Xp Wo Whe N\qXiVW
fUeqXenc\) Wo enVXUe WhaW Whe fUeqXenc\ ZaV ZiWhin Whe
Uange of Yalid hXman fHRV. Once Whe indiceV of WheVe
peakV ZeUe locaWed, Whe\ ZeUe XVed Wo UefeUence back Wo Whe
oUiginal fUeqXenc\ aUUa\ Wo deWeUmine Whe fUeqXencieV
coUUeVponding Wo Whe peakV. TheVe fUeqXencieV UepUeVenW
Whe eVWimaWed heaUW UaWeV of Whe feWXVeV.

ReVXOWV

DaWa FilWeUiQg
Time-dela\ed YolWage daWa VimXlaWing Whe feWal

heaUWbeaWV ZeUe geneUaWed foU each of Whe Vi[ V\nWheWic
VenVoUV acUoVV Wen WUialV (FigXUe 3).

The Wime-VeUieV daWa fUom each WUial ZaV
WUanVfoUmed inWo Whe fUeqXenc\ domain XVing FFT,
UeVXlWing in VpecWUal daWa (FigXUe 4). A MATLAB
band-paVV filWeU ZaV applied ZiWhin Whe Uange of 145 bpm
Wo 185 bpm Wo UemoYe XnZanWed loZ and high-fUeqXenc\
noiVe fUom Whe VpecWUal daWa.

TUiaQgXlaWiRQ Rf FeWal HeaUWbeaWV
The WUiangXlaWion of Whe feWal heaUWV A and B ZaV

peUfoUmed XVing Whe opWimi]aWion algoUiWhm deVcUibed in
Whe meWhodV VecWion. ThiV pUoceVV ZaV applied acUoVV each
of Whe Wen WUialV Wo enVXUe conViVWenc\ in oXU findingV. FeWXV
A ZaV modeled Wo oUiginaWe fUom Whe cooUdinaWeV (1, -1.5,
-1.5), ZiWh a GaXVVian diVWUibXWed noiVe applied Wo Whe
TDoA meaVXUemenWV. ThiV appUoach UeVXlWed in peUcenW
eUUoUV of 4.14%, 0.02% and 0.75% in Whe [, \, and
]-cooUdinaWeV, UeVpecWiYel\. SimilaUl\, Whe heaUWbeaW Vignal
foU FeWXV B ZaV deVigned Wo oUiginaWe fUom Whe cooUdinaWeV
(-3, 0, -4). The peUcenW eUUoUV foU Whe WUiangXlaWion of WhiV
Vignal ZeUe 14.65% and 1.62% foU Whe [ and ]-cooUdinaWeV.
In oXU anal\ViV of Whe \-cooUdinaWe meaVXUemenWV foU FeWXV
B, Ze XWili]ed Whe VWandaUd eUUoU of Whe mean (SEM) Wo
aVVeVV Whe pUeciVion of oXU algoUiWhm¶V eVWimaWeV. The SEM
ZaV calcXlaWed Wo be 0.17 cm. ThiV appUoach ZaV choVen Wo
addUeVV challengeV aVVociaWed ZiWh calcXlaWing peUcenW
eUUoU, paUWicXlaUl\ Wo aYoid pUoblemV aUiVing fUom diYiVion
b\ ]eUo Zhen Whe e[pecWed cooUdinaWe YalXe iV ]eUo (FigXUe
5).
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DiVcXVViRQ

LiPiWaWiRQV
Man\ of Whe limiWaWionV Ze faced dXUing WhiV

pUojecW ZeUe a UeVXlW of Wime conVWUainWV. A VignificanW
poUWion of oXU effoUWV ZaV dedicaWed Wo deYeloping Whe
WUiangXlaWion code, Zhich neceVViWaWed depUioUiWi]ing oWheU
objecWiYeV, Vpecificall\ oXU oUiginal Aim 2. ThiV aim
inYolYed deYeloping a neZ pUoWoW\pe WhaW accoXnWV foU
maWeUnal comfoUW and WhaW doeV noW inWeUfeUe ZiWh epidXUal
placemenW. T\picall\, feWal moniWoUing iV diVUXpWed Zhen
an epidXUal iV adminiVWeUed, aV Whe moWheU mXVW change
poViWion, caXVing Whe handheld DoppleU deYice Wo loVe WUack
of Whe feWal heaUWbeaWV. While Ze VXcceeded in impUoYing
Whe VenVoU aUUa\ Wo beWWeU capWXUe heaUW VignalV, Aim 2
UemainV a WaVk foU fXWXUe ZoUk.

AddiWionall\, Ze encoXnWeUed Wechnical difficXlWieV
ZiWh Whe gel phanWom model. The melWing poinW of Whe gel
and Whe WempeUaWXUe WoleUance of Whe VpeakeUV poVed
challengeV, aV iW ZaV haUd Wo inWegUaWe Whe VpeakeUV ZiWhoXW
compUomiVing Whe gel¶V inWegUiW\ (i.e. aYoid Whe cUeaWion of
noiVe and VpeakeU-aiU inWeUfeUence WhaW UeVXlWed fUom Whe
inciVionV in Whe gel, eYen ZiWh a VhaUp knife).

FXUWheUmoUe, Whe focXV of oXU pUojecW VhifWed
pUedominanWl\ WoZaUdV enhancing Vignal WUiangXlaWion, Vo
Ze pUioUiWi]ed daWa geneUaWion WhUoXgh MATLAB oYeU daWa
collecWion fUom oXU gel phanWom model. ThiV VhifW alloZed
XV Wo geneUaWe and combine VignalV, deWecW WheiU
fUeqXencieV, and calcXlaWe Whe TDoA foU each.

FXWXUe WRUk
TULaQgXOaWLRQ AOgRULWhP RefLQePeQW

AlWhoXgh Ze VXcceVVfXll\ deWecWed WZo diVWincW
fHRV in WhUee-dimenVional Vpace, fXWXUe ZoUk VhoXld focXV
on WeVWing YaUioXV heaUW locaWionV in WhUee-dimenVional
Vpace aW diffeUenW diVWanceV apaUW. TheVe WeVWV ZoXld enable
XV Wo fXUWheU Uefine oXU WUiangXlaWion algoUiWhm, poWenWiall\
e[Wending iWV applicaWion Wo moUe Whan WZo heaUW UaWeV Zhile
mainWaining (and eYenWXall\ incUeaVing) accXUac\.

Once Whe algoUiWhm iV fXUWheU opWimi]ed foU moUe
effecWiYe daWa collecWion and pUoceVVing, Ze ZoXld alVo
condXcW clinical WUialV. TheVe WUialV ZoXld compaUe Whe
peUfoUmance of oXU algoUiWhm againVW Whe DoppleU US
meWhod. The inVighWV gained fUom WheVe WUialV ZoXld
infoUm addiWional UefinemenWV Wo oXU algoUiWhm and
enhance iWV clinical applicabiliW\.

Ph\VLcaO MRdeO DeYeORSPeQW
AddiWionall\, fXWXUe ZoUk ZoXld inYolYe ZoUking

ZiWh Whe gel phanWom model Wo a gUeaWeU e[WenW. ThiV ZoXld
inYolYe collecWing daWa diUecWl\ fUom VpeakeUV and
WUanVdXceUV ZiWhin Whe gel. B\ doing Vo, Ze ZoXld be able
Wo obWain accXUaWe meaVXUemenWV of heaUW fUeqXencieV,
Waking inWo accoXnW Whe aWWenXaWion and noiVe inflXenced b\
Whe acoXVWic impedanceV of Whe gel, Zhich cloVel\ mimic
WhoVe of Whe XWeUXV.

OSWLPaO MaWeUQaO CRPfRUW RedeVLgQ
One of Whe pUimaU\ aimV of WhiV pUojecW ZaV Wo

UedeVign Whe DoppleU US deYice Wo minimi]e inWeUfeUence
ZiWh epidXUal placemenW in Whe loZeU back, Zhile
mainWaining iWV abiliW\ Wo capWXUe XlWUaVoXnd daWa fUom
mXlWiple VoXUceV ZiWhin an inVXlaWed enYiUonmenW. While
Ze VXcceVVfXll\ opWimi]ed Whe placemenW of Whe WUanVdXceU
aUUa\ Wo collecW heaUW VignalV, Whe deYelopmenW of Whe
ph\Vical deYice Wo impUoYe maWeUnal comfoUW did noW
adYance aV planned. FXWXUe effoUWV Zill inclXde pUoWoW\ping
diffeUenW configXUaWionV of Whe deYice. TheVe deVignV Zill
be clinicall\ WeVWed on pUegnanW moWheUV Wo deWeUmine
Zhich deVign offeUV Whe moVW comfoUW ZiWhoXW
compUomiVing fXncWionaliW\.

EQd MaWWeU

AXWhRU CRQWUibXWiRQV aQd NRWeV
The aXWhoUV declaUe no conflicW of inWeUeVW.
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SXSSOePeQWaU\ MaWeUiaO

SXSSlePeQWaU\ FigXUe 1. IPage Rf Whe gel ShaQWRP PRdel
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