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Abstrakt

Refluxni choroba jicnu je ¢astym onemocnénim zazivaciho traktu v zapadnim svété
s prevalenci dosahujici 20 %. Dne$ni moZnosti 1é€by méné€ zavaznych priabéhti onemocnéni
zahrnuji dietni a rezimova opatfeni a podavani antacid. U vaznéjsSich a/nebo prolongovanych
prabéht, kdy popsanéd lécba nepomaha, se nasazuje 1écba inhibitory protonové pumpy.
Nezanedbatelné procento pacientli ovSem na tuto 1écbu nereaguje. V dnesni dobé je pro tuto
skupinu pacientd prakticky jedinou moznosti 1écby fundoplikace, ktera je ovSem diky
nejednoznaénym zavérim o svoji Ginnosti teréem kontroverze. Velkym problémem u
refluxni choroby jicnu jsou kromé vyrazné snizeni kvality zivota komplikace, které zahrnuji
ezofagitidu, zplsobujici zuZeni jicnu spojené s obtiznym polykanim, a nasledné¢ vznik
Barretova jicnu, ktery je prekancer6zou. Nasledny adenokarcinom jicnu se pak vyznacuje
vysokou mortalitou. AZ v poslednich letech se zacala rozvijet metoda 1écby spocivajici
v neurostimulaci dolniho jicnového svérace za ucelem zvySeni jeho tlaku, coz vede ke
snizeni zavaznosti €i eliminaci refluxnich ptihod. Dnes je v klinické praxi k dispozici jediné
feSeni, které cili na neurostimulaci jicnu, a to se vyznacuje slozitou metodou implantace —
nutnost kombinace laparoskopické / robotické implantace elektrod a subkutanni implantace
zafizeni. Cilem prace bylo proto vytvofit feSeni sestavajici z neurostimulatoru a pH senzoru,
které by bylo implantovatelné endoskopicky v ramci jednoho vykonu a umoznilo by
zpétnovazebni fizeni neurostimulace na zakladé aktualni hodnoty pH v jicnu. Tohoto cile
bylo dosazeno konstrukci vlastniho hardware a vytvofeni software vcetné vlastniho
bezdratového komunikacniho protokolu. Vzniklo né€kolik prototypt vysledného feseni, které
demonstrovaly moznost implantace pomoci metody endoskopického submukozniho
tunnellingu, moznost bezdratového dobijeni implantatu a moznost bezdratové komunikace.
V neposledni fad¢ byla vyvinuta nova metoda enkapsulace implantovatelného zafizeni
pomoci epoxidu s naslednym nanesenim biokompatibilniho polymeru. Finalni experiment
potvrdil funkci zpétnovazebniho fizeni, kdy neurostimulator korektné reagoval na informace
z pH senzoru, které pfijimal a autonomn¢ zpracovaval bez nutnosti fizeni dalSim zafizenim

¢i uzivatelem.

Kli¢ova slova: endoskopie, submukoza, implantat, neurostimulator, pH senzor, jicen,

refluxni choroba jicnu, zpétnd vazba, fizeni



Abstract

Gastroesophageal reflux disease is a common gastrointestinal disease in the western
world with a prevalence of 20%. Today's treatment options for the less severe course of the
disease include dietary and regimen measures and the administration of antacids. For more
severe and/or prolonged courses, where current treatment is not helpful, treatment with
proton pump inhibitors is used. However, a substantial percentage of patients is not
responding to this treatment. For this group of patients, fundoplication is practically the only
treatment option, but it is a controversial one due to ambiguous conclusions about its
efficacy. A major problem with reflux esophageal disease, apart from the significant
reduction in quality of life, is the complications, which include esophagitis causing
narrowing of the esophagus associated with difficulty in swallowing, and the subsequent
development of Barrett's esophagus, which is a precancerous condition. Subsequent
adenocarcinoma of the esophagus is then characterised by a high mortality rate. It is only in
recent years that a method of treatment consisting of neurostimulation of the lower
esophageal sphincter to increase its pressure has been developed, leading to a reduction or
elimination of reflux episodes. Today, the only solution available in clinical practice that
targets esophageal neurostimulation is characterized by a complex implantation method -
requiring a combination of laparoscopic/robotic electrode implantation and subcutaneous
device implantation. The aim of this work was to develop a solution consisting of a
neurostimulator and a pH sensor that could be implanted endoscopically in a single
procedure and would allow feedback control of neurostimulation based on actual esophageal
pH data. This goal was achieved by designing custom hardware and creating software,
including a custom wireless communication protocol, and several prototypes of the resulting
solution were created to demonstrate the possibility of implantation using the endoscopic
submucosal tunnelling method, the possibility of wireless implant recharging, and the
possibility of wireless communication. Finally, a new method of encapsulating implantable
devices using epoxy followed by the application of a biocompatible polymer was developed.
The final experiment confirmed the feedback control function, where the neurostimulator
correctly responded to the information from the pH sensor, which it received and processed

autonomously without the need for control by another device or user.

Keywords: endoscopy, submucosa, implantable device, neurostimulator, pH sensor,

esophagus, gastroesophageal reflux disease, feedback, control
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1 Uvod, aktualni stav techniky

1.1 Historie aktivnich implantabilnich zdravotnickych prostiedkii

Obor aktivnich implantabilnich zdravotnickych prostiedki (AIMD) je tzce spjat
s vyndlezem tranzistoru v prosinci 1947 (1). Ten umoznil vyznamnou miniaturizaci
elektronickych zatizeni a snizeni jejich elektrické spotieby do takové miry, Ze bylo mozno
vyrobit jednoduchd nositelna, a pozd¢ji 1 implantovatelna zatizeni. AIMD lze rozd¢lit na dva

zakladni typy — aktuatory a senzory.

Ptikladem aktuatoru je napt. kardiostimulator, jeho vynélez se datuje do roku 1956

v nositelné podobé¢, v roce 1958 pak v pln¢€ implantovatelné podob¢.

V oblasti senzorti byl v roce 1959 publikovan popis implantovatelného senzoru pro

meéfeni teploty téla s radiovym vysilacem (2).

Hlavni charakteristikou prvnich implantabilnich zafizeni byla jejich z dneSniho
pohledu primitivni konstrukce, Casto vyuzivajici zapojeni nizkych jednotek tranzistorti prvni
generace. Od samotného pocatku Sel dalsi vyvoj v oblasti AIMD ruku v ruce s pokrokem
v oblasti polovodi¢ové a telekomunikacni techniky. V dnesni dobé neni oblast aktuatort
omezena Cist¢ na kardiostimulétory, ale neurostimulacni terapie se pouziva pro 1écbu
sirokého spektra chorob, napt. deep-brain stimulation (DBS) pfi 1é€bé Parkinsonovy nemoci
(3), stimulaci michy nebo perifernich nervii pii 1é€be chronickych bolesti (4), a v neposledni
fad¢ 1 k 1écbé dysmotilit gastrointestindlniho traktu, napt. gastroparézy (5, 6). Jednou
z nejnovejsich aplikaci neurostimulace je 1 nami studovana moznost 1écby refluxni choroby
jicnu, ktera spociva ve stimulaci svaloviny dolniho jicnového svérace, coz vede ke zvySeni

tlaku svérace a tim snizeni pravdépodobnosti vzniku refluxu (7, 8).

1.2 Diagnostika a lé¢ba refluxni choroby jicnu s vyuZitim implantabilnich

zdravotnickych prostiedkit

Refluxni choroba jicnu (GERD) je v zadpadnim svété Castym onemocnénim zazivaciho
traktu (9). Jednd se o jednu z poruch motilit jicnu, zptisobenou insuficienci dolniho
jicnového svérace. V dusledku jeho nedostatecné funkce dochazi k ¢astenému névratu
obsahu zaludku do jicnu. Vzhledem k obsahu kyseliny chlorovodikové a obsahu travicich
enzymu dochdazi pfi neléceném refluxu ke chronickému drazdéni vnitini stény jicnu, které

s postupem casu piechazi v erozi.
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Hlavnim subjektivnim ptiznakem refluxni choroby jicnu je paleni Zahy, bolest za
hrudni kosti, kterd se ndpadné podoba bolestem pii angin€ pectoris, ztizené polykani,
v krajnich pfipadech az zvraceni a potiZze s dychanim. K objeveni a/nebo zhorSeni téchto
pfiznakll dochézi zpravidla po jidle nebo pii poloze vleze, kdy dolni jicnovy svérac

nezabranuje vniknuti zalude¢niho obsahu do jicnu (9).

Objektivni diagnostika refluxu se provadi dvéma zakladnimi metodami — pH metrii a
gastroskopii. Pfi gastroskopii pozorujeme zejména poskozeni stény jicnu nad dolnim
jicnovym svéraCem, piicemz katetrova nebo kapslova pH metrie slouzi ke objektivnimu

posouzeni, zda je v jicnu ptitomen refluxat, po jakou dobu a v jaké denni dob¢ (9).

Pti neléceni refluxu dochazi postupem casu k rozvinuti zanétu — refluxni ezofagitidy —
dochazi ke zjizveni drazdéné casti jicnu, coz vede ke vzniku zzeni, které muze zpisobit
potize s polykénim potravy. Zuzeni jicnu lze feSit endoskopicky zavedenim stentu, ktery
zajisti dilataci jicnu ve zazeném mist¢ a usnadni postup potravy (10). V nékterych ptipadech
komplikaci refluxni choroby jicnu je vznik Barrettova jicnu, kdy v diisledku dlouhodobého
poskozeni vystelky jicnu dojde k metaplazii a ptivodni dlazdicovy epitel je nahrazen
cylindrickym epitelem, ktery se podoba epitelu sttevnimu (11). Tento typ epitelu je odoInéjsi
nez dlazdicovy epitel, ale jedna se o prekancerdzu, kterd v nezanedbatelném poctu piipadi
pfechéazi v adenokarcinom jicnu, ktery ma vysokou mortalitu a pétileté pteziti je pod 50 %

12), nékteré zdroje uvadi jen kolem 20 % (13).
(12), ] J (13)

Dietni a rezimova opatieni, spocivajici v eliminaci potravin, které jsou drazdivé a
prispivaji ke vzniku refluxu (napf. kdva, slazené a sycené napoje, siln¢ kofenéna jidla) a
v Upravé piijmu potravy (mensi porce, eliminace jidla pied spankem) jsou u¢inna hlavné
v nejméné zavaznych ptipadech onemocnéni (14). Dalsi nefarmakologickou a neinterven¢ni
moznosti 1é¢by je zvySeni polohy hlavy ve spanku, coz vede ke snizeni tlaku zalude¢niho
obsahu na dolni jicnovy svéra¢. Mezi zakladni farmakologickou 1é¢bu patii nasazeni antacid
a posléze inhibitora protonové pumpy (PPI), jejichz cilem je zvySeni pH zalude¢niho obsahu
za ucelem snizeni drazdivého a destruktivniho t¢inku na mukozalni sténu jicnu. V piipadée
antacid je mechanismus ucinku pfima neutralizace kyseliny chlorovodikové, zatimco

v ptipad¢ PPI omezeni tvorby kyseliny chlorovodikové bunikami Zalude¢niho epitelu (9).
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Chirurgicka 1é¢ba refluxni choroby jicnu — fundoplikace — spociva v obtoceni jicnu
horni ¢asti zaludku, ¢imz dojde k mechanickému zvyseni tlaku na dolni jicnovy svérac.
Pouzivani této metody v klinické praxi je Casto teréem kontroverze, protoze dostupné zdroje
uvadi, Ze u pacientil, kteti nereaguji na PPI 1éCbu, je jeji pfinos minimélni a jedna se o
invazivni laparoskopicky zdkrok. Pouziti u pacientti, ktefi reaguji na PPI 1écbu, je pak

logicky zbyte¢né, protoze je u nich mozné reflux fesit farmakologicky (15-17).

Posledni moznosti 1écby u pacientli, ktefi nereaguji na PPI ani fundoplikaci, je
neurostimulacni 1écba, kterd spociva v aplikaci bipolarnich neurostimulac¢nich pulzt do
svaloviny dolniho jicnového svérace, ¢imz dojde ke zvySeni jeho tlaku (18). Do klinické
praxe byl zatim uveden jeden produkt, ktery nabizi neurostimulacni moznost 1é¢by refluxni
choroby jicnu — EndoStim (19). Hlavni nevyhodou komeréné dostupného neurostimulatoru
EndoStim je nutnost implantace v plné anestezii, sestavajici z laparoskopické implantace
intramuskularnich elektrod za asistence endoskopisty a subkutanni implantace
neurostimulatoru. Vysledky nejnovéjsi klinické studie na 37 pacientech také poukézaly na
nutnost explantace v 16 % ptipadl, primarn€ z divodu selhani elektrod (20). Externé
implantované elektrody do stény jicnu dale sdili mozné nezadouci Gc¢inky s podobnymi
systémy, napf. se systémem Medtronic Enterra pro 1écbu gastroparézy, kde pfichazi v tvahu

riziko perforace zaludku (21).

V oblasti kontinualniho pH monitoringu se vyuzivaji primarn¢ pH katetry (Casto
kombinované s multikanadlovym méfenim impedance — ,MII-pH®), které se zavadi
transnasaln¢. Pacient nasledné, pti dlouhodobém sledovani, nosi pfistroj, ktery naméiené
hodnoty zaznamenava. Vyhodou téchto systémii je nizkd cena a absence vaznych
nezddoucich ucinkd. Logickou nevyhodou je diskomfort pacienta, ktery miize zpusobit
zmény v bézném dennim rezimu (22). I z tohoto divodu je kontinudlni méteni pH zpravidla
omezeno na 24 hodin. Pokrocilejsi metodou je tzv. bezdratové kapslové méefeni pH, které je
zalozeno na docasném uchyceni jednorazové kapsle, ktera obsahuje pH senzor, zdroj
energie, vyhodnocovaci elektroniku a bezdratovy vysila¢ (23). Vyhodou je absence
transnasalniho katetru, na zéklad¢ dostupné literatury je ovSem tato metoda spojena
aspirace pii implantaci, kterd si vyzadala okamzitou intubaci a rigidni bronchoskopii (24).
Dnes dostupné kapsle maji velikost kolem 30 x 7 x 7 mm, tvoii tedy mnohem vétsi prekazku

nez MII-pH katetry, které dosahuji priméru v fddu jednotek milimetrt (typicky je pramér
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kolem 2 mm (25)). Pfimym disledkem vétSich rozmért, které jsou dany piitomnosti
vyhodnocovaci elektroniky a zdroje energie, je vyskyt nezadoucich ucinki, které jsou velmi

podobné tém, se kterymi se setkdvaji pacienti s transnasadlnim MII-pH katetrem (23).

1.3 Teorie neurostimulace dolniho jicnového svérace a méieni pH

Existuji dva zakladni mechanismy, které zptsobuji kontrakci svalu pti ptivedeni
externiho elektrického stimulu — bud’to pfima stimulace kontraktilniho aparatu svalového
vldkna (myofibrilu) nebo vyvoldni akéniho potencidlu v intramuskularnich axonech (26).
Druhy ze zminénych mechanismil se uplatituje u neurostimula¢nich impulzt kratSich nez
I ms, které jsou pouzivany u elektrostimula¢ni terapie dolniho jicnového svérace (7).
Dopliikovym mechanismem, ktery udrzuje zvySeny tlak dolniho jicnového svérace i po
ukonceni elektrického stimulu, mize byt uvolnéni tachekynind, které pisobi jako excitacni
neurotransmiter (26). Zvyseni tlaku dolniho jicnového svérace a s nim spojend efektivita
lécby GERD také zavisi na hodnoté proudu neurostimulac¢nich impulzd, kdy ptili§ maly
proud vede k malému nebo zddnému zvyseni tlaku svérace, zatimco pfili§ vysoky proud
vede k diskomfortu pacienta (27). Na zéklad¢ publikovanych dat 1ze vyvodit zavér, ze tlak
dolniho jicnového svérace lze neurostimulaci efektivné regulovat, a to jak v Case, tak
v intenzité, coz umozinuje implementaci zpétnovazebniho algoritmu pro fizeni aktivity

sverace.

Potencial vodiku (,,pH*) je bezrozmérné Cislo, které udava kyselost nebo zéasaditost
(zpravidla) vodného roztoku. Z hlediska refluxni choroby jicnu se jedné o parametr, kterym
lze jednoznacné definovat, zda se v jicnu objevil v diisledku insuficience dolniho jicnového
svérace refluxat ¢i nikoliv (9). Hodnota pH je definovana jako logaritmus pievracené
hodnoty koncentrace (aktivity) oxoniovych kationti (né€kdy zjednoduSené¢ nahrazeno
terminem ,,protoni*) v roztoku. Zakladni metodou méieni pH je pouziti iontoveé selektivni
membrany (ISM), ktera je (zpravidla) na vnitini stran¢ vystavena plisobeni pufru o znamém
pH (referencni elektrolyt, typicky o hodnoté pH 7), zatimco venkovni strana je vystavena
pusobeni méfeného vzorku vodného roztoku. Tim vznikne elektroda, jejiz potencial je
zavisly na rozdilu v koncentraci oxoniovych kationtti. Nasledn¢ je méfen elektricky

potencial métici elektrody vici referencni elektrodé, ktery je na zakladé Nernstovy rovnice

umérny pH méteného roztoku (28).
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Krome¢ klasickych sklenénych nebo antimonovych elektrod 1ze pro méfeni pH pouzit
iontove selektivni tranzistor fizeny polem (ISFET). Vyhodou je jednodus$si mechanicka
konstrukce vysledného senzoru, moznost integrace pseudoreferencni elektrody (napt. ze

zlata) pfimo na Cip a miniaturni rozméry (29).

1.4 Endoskopicka submukozni disekce a jeji moZnosti

Endoskopickd submukozni disekce (ESD) je technika, ktera se v klinické praxi
pouziva pro odstranéni povrchovych 1€zi travici trubice. V prvni fazi se provede injekce do
submukozy (Casto se pouziva obarveny fyziologicky roztok z divodu obarveni submukozy
a tedy snaz$i orientace, ptipadné dalsi latky pro prodlouzeni doby, kdy je mukoza a svalova
vrstva oddé€lena (30)) pod 1ézi za ucelem jejiho zvednuti a odd€leni od vrstvy svalu
(muscularis propria). Nasledné se 1éze fezem v submukoze snese a vyjme se (31). Oproti
endoskopické mukozalni resekcei se tato metoda vyznacuje vyssi uspeSnosti v dosazeni tzv.
,RO“ resekce, kdy karcinom nikde nedosahuje az k okraji resekatu, tedy je minimalizované

riziko recidivy (32).

Dalsi metodou, ktera se ESD
podoba, je peroralni endoskopicka
myotomie (POEM), ktera  je
chirurgickou 1écbou achalézie (poruchy
pohyblivosti) jicnu. Metoda spociva ve
vytvofeni  ,,submukozniho  tunelu*
v jicnu metodou analogickou k ESD —
injekce do submukozy s naslednym
fezem a vytvoienim tunelu. Tato metoda

byla v minulosti pouzita pro implantaci

miniaturniho gastroneurostimulétoru, Obr. 1: Metoda endoskopi.ckého submukozniho pocketingu v jicnu
pficemz byla nazvana endoskopicky

submukozni pocketing (ESP) viz obr. 1 (33). Vyhodou uziti pocketingu pro implantaci
elektronického zatizeni je minimalni invazivnost metody a fakt, ze pfi implantaci nejsou
naruSeny vnéjsi vrstvy travici trubice (svalova vrstva a serdza), tim je zajisténo minimalni
riziko zivot ohrozujici perforace organu, ktera je u dneSnich neurostimuldtorii zndmym

nezadoucim tcinkem (21).
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2 Cile prace

2.1 Vyvoj implantacni metody véetné 7jiSténi omezeni pro implantdt

Prvni zminka o uspésné endoskopické implantaci prototypu elektrického zatizeni do
submukozy gastrointestindlniho traktu se objevila v roce 2012, konkrétné¢ se jednalo o
implantaci prototypu gastrického neurostimulatoru do submukozy zaludku (33). Primarnim
ukolem, ktery by umoznil splnéni cilii celé prace, bylo na tuto metodu navéazat, adaptovat ji
na prostiedi jicnu a vyvinout protokol pro implantaci jak do submukozy jicnu (pro
neurostimulator), tak do mukozy jicnu (pro pH senzor). DalSim dil¢im cilem bylo urcit
maximalni moznou velikost implantatu, kterou lze do jicnu zvoleného modelu (prase s
hmotnosti 40 kg) vlozit. Prvotni hypotéza byla takova, Zze limit pro velikost implantace
v oblasti dolniho jicnového svérace bude primarné vztazen k Sifce a tlouSt’ce implantatu, kdy
maximalni mozné rozméry byly uréeny jako 10 mm resp. 6 mm. Délka nebyla piimo

limitujicim faktorem z diivodu, ze submukozni tunel 1ze vytvofit v rizné délce.

2.2 Vyvoj systému bezdratového pienosu energie

Na zéklad¢ omezeni celkové velikosti implantatu bylo dal§im cilem prozkoumat rizné
metody bezdratového pienosu energie na vétsi vzdalenost (8—12 cm). Konkrétné byl jiz na
zacatku zvolen jako nejnadéjné;jsi induktivni pienos energie, ktery se v dnesni dob¢ pro tyto
ucely bézné pouziva. Pro navrh pfijimace je zdsadni vysokofrekvencni usmériiovac, ktery

musi u implantabilniho zafizeni splnit pozadavky na malou velikost a vysokou G¢innost.

2.3 Vyvoj endoskopicky implantovatelného neurostimuldtoru

Ustiednim prvkem celého zpétnovazebniho systému je neurostimulator. Ten musi
spliiovat zékladni parametry, mezi které patii vodotésnost, maximalni velikost omezena
implantovatelnosti do submukozy jicnu, programovatelnost pomoci bezdratového
komunika¢niho rozhrani a schopnost provadét bipolarni neurostimulaci svaloviny jicnu
pomoci dvou planarnich elektrod pfilozenych k muscularis propria. Parametry
konfigurovatelnych neurostimulac¢nich prib¢hti stran proudu, frekvence, Sitky pulzu a
Casovani byly urCeny jako ekvivalentni ¢i presahujici rozsah nabizeny komerénim
neurostimulatorem Medtronic Enterra resp. EndoStim (7, 34). Neurostimuldtor by m¢l byt
zkonstruovan z biokompatibilniho materialu — hypotéza byla, ze pii pouziti

nebiokompatibilniho materidlu dojde k rejekci implantatu.
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2.4 Vyvoj endoskopicky implantovatelného pH senzoru

Vzhledem k nezddoucim ucinktim, které vyplyvaji z podoby dnesnich bezdratovych
systémi pro méfeni pH v jicnu, které byly diskutovany v tivodu, bylo hlavni motivaci vyvoje
vlastniho pH senzoru radikélni zmenSeni rozméri vysledného zafizeni pii zachovani
funkc¢nosti, ekvivalentni k existujicim systémiim. Za timto tcelem byly pro vyvoj zvoleny
dvé¢ hlavni koncepce — prvni, jednodussi, s diirazem na minimalni dosazitelné rozmeéry pfi
pouziti komercné dostupnych soucastek a druhd, zalozena na modulu ISP1302 (Insight SIP),
ktera umozni integraci implantovatelného pH senzoru do zpétnovazebniho systému s

neurostimulatorem.

Diivodem pro rozdé€leni vyvoje do dvou po sobé nasledujicich vétvi byl fakt, ze ISFET
pH senzor, ktery byl pro konstrukci pouzit, nebyl nikdy vyzkouSen in vivo ani ex vivo
modelu. Dévalo proto smysl se v prvni fazi zaméfit na nejjednodussi moznou verzi

implantovatelného senzoru, tu vyzkouset v nezivém modelu, a az v druhé fazi se sousttedit

vvvvvv

2.5 Vyvoj novych metod a materialui pro enkapsulaci implantdti

Lidské télo je pro nechranénou elektroniku z principu svého slozeni prostiedim
agresivnim, libovolnou implantabilni elektroniku s vyjimkou samotnych senzort je tak
nutné chranit pred okolnimi vlivy, mezi které patii primarn¢ vlhkost a obklopeni télnimi
tekutinami. Cilem tedy bylo vyvinout metodu enkapsulace (zaobaleni) implantovatelné
elektroniky, kterd poskytne dostatecnou ochranu a zaroven ji bude mozné snadno a za
nizkych nékladd aplikovat na libovolny typ implantovatelného zatizeni. Soucasti tohoto cile
je 1 kvalifikace materialu a metody podle normy ISO10993 tak, aby mohl byt dany systém
pouzivan pii dlouhodobéjsich (v fadu tydni az mésici) experimentech na zvifatech
s minimalizaci moznosti rejekce implantatu, ¢i nezadouci reakce sliznice v blizkosti pH

S€nzoru.

2.6 Vyvoj bezdratového rozhrani pro komunikaci

Podstatou zpétnovazebniho fizeni je vzdjemna komunikace mezi pH senzorem a
neurostimuldtorem, ktery musi zarovenl komunikovat s externi stanici. Ta disponuje
uzivatelskym rozhranim, prostiednictvim kterého se neurostimulator konfiguruje. Hlavnim
pozadavkem na tento komunikacni protokol je pak zajisténi minimalni elektrické spotfeby

pH senzoru a neurostimulatoru na tukor externi stanice, zabezpeCeni dat a moZznost
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implementace v komercné dostupnych mikrokontrolerech s integrovanym radiofrekvencnim

(RF) front-endem.

2.7 Vyvoj zpétnovazebniho systému pro lécbu refluxni choroby jicnu
Poslednim a finalnim cilem vyvoje systému je implementace zpétnovazebniho fizeni,
které reaguje na zmény pH v jicnu zahajenim nebo upravou neurostimulace. Ovéieni se
dosahlo in vitro na modelu s proménnym pH v okoli senzoru za simultanniho sledovani
aktivity neurostimulatoru. Pro GspéSny vysledek musel stimuldtor informace o pH uvnitf
jicnu piijmout, vyhodnotit je a adekvatné reagovat (napf. zapnutim nebo vypnutim

neurostimulace).
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3 Shrnuti pouzité metodiky a experimentalnich metod

Vyvoj a vyzkum v této praci Ize rozd¢lit do tii zakladnich oblasti — vyvoj hardware a
software, vyvoj v oblasti strojirenstvi a materidlovych véd pro biokompatibilni enkapsulaci
vyvinutého hardware, a in vitro + in vivo experimenty pro posouzeni vyvinutého hardware

a metod a potvrzeni ¢i vyvraceni stanovenych hypotéz.

Vyvoj hardware byl provadén v péti fazich. V prvni fazi byly podle cilti a hypotéz
stanoveny pozadavky na vyvinuté zafizeni z hlediska pozadované velikosti, funkci,
bezdratové komunikace, napéjeni apod. Nasledovala reSerSe vhodnych technologii a
komponent, kterd v sob¢é zahrnovala posouzeni vyrobitelnosti, ceny, zkuSenosti s praci s
témito komponentami a jejich dostupnosti. Poté bylo mozné pfistoupit k navrhu elektroniky,
ktery sestaval z blokového navrhu, vytvofeni schématu zapojeni a ndvrhu plosného spoje.
Po kontrole nésledovala vyroba plosnych spojli, objednani komponent a jejich osazeni.
Posledni casti vyvoje hardware bylo tzv. ,,0ziveni®, které spocivalo v pfipojeni osazenych
plosnych spojt ke zdroji napajeni a kontrole, zda jsou vSechny navrzené obvody funkéni a

jejich chovani odpovida stanovenym pozadavkam.

Pro vyvoj software byla pouzita vyvojova prostiedi MPLAB X (pro mikrokontrolery
vyrobce Microchip), Segger Embedded Studio (pro mikrokontrolery vyrobce Nordic
Semiconductor) a Microsoft Visual Studio (pro navrh ovladaci aplikaci externi stanice).
Soubézné s navrhem hardware byl vypracovan soupis pozadavkii na software vcetné
vhodnych testl, které mély za cil podrobné otestovat veskeré funkce a odhalit potencialni

chyby. Po vytvoteni zdrojového kddu byla provedena jeho validace na vyvinutém hardware.

Pro vyrobu oball pro implantovatelna zatizeni bylo pouzito né¢kolik rozdilnych metod
v zavislosti na konkrétnich pozadavcich pro kazdé zatizeni — v ivodnich fazich vyzkumu
byla elektronika pfimo enkapsulovana pomoci tekutého dvouslozkového epoxidu
s postupnym nanesenim nékolika vrstev. Poté bylo pfistoupeno k vyrobé obalu frézovanim
na tfiosém obrabécim centru, piipadné vyrobenim dvou nebo vicedilné formy z materidlu o
nizké povrchové energii, do kterého se vlozila elektronika, a do formy byl vsttiknuta tekuta

epoxidova pryskyfice, ktera vyplnila dutinu ve formé¢.

Vyvoj metody naneseni biokompatibilniho polymeru na enkapsulované zatizeni zacal
reser§i vhodnych polymernich materiali, na kterou navazalo experimentalni otestovani

riznych metod naneseni z hlediska Casové narocnosti, adheze k epoxidu a souvislosti
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nanesené vrstvy. Posouzeni biokompatibility takto vyvinutych a otestovanych materidli a

metod bylo provedeno nezavislou akreditovanou instituci.

In vivo experimenty byly provadény na zakladé platného planu pokust, ktery byl
schvalen etickou komisi, ptipadné byly provedeny akreditovanou instituci, kterd v ramci své
vyzkumné a komer¢ni €innosti platnym pldnem pokust se schvalenim etické komise pro
provadéni téchto ukond disponuje. Tyto experimenty mély za cil ovéfit funkcnost
vyvinutych zatizeni a metod s néaslednym ovéfenim ¢i vyvracenim hypotéz, které byly
stanoveny na zacatku kazdého vyzkumného tkolu. V in vitro experimentech byla stanovena
vhodna velikost souboru dat a statistickych metod pro jejich zpracovani, po které nasledoval

sbér dat a jejich vyhodnoceni.
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4 Vysledky

4.1 Charakterizace systémii pro bezdrdtovy pienos energie v pasmu do

4 GHz

Kazdy systém pro bezdratovy ptenos elektrické energie sestava ze dvou Casti —
vysilace a pfijimace. Protoze je pro napajeni polovodi¢ovych elektronickych komponent
vyuzivan vyhradné stejnosmérny proud, zatimco bezdratovy prenos energie se realizuje
vytvorenim stfidavého magnetického pole ¢i ve formé elektromagnetickych vin, je nutné
ptrevést stiidavy proud, ktery je vystupem pfijimaci civky / antény na proud stejnosmérny.
Ktomu slouzi usmérnovac, jehoz konstrukce je prakticky totoznd jak v piripade
nizkofrekvencniho signalu v piipadé induktivniho dobijeni, tak vysokofrekven¢niho signalu

v ptipad¢ radiovych vin.

Vprvni fadé byla provedena |a#| wmwocasance | GE R
e Freqez 56k
-1 . , .r L =
teoretickd reSerSe vhodnych topologii — fegiees L=
(zapojeni) usmérnovact vcetné¢ vybéru (i 3

vhodnych diod. Nasledoval vyvoj

vlastniho RF syntezatoru, jehoz funkci je
generovat sinusovy vystupni signal o dané Obr. 2: Zapojeni diodového zdvojovace stiidavého signalu

frekvenci a amplitudé. Poté byly provedeny simulace diodového usmériiovace zapojeného
jako zdvojovac, viz obr. 2. Na zaklad¢ simulaci byly voleny hodnoty pasivnich soucéstek
(kondenzatort a induktorti) a na zakladé simulaci byly zkonstruovany usmériiovace, na
kterych bylo provedena méteni. Bylo prokézéano, Zze popsana metodika ndvrhu umoziuje
konstruovat vysokofrekvencni usmériiovace o vysoké ucinnosti konverze sttidavého proudu

na stejnosmérny (az 55 % pti 868 MHz a 10 mW vstupnim vykonu).

Topologie névrhu usmérnovact, které byly zkouméany vtomto konferencnim
prispévku, se véetné metody jejich navrhu staly zakladem pro ndvrh systémi pfenosu energie

v implantabilnich neurostimulatorech prezentovanych v této disertacni praci.
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Abstract

In this paper, a method for testing and characterization of RF to DC converters for wireless power transmission is
presented. The application field for RF to DC converters is continuously growing. The energy harvesting from
electromagnetic waves is one of the basic elements of space-based solar power stations. Schottky barrier diode based
rectifier architectures were considered and tested. A custom automated test bench for characterization was designed
and manufactured. With the proposed hardware, measurements can be done from 0.1 to 4 GHz at RF output power
up to +10 dBm. A low spur RF PLL synthesizer was used with a wideband RF amplifier and attenuator with 0.5 dB
step. Voltage-current characteristics were obtained using a calibrated precision programmable load. A complete
characterization of basic types of RF to DC converters was done. The resulting graphs show that both incident power
and frequency can affect the conversion efficiency. Efficiency over 50 % was achieved with Avago HSMS285
diodes. The results clearly show that the RF to DC converters exhibit higher efficiency when subjected to medium
input power levels than very low and low input power levels. This confirms that when talking about low power
energy transmission, the energy transmission in short but high energy pulses would more efficient than transmitting
the power using lower power and continuous wave. A simplified model for operation of a universal maximum power
point tracking system is presented. The results of this work can be used in design of maximum power point tracking
systems for wideband and/or wide input power range RF rectifiers as well as in novel RF to DC converter structures
and increasing its efficiency.

Keywords: High frequency rectifier, rectenna, RF synthesizer, Schottky barrier diode, space based solar power

station

Nomenclature
Voltage — V
Current — I
Power - P

An apostrophe (‘) or “norm” subscript at the symbol
means that the value does not indicate an absolute value
but a value which was normalized with respect to the
maximum value in the particular measured dataset (if
not stated differently). For example, if the maximum
measured voltage in the particular voltage-current
characteristics is V., = 3000 mV and the voltage
before normalization is V; = 1500 mV, then Vi,0rm =
Vi =05

Acronyms/Abbreviations
Space-based solar power (SBSP)
Radio frequency identification (RFID)
Surface mount technology (SMT)
Harmonic balance (HB)
Large signal S parameters (LSSP)
Vector network analyzer (VNA)
Radio Frequency Identification (RFID)
Parts per million (ppm)
Continuous wave (CW)
Electromagnetic (EM)

TIAC-16-C3.2.4

1. Introduction

The energy harvesting is a process of getting and
storing energy from alternative sources such as wind or
sun. One of the perspective ways of energy harvesting is
RF energy harvesting. In space sector, the RF field
harvesting is a key to SBSP. Instead of placing the solar
panels on ground where the sunlight is attenuated by
atmosphere and weather, the solar panels would be
placed in orbit [1]. Another advantage is non-stop light
irradiation of solar panels. Except for SBSP, the RF
harvesting is today extensively used in RFID
applications where passive RFID tags are powered by
harvesting the incident EM field from the reader.

One of the first pioneers of wireless electricity
transfer was Nikola Tesla who performed experiments
with it and projected power plants which would be able
to transmit electrical energy which could be collected at
many places [2]. In 1966, researchers at Raytheon were
able to power a model helicopter with 230 W of
rectified DC output power harvested from a microwave
source working at 2450 MHz [3]. A variety of papers
cover the process of development of RF rectifiers, from
application-specific antenna development to RF rectifier
matching, diode choice and final measurement and
evaluation of the performance compared to the
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simulations. Different rectifier topologies are used in
available literature, but the most favourite topologies
include single diode topology [4], [5], Greinacher
doubler [4], [6]-[8] and bridge rectifier [9]. All
published papers which were reviewed prior to this
research describe a solution which comprises of a RF
signal source (which is an antenna or RF synthesizer),
matching circuitry, diode rectifier, optional filter and
storage capacitor. Some papers describe integration of
certain elements, like antenna and diode rectifier on a
single substrate [10].

The characterization and measurements of RF to DC
converters usually requires high frequency testing
instruments, most commonly signal generators and
spectrum analysers operating in GHz range. This makes
the process of development of RF harvesting powered
instruments very expensive and not available to all
researchers and developers. Thus, a particular emphasis
is given to design of a single board microwave test
bench which would be low-cost and yielded good match
with professional instruments after calibration. The
proposed low-cost instrument could be used in initial
phases of design of RF to DC rectifier solutions.

This paper is divided into several sections. The first
section summarizes the theoretical principles of
Schottky barrier diode based RF to DC rectifiers. Next,
to develop a device for characterization of actual
performance of RF rectifiers, LSSP and HB simulations
of manufactured types of rectifiers were performed to
get basic overview of how the converters behave under
different power levels and resistive loads across its
output. After that, the design of single board microwave
test bench for characterization of RF rectifiers is
described together with calibration process. Next, two
different RF to DC converters matched by discrete SMT
components are characterized using the proposed
hardware. Finally, a simplified model suitable for direct
hardware implementation of maximum power point
tracking is developed and verified.

2. Microwave test bench design

The microwave test bench can be divided into two
main parts — a wideband high dynamic range frequency
synthesizer and programmable load. The synthesizer
can be calibrated using either RF power meter or
spectrum analyser. The voltage and current flowing
through the programmable load is measured using
benchtop or hand-held voltmeter and ammeter.

2.1. Frequency synthesizer
The overall performance of a PLL-based frequency

synthesizer is significantly affected by a reference clock.

To provide sufficiently low jitter and temperature stable
clock, FOX924B [11] temperature compensated crystal
oscillator was used. The nominal frequency of the

IAC-16-C3.2.4

crystal oscillator is 10 MHz. To isolate the oscillator
from the next part of the circuit which has relatively low
impedance (in range of hundreds of ohms), a
74LVC1G125DBYV [12] logic buffer was implemented.
To filter-out any high frequency harmonics and retain
only the main 10 MHz tone, the output of the logic
buffer is connected to a cascaded LC filter. The output
of the filter is AC coupled with 1 nF NPO ceramic
capacitor and fed into the reference clock input of the
frequency synthesizer part of the circuitry.

! 10000ns
ot

Rise
28.00ns
CHI
RS
523.83mV
CH1
Peak

e  Off M 50.0ns 148Y

CHI ./~ —=20.0mV
Fig. 1: Reference clock for the PLL synthesizer

For frequency synthesis, a single chip Maxim
Integrated MAX2870 [13] wide frequency fractional
PLL with on-chip VCOs was used. The chip features
23.5MHz to 6 GHz frequency range with ability to
provide -4 dBm to +5 dBm output RF power. The
fundamental frequency of VCOs is 3 GHz to 6 GHz. 4
dedicated VCOs with 16 sub-bands each are used to
cover this frequency range. To cover lower frequency
ranges, an internal frequency divider is used.

Two identical RF outputs of the MAX2870 chip are
utilized. The first one is guided into an output SMA port
on the board directly. This output is used to check the
performance of the frequency synthesizer, especially the
frequency stability. The second output is AC coupled
and fed to the input port of TriQuint AG604-86 DC to 6
GHz gain block [14]. The amplifier features 20.5 dB of
gain and 19.4 dBm output P1dB at 900 MHz. The bias
for the gain block is provided by an external 12 V DC
power source. The amplified output is AC coupled with
1 nF SMT NPO capacitor and fed into the TQP4M9071
[15] 31.5 dB digital step attenuator with low insertion
loss and 0.5 dB step. The output of the step attenuator is
connected to an output SMA connector.
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2.2. Programmable load and control circuit

The purpose of the programmable load is to emulate
DC resistance loads. On the designed hardware, its
operating principle is to control the gate voltage on a
MOSFET transistor by OPA227 operational amplifier
[16]. The operational amplifier measures the voltage on
a current shunt and regulates it to the voltage pre-set on
its non-inverting input. The pre-set voltage is generated
by MCP4726 digital-analog converter [17] with external
LM4041 wvoltage reference [18]. The digital-analog
converter is controlled by the microcontroller. The
current drawn by the load is proportional to a voltage
generated by digital-analog converter.

The whole circuitry is controlled from a computer
via USB port. The on-board 8-bit microcontroller parses
text strings typed by user into a serial port terminal on a
computer and controls the frequency synthesizer and
digital step attenuator, accordingly.

ig. 2: The completed board for characterization of
to DC converters

2.3. Testing and calibration

To ensure correct operation during RF to DC
converters characterization, after manufacturing, the
board was tested and calibrated using the Anritsu
MS710F 100 kHz to 23 GHz spectrum analyzer. The
measurement setup is on Fig. 3. The output of the
manufactured board is connected directly to the
spectrum analyzer via a Type-N to SMA cable adapter.

IAC-16-C3.2.4

Fig. 3: Manufactured board during testing and
calibration

The measured board was powered-up and settled for
30 minutes to heat up and stabilize the temperature of
all components. The temperature in the room was
23.5°C and the humidity was 60 %. Same conditions
were achieved during characterization to ensure
accuracy of measurements.

First parameter which was measured was the clock
accuracy. The board was set to generate 1000 MHz
tone. The centre frequency of the spectrum analyzer was
set to 1000 MHz. Assuming the clock source of the
spectrum analyzer as a reference standard, the frequency
generated by the synthesizer board was 1000.003 MHz
which corresponds to 3 ppm error. This is well within
the specifications of the used temperature controlled
crystal oscillator and is accurate enough.

Fig. 4. Generated 100 MHz on spectrum analyser

All PLL, amplifier and attenuator generated
intermodulation products, phase noise and jitter
products are more than 40 dB under the main tone over
the whole operating range. At normal conditions, all
unwanted components of the generated tone are

Page 3 of 13



67" International Astronautical Congress (IAC), Guadalajara, Mexico, 26-30 September 2016.
Copyright ©2016 by the International Astronautical Federation (IAF). All rights reserved.

separated more than 50 to 60 dB from the main tone.
There are harmonics present in the output signal.
However, they are about 10 to 15 dB lower than the
main tone. Combined with the matching of the RF to
DC converters which will be described in next chapter
and is narrow-band, this is not a big issue and will not
affect the measurements much.

3. RF to DC converter design

3.1. Basic description

The RF to DC converter can be constructed as a
rectifier which uses Schottky barrier diodes optimized
for high frequency operation. In a passive circuit where
no bias is available (which a passive powered sensor is),
zero-bias Schottky barrier diodes are the only suitable
choice [19]. For the testing of the proposed microwave
test bench, simple topologies with Avago HSMS285
zero-bias Schottky diode were chosen and evaluated.
This particular type of diode was chosen because of its
superior parameters at low input powers [19].

The key thing in design of high-efficiency no bias
RF to DC detector is to properly match the receiver
antenna (in this case replaced by frequency synthesizer)
impedance to the impedance of the diode circuit. In this
case, the impedance of the output port is 50 Ohm. The
voltage doublers offer lower input impedance to source,
which makes the matching easier as opposed to single
diode topologies [19].

From the Avago HSMS285 datasheet [20], it can be
clearly seen that the reflection coefficient of the diode
highly depends on the incident RF signal frequency.
Thus, the input impedance of the whole rectifier is
likely to change significantly with frequency. As a
result, the RF to DC converter based on this topology
cannot be matched over large frequency bandwidth.
Instead of that, the rectifier will have to be matched for
one specific narrow frequency bandwidth. Outside of
this bandwidth, the efficiency of the converter will be
severely affected by impedance mismatch between the
matching circuit and rectifier. Significant portion of
power will be reflected back to the RF source, instead of
being rectified into usable energy.

3.2. RF rectifier design

To enable fast prototyping of the RF rectifiers, the
rectifier modules which are composed of an input SMA
connector, matching circuitry, rectifying diodes and DC
output connector, are manufactured on a regular 4-layer
PCB. The top layer is used for component placement
and microstrip traces. The second layer underneath it is
the ground plane. Other layers are unused, except for
bottom layer which includes pads to enhance
mechanical rigidity of the SMA connector. The
complete stack-up of the PCB is on Fig. 5.

TAC-16-C3.2.4
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Fig. 5: Four layer PCB stack-up [21]

The components used for matching are SMT
capacitors and inductors in EIA 0603 size. The selected
size is a compromise between hand solderability and
physical dimensions. The use of discrete components
limits the maximum usable bandwidth of the converter.
At high frequencies, lumped elements should be used
because the effect of parasitic parameters of SMT
components start to significantly contribute to the
matching. The manufactured RF rectifier is on Fig. 6.

Fig. 6: An example of manufactured RF rectifier

LSSP and HB simulations were performed to view
the behaviour of the RF harvester circuit. Non-linear
diode models were utilized including the effect of the
diode package [22]. Non-ideal discrete component
models were used as well as the physical dimensions of
microstrip waveguides and substrate parameters were
taken into account. Based on those simulation results,
two RF harvesters based on the Greinacher doubler
circuit were manufactured. The first one was matched to
850 — 920 MHz band, while the second one to 2.4 GHz
to 2.5 GHz band. Those specific frequency bands were
chosen due to match with ISM license-free bands in EU
and USA. The sub-GHz RF harvester was matched
using a 15 nH high frequency series inductor with self-
resonant frequency of 23 GHz. The 2.5 GHz band
harvester was matched with a 0.8 pF shunt capacitor and
1.5 nH series inductor with self-resonant frequency of
23 GHz. Both harvesters were matched with 1 kohm
load connected to the output.
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Fig. 7: Smith chart diagram of rectifier matched for
operation in 868 MHz band
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Fig. 8: Smith chart diagram of rectifier matched for

operation in 2500 MHz band

The resulting Smith chart diagrams of manufactured
RF rectifiers are on Fig. 7 and Fig. 8. Precise matching
was not done because the input impedance of the
rectifier changes with both varying input RF power and
output load impedance. Discrete components also have
tolerances and are offered only in certain values. But the
proposed system can be used for full characterization or
any RF to DC converters from 0.1 GHz to 4 GHz,
providing input power up to +10 dBm over the whole
operating frequency range.

The output parameters of RF harvester are
dependent on incident RF power. The Friis transmission
equation [23] gives the power received by one antenna
based on the link parameters and transmitted power by
second antenna:

A
4TR

B =P, (L) 6oy (1)

where P, is the received power, P; is the transmitted
power, A is the wavelength, R is the distance between
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transmitter and receiver antenna and G,; and G,, refer
to transmitter and receiver antenna gain in direction
towards the other antenna, respectively.

From this equation, it is clear that in real-life
scenario, the RF power received by the antenna will be
highly variable in time. It depends on the distance
between the antennas and antenna gain which is,
especially when it comes to high directivity antennas,
dependent on angular position of the antennas relative to
each other. The effect of obstacles between the
antennas, causing mainly diffraction and reflection of
electromagnetic waves, also affects the power received.
To maximize the amount of received power, MPPT
system should be implemented. This technique
maximizes the power yield under all conditions. To
correctly evaluate the behaviour of manufactured RF
harvesters, I-V curves for different incident power
levels will be measured using the proposed test bench.

4. Ideal RF harvester model simulation

Before the actual measurements, the ideal circuit
model of the RF harvester (not taking the microstrip
traces, vias and material parameters into account) was
simulated using HB simulations and LSSP simulations.
The results of the simulations will be compared to the
measurement results later on. The simulations were
performed on a single rectifier matched to frequency of
2500 MHz.

4.1. Open circuit voltage of the rectifier

The schematic diagram and simulation settings for
open circuit voltage simulations are on Fig. 9 (located at
the end of paper). The input RF source is connected to
the matching network and then to the HSMS285C
component model. This component model includes the
effects and parasitic parameters of the package [22].
The output of the Greinacher doubler is fed to a low-
pass LC filter formed of a 3.3 nH inductor and 100 pF
capacitor. A voltage probe is placed on the positive lead
of the capacitor. The swept value was the input power in
dBm.

g
o

-
[=

Open circuit voltage [V]
o e
(4] w
L) l i . I X B l | I - |

o
=

T TTT

[T rr T rrrrprrrr

-15 -10 -5 0 5

)
o

Input RF power (dBm)

Plot 1: Simulated dependency of open circuit voltage on
input RF power
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4.2. I/V curve of the rectifier

The I/V curve was also simulated using the HB
simulations. In this case, the output of the rectifier was
loaded with a resistor. The swept value was the
resistance of this load resistor. The voltage on the
resistor was sensed as well as the current flowing
through the resistor. The circuit diagram is on Fig. 10
(located at the end of the paper). The input RF power
was 0 dBm at 2500 MHz.

1400 — T T T
1200 |- i
1000 1
ITuA] 800 |- 7
600 i
400 |- N 1
200 - I~ : .
0 I I I R
0 100 200 300 400 500 600 700 800
V [mV]
Plot 2: Simulated V/I curve of the rectifier
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Plot 3: Dependency of return loss on input RF power

The V/I curve is non-linear; thus the circuit cannot
be simply described as an ideal voltage source with
series resistance. The data measured and visualized on
Plot 1, 2 and 3 will serve as a reference for the
measured data. If there will be significant differences in
measured data, the is a possibility of short or component
damage during assembly.

5. Constant frequency characterization
All converters were pre-matched with 1 kohm purely
resistive load at -6 dBm (rated output power of the

VNA) to its operating frequency. As described in
previous section, total of two RF to DC converters were

IAC-16-C3.2.4

matched to 868 MHz and 2.5 GHz, respectively. To
minimize the cable and connection losses, the
converters were connected to the output of the proposed
instrument using a solid SMA male to male barrel
adapter. The DC output connector was divided into two
branches. The first one was directly connected to a high-
impedance input (10 Mohm) calibrated voltmeter. The
second one was connected to a programmable load. An
ammeter was connected in series. This configuration
assures that the measurements were not significantly
affected by non-ideal input parameters of the measuring
instruments. The current flowing through the voltmeter
is negligible (10nA at 100 mV). However, the
relatively high internal resistance of the wused
microammeter could affect the accuracy. The energy
delivered by the RF harvester is equal to the sum of
Joule heating of programmable load, internal resistance
of ammeter and input wires. The voltage is measured
across all the elements through which the current was
flowing. Thus, no corrections were required.

Both RF harvesters were characterized from -
16 dBm to +10 dBm with step of 2 dBm. A group of
samples were captured for each I/V characteristic. The
actual power delivered by the RF harvester under
certain load was calculated as a multiplication of
voltage across the output of RF harvester and current
flowing through the load (3). The efficiency is
calculated as:

n=- (2)

- s
P input

where 7 is the efficiency, V and I is the voltage and
current delivered by the RF rectifier, respectively and
Pinpye is the input power which was delivered to the
input of RF rectifier. First, the open-circuit voltage of
both converters was measured. The measured values are
on Plot 4. Clear correlation between input power and
open circuit voltage is visible. The input power was -2.5
dBm for 868 MHz and 0 dBm for 2500 MHz.

6000 : : -
O 2500 MHz
5000 | 868 MHz X g
I < O ]
__ 4000 5
= x
E 3000 | o 4
> ]
2000 + 5 4
&
1000 | 5 © o .
®
5 O
0 B, ; i i i
20 -15 -10 -5 0 5 10
P [dBm]

Plot 4: Dependency of open circuit voltage of RF to DC
converters for different input power levels
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The goal of this research is to perform a full
characterization of RF to DC converters under constant
frequency conditions to gather the V/I characteristics.
From the V/I characteristics, the maximum power point
is going to be determined by deriving an equivalent
model of the RF harvester source. The result should be a
model which will deliver sufficient precision
independently on parameters which cannot be directly
measured by the power management circuitry without
adding external sensors. Ideally, the model should
provide sufficient precision only from open circuit
voltage, short circuit current and/or voltage under
defined resistive load. The model should be compromise
between complexity and accuracy. The simpler the
model is, the simpler the implementation in hardware
will be. On top of that, with simpler hardware
implementation, lower quiescent power consumption
can be expected so the efficiency of the system will be
higher, especially under very low input power
conditions.

Both for 868 MHz and 2500 MHz rectifiers, the
characteristics were measured in steps of 2 dBm. An
example of few V/I characteristics for both frequencies
are on Plot 5 and Plot 6. From these plots, the maximum
power point can be calculated. Every point on the plot
corresponds to certain voltage on load and current
flowing through the load with the specified input RF
power and frequency applied to the rectifier. The power
delivered to the load (in this case transformed to Joule
heat) can be described using the following formula:

P=vI, (3)

where P is power, V is voltage across the load and [
stands for current flowing through the load.

5000 T T T

—— 10 d8Bm

4000 | rres o

—— 2d8Bm

— 3000 | —— -2.dBm]
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= 2000 | -
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VvV [mv]

Plot 5: Measured I/V curves with different input RF
power at 868 MHz
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Plot 6: Measured I/V curves with different input RF
power levels at 2500 MHz

From the I/V characteristics, the P/V characteristics can
be plotted as well, by applying the formula (3). Those
characteristics will serve as an experimental
confirmation of the maximum power point model
described in section 7. To compare the model with
measured data, all P/V characteristics were normalized.
All characteristics were plotted to Plot 7 and Plot 8. The
value of 1 on horizontal axis represents the open circuit
voltage of the rectifier, while the value of 1 on vertical
axis represents the maximum power delivered by the
system under given input frequency and RF power.
Over the whole rectifier operating range, the maximum
power point is relatively consistent. The maximum
power point lies on the point which is equal to around
40 % of the open circuit voltage of the rectifier for 868
MHz and 2500 MHz, respectively.

P [norm.]

-0.2 . . L .
0 0.2 0.4 0.6 0.8 1

V [norm.]

Plot 7: Normalized plot of power delivered by RF to DC
converter at 868 MHz for all measured power levels
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Plot 8: Normalized plot of power delivered by RF to DC
converter at 2500 MHz for all measured power levels

6. Conversion efficiency of RF rectifiers

From the maximum power point of the rectifiers, it
is easy to determine the maximum efficiency plot. Both
for 868 MHz and 2500 MHz, the efficiency was plotted
as a dependency of efficiency on input RF power. The
absolute efficiency of the rectifier is given only for
reference. Despite the spectrum analyzer was calibrated,
its RF power measurement is declared to have accuracy
of around 0.5 dBm. Thus, the presented absolute
efficiency may be affected by an error. In future, this
problem will be solved by using a precise RF power
meter which was not available during current
measurements. The efficiency plots are on Plot9 and
Plot 10. It is clear that the efficiency of the RF to DC
conversion is rising with larger input RF power. The
maximum achieved efficiency is 56.3 % and 34.6 % for
868 MHz and 2500 MHz, respectively.
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Plot 9: Efficiency of the rectifier at 868 MHz
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Plot 10: Efficiency of the rectifier at 2500 MHz

7. Derivation of a simplified model of RF rectifier

Complete simulations of microwave rectennas can
be time consuming and require specialized software. For
easier and more affordable MPPT system development,
a simplified equivalent model is presented. The
analytical model should return expected power output
based on the voltage on the load.
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i | ——— 2500 MHz| |
g 06
S
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Plot 11: Combined normalized plot of all measured V/I
characteristics

Similarly, as normalized plots of delivered power
(Plot 7 and Plot 8), the Plot 11 shows that the V/I
characteristics do not change drastically and they are
close together despite large changes in input power and
input frequency (-16 to +10 dBm and 868 to 2500 MHz,
respectively). Thanks to this, a single approximate
model will be derived. Finally, the model will be
compared to the measured values.

All V/1 curves were fitted with a single second order
polynomial. The fitting was performed with least
squares method. Higher degree polynomials did not fit
the model significantly better. Rather than that, they
added rather unrealistic features like extremes at the
beginning or end of the V/I curve. The resulting
polynomial is shown below:

Page 8 of 13



67" International Astronautical Congress (IAC), Guadalajara, Mexico, 26-30 September 2016.
Copyright ©2016 by the International Astronautical Federation (IAF). All rights reserved.

I'(V") =0.52731V'2 155737V’ +1.04000 (4)
The delivered power predicted by the model can be
calculated by using the function (2):
P'(V") = 052731V’ 155737 V'2 + 1.04000V" (5)
The function (4) is defined in closed interval
V:0<V'<1, where 1 represents the open circuit
voltage of the RF to DC converter. By deriving this
function in the provided interval, the extremes will be
found. The derivation of the function (4) leads on
quadratic function. Extremes can be obtained by
calculating the roots of the quadratic function. There is
one extreme of the function (4) in the specified closed
interval and its numerical value is:

Vimax = 0425012 )

By using second derivative, it is confirmed that this
point corresponds to the maximum of the function (2).
This representation means that the maximum power
point of the RF rectifier is achieved when the load is set
to the point where the voltage on the rectifier equals to

VPmax = VopenVI;max H (6)
where V., is the open circuit voltage of the rectifier
and Vpp,qx is the voltage where the maximum power
point is predicted by the model. The model’s hypothesis

is that if the operating point of the rectifier is set to this
point, the harvested power from it is maximized.

8. Model verification

The model proposed in Chapter 7 was compared to the
measured data and its accuracy including the calculation
of hypothetical power loss caused by the error of the
model. For this purposes, measured data were used,
especially the data visualized in Plot 7 and Plot 8. The
power loss will be defined by following formula:

’ — Pmaxmeas—Pmaxmodel

Pioss = Pmaxmeas ’ )
where P, gxmeas 1S Maximum power obtained by placing
the rectifier into optimum load conditions and
Praxmoder 18 the optimum load voltage predicted by the
model. The higher the value is, the better the model
fitted the true conditions. The maximum possible value
is 1 which means that the maximum power point
predicted by the model reflects the reality. In Table 1,
this value is provided as Ppjoss Which resembles the
percentage of potentially wasted power by error
generated by the model.
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Table 1 : Measured errors of the model in determining
the maximum power point

Pi Pploss Pploss
[dBm]  at 868 MHz [%] at 2500 MHz [%]
10 0.323 4.501
8 0.286 3.446
6 0.085 2.287
4 0.006 1.026
2 0.003 0.771
0 0.057 0.697
-2 0.240 0.390
-4 0.111 0.348
-6 0.772 1.031
-8 0.743 0.018
-10 1.158 0.099
-12 1.663 0.002
-14 2.154 0.087
-16 1.318 0.007

The maximum hypothetical power loss caused by the
RF to DC converter did not exceed 5 % over the whole
operation envelope of the converters which were
operated under frequency of 868 MHz and 2500 MHz
with output power ranging from -16 dBm to +10 dBm
which is a good result. In 68 % of the cases, the
hypothetical power loss did not exceed 1 %.

9. Results and discussion

In this paper, a method for characterization of RF
rectifiers was presented together with the practical
results of characterization of a basic Greinacher doubler
circuit. The presented custom hardware developed and
manufactured specifically for this purpose stands as a
low-cost and easy to operate way to characterize RF
rectifiers. Two identical rectifiers matched to different
input frequencies were successfully characterized. From
the V/I characteristics, a model working for both
rectifiers was developed. The result of a model is a
single coefficient which represents the point in the
operational characteristics of the rectifier where
maximum power is predicted to be delivered. This
coefficient can be used in design of maximum power
point tracking system for DC/DC converters. The
maximum achieved efficiency of the presented
converters is estimated to be 56.3 % and 34.6 % for
868 MHz and 2500 MHz, respectively. However, for
precise measurement, the system will have to be
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calibrated with a RF power meter instead of spectrum
analyzer.

The results also show that there is a strong
dependency of efficiency on input RF power. The
higher input RF power leads to larger efficiency.
However, after approaching 5 dBm, the efficiency
tended to stay constant, probably due to greater
mismatch between the 50 Ohm source and the rectifier.
The measured data also shows that the changes in
incident input RF power and frequency affect the
matching of the rectifier to the source load.

A model which can be used for development of
MPPT system was derived. The model does not require
any sensor data except for open circuit voltage on the
sensor. The typical error in determining of the
maximum power point is under 1 %, while the
maximum error was 4.5 % for data which was measured
at 868 MHz and 2500 MHz with output power varying
from -16 dBm to +10 dBm.

The results of this work can be used in design of RF
rectifiers as well as development of MPPT systems for
use not only in experimental SBSP setups but also in
other applications of wireless energy transfer, including
low power battery-less medical implants and RFID
applications.

TIAC-16-C3.2.4
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Appendix A (Circuit diagrams for simulations)
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Fig. 9: Schematic diagram of RF rectifier for open-
circuit voltage simulation
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Fig. 10: Schematic diagram of RF rectifier for I/V curve
simulation
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Fig. 11: Schematic diagram of RF rectifier for 197,2015.
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4.2 Vyvoj komunikacniho protokolu pro implantabilni zaiizeni

Zakladni pozadavek na komunikaéni rozhrani je schopnost jednosmérného pienosu
dat mezi implantovatelnym pH senzorem (dale v této kapitole jen ,senzor) a
implantovatelnym neurostimulatorem (dale v této kapitole jen ,,stimulator*), jednosmérné¢ho
pienosu dat mezi senzorem a externi stanici, a obousmérného pfenosu mezi stimulatorem a
externi stanici. Vzhledem k pouziti mikrokontrolert fady Nordic Semiconductor nRF52 ve
findlnich prototypech obou zatizeni byl jako zéklad zvolen protokol Enhanced ShockBurst
(ESB) (35), ktery je koncipovan jako protokol topologie ,,hvézda“ — n€¢kolik zafizeni muze
odesilat zpravy (dale jen ,,PTX*), které jsou pfijaty jednim piijimacem (dale jen ,,PRX*).
Vyhodou protokolu je jeho jednoduchost, nizky overhead (data, kterd jsou odesldna navic
kromé¢ uziteCnych dat — oproti napt. Bluetooth a Wi-Fi je v ptipad¢€ tohoto protokolu kromé
uziteCnych dat odesilana pouze synchronizacni sekvence, preambule, adresa a kontrolni
soucet pro zabezpecCeni pfenosu) a nizka spotieba energie na stran¢ odesilatele. Nevyhodou

je nizkd odolnost proti izkopasmovému ruseni.

Tato topologie je pro uvedenou aplikaci sama o sobé samoziejmé nedostate¢na, proto
byla vyvinuta nadstavba tohoto protokolu, ktera bude v textu dale nazyvana ESB-ID (ESB
for Implantable Devices). Hlavnim cilem nadstavby je implementace synchronizace mezi
vSemi prvky sestavy (stimuldtorem, senzorem a externi stanici) tak, aby byla na ukor
spotieby energie externi stanice minimalizovana spotieba energie obou implantabilnich
zafizeni. Déle je komunikace mezi pH senzorem a stimuldtorem aktivné synchronizovéna
tak, aby byla minimalizovéna doba, po kterou je stimulator v pfijimacim (RX) rezimu, ktery
relativné nendrocny, protoze syntezator s fazovym zavésem (PLL) a modulator jsou aktivni

pouze po dobu odeslani zpravy, kterd je ve stovkach mikrosekund.

ESB protokol umozituje béhem jedné transakce (odeslani zpravy obsahujici data —
zpravu — z PTX do PRX) nejen odeslani uzitecnych dat z PTX do PRX, ale i zaslani
uzitetnych dat z PRX do PTX v ramci ACK. ACK zprava je takova zprava, kterou PRX
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potvrdi PTX korektni piijeti zpravy. Pokud ACK 4'

zprava do urcité¢ stanovené doby nedorazi, PTX .
) ) ) FRX mod
zaslani  zopakuje. Toho je wvyuzito pro Stanice éeka na zpravu z

obousmérnou komunikaci mezi stimulatorem a neurostimulatoru

externi stanici.

Externi stanice miiZze byt trvale v PRX modu

Zprava
prijata?

diky tomu, ze je umisténa ex vivo a je pfipojena
. . Y e ne
k externimu zdroji energie prostiednictvim USB.

Mirn¢ zvySena spotieba tedy u tohoto zafizeni

nehraje Zadnou roli. Externi stanice ¢eka na pfijem

dat ze senzoru a neurostimulatoru. Pokud pfijme Vyhodnoceni zpravy

zpravu z pH senzoru (struktura a identifikace viz

nize), PRX moéd neni pierusen a dojde k prostému

vyhodnoceni pfijatych dat. Pokud pfijme zpravu

z neurostimulatoru, PRX mdd je zastaven, zafizeni

e
se konfiguruje jako PTX, odeSle zpravu do Stimulator: ne
neurostimuldtoru a konfiguruje se opét jako PRX.
Stavovy automat pro externi stanici je znazornén
na obr. 3.
PTX mod
Senzor ma z hlediska vSech prvki systému Cdeslani odpovedi

nejjednodussi stavovy automat, je trvale v PTX
Obr. 3: Stavovy automat externi stanice

rezimu a pouze periodicky odesila data o naméfené

hodnoté pH a napdjecim napéti s periodou 403 milisekund. Tento ¢as byl zvolen proto, Ze
pH senzor z diivodu Gspory energie nepiijima zadné data. Senzor tedy nelze synchronizovat
se zbytkem systému. V disledku tolerance frekvence krystalovych oscilatorii a jejich
frekvencéni nestability nelze garantovat pfesnou ¢asovou synchronizaci ani na hardwarové
urovni. Muze tedy nastat situace, kdy se bude vysilani senzoru piekryvat
s neurostimulatorem a do$lo by ke vzniku ruSeni. Perioda vzniku tohoto ruSeni je pak
nejmensim spolecnym néasobkem period vysilani implantatu a senzoru. V piipad¢ periody
vysilani pH senzoru 400 ms a stimulatoru 2000 ms by pH senzor rusil kazdé vysilani

stimulatoru. Diky zvolenému casu 403 ms se ovSem perioda vzniku ruseni prodluzuje na

806 000 ms, tedy ptfes 13 minut, coz je akceptovatelny kompromis, ktery nemé prakticky
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vliv na funkci bezdratového rozhrani a jedna se o feSeni, které Zadnym zpiisobem nenavysuje

spotiebu na strané stimulatoru ani pH senzoru.

Y

tas

Externi stanice RX1 |TX1 RX1 TX1 RX1 T RX1 TX1
Ty r Y P
Neurostimulator  |rx3| |TX2 [Rx2 TX2 |RX2 TX2|Rx2| |RX3 TX2 |Rx2
f f
pH senzor >3 ™3 X3
RX1 - externi stanice eka na pfijem / pfijima data Tentor;cket nebude neurostimulitorem pfijat, protoZe
TX1 - externi stanice odesila odpoved neurostimulatoru jiZ probiha komunikace mezi neurostimulatorem a

RX2 - neurostimulator pfijima data z externi stanice SIETIN SESRNC ~ st 5 )

TX2 - neurostimuldtor pfijima data

RX3 - neurostimulator prijima data z pH senzoru
TX3 - pH senzor odesila data

Obr. 4: Schéma bezdrdtové komunikace v ramci systému

V mikrokontroleru neurostimulatoru bézi nezavisle na sobé dvé vlakna, kdy jedno ma
na starosti vysilani telemetrickych dat o svém stavu a ptijem konfiguracnich dat, zatimco
druhé ma na starosti ptijem dat ze senzoru. Primarnim vlaknem je telemetrie, kdy stimulator
pracuje v PTX rezimu, kdy periodicky vysild data o svém stavu — aktudlni konfiguraci,
napéti baterie a posledni pfijaté hodnoté¢ pH ze senzoru. V zavislosti na zvoleném stavu
(popsano detailné v kapitole 4.3) tuto zpravu odesiléa s periodou 2, 15 nebo 600 sekund. Po
odeslani packetu ¢ekd po dobu 5 milisekund v PRX rezimu na piijem odpovédi z externi
stanice, ktera obsahuje informaci o tom, zda ma dojit k rekonfiguraci stimuldtoru. Pokud do
peti milisekund packet neobdrzi, pfechazi do PTX rezimu, ve kterém ceké na dalsi odeslani

packetu dle stanovené periody. Schéma komunikace je znazornéno na obr. 4.

Pokud je stimulator v rezimu, kdy vyzaduje data z pH senzoru (zpétnovazebny rezim),
inicializuje se do vychoziho stavu, kdy neni synchronizovany s pH senzorem. Piejde na dobu
1230 milisekund (aby byla garantovéna tii Casova okna, béhem kterych senzor odesila data,
plus 21 milisekund rezerva) do PRX rezimu a ocekdva packet ze senzoru. Pokud po této
dobé& senzor nenalezne, prechazi zpatky do PTX rezimu. Pokud pfijme packet ze senzoru,
dekoduje pfijata data a naplanuje dalsi PRX okno za 4030 milisekund (desetindsobek
periody odesilani dat ze senzoru pokraceny o 10 ms rezervu). Doba je volena s ohledem na
dobu odezvy ISFET pH senzoru a vzorkovaci frekvenci, kterd je bézné€ pouzivana v klinické

praxi (15/min) (36). Samotné okno ma délku 20 milisekund (ocekavané piijeti packetu
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+10 ms jako rezerva). Pokud v tomto okn€ nejsou piijata data, je synchronizace zahdjena
znovu. Pokud jsou pfijata data, zpracuji se a naplanuje se dalsi PRX okno. Pokud dojde ke
kolizi s druhym komunika¢nim vldknem (viz nasledujici odstavec), naplanuje se dalsi PRX
okno a k zahdjeni synchronizace nedojde, protoze chyba neni na strané piijmu dat ze

s€nzoru.

Vzhledem k tomu, Ze pfijem dat ze senzoru i komunikaci s externi stanici zajiStuje
stejny radiovy piijimac/vysilac, je nutné¢ implementovat mutex (zjednoduSené lze ptelozit
jako ,,zamek*), podobn¢ jako v dalSich systémech, které sdili jednu periferii. Pokud by
mutex implementovan nebyl, mize dojit k situaci, kdy budou dvé programové vlakna
pozadovat pristup ke stejné periferii, ¢imz dojde k vyjimce a selhani programu. Jednoduchy
mutex je implementovan pomoci proménné, kterou programové vlakno, které pozada o
piistup k periferii jako prvni, zméni z hodnoty ,,0“ na hodnotu ,,1* a tim d& druhému
programovému vldknu védét, Ze periferie se aktualné pouziva a nelze ji vyuzit. Druhé
programové vlakno poté mize bud’to ¢ekat, nebo (v ptipadé ESB-ID) pfed¢asné ukon¢i svou
¢innost a ¢eka na dalsi ptilezitost. Po dokonceni vyuziti dané periferie prvni vldkno zméni

doty¢nou proménnou zpét na nulu a tim da védet druhému vlaknu, ze je periferie volna.

Nadstavba ESB-ID se vyznacuje snadnou implementaci a velmi nizkou spotitebou
energie, coz se odrazi v dlouhé vydrzi implantovatelnych zafizeni, kterd mezi sebou timto
protokolem komunikuji. Radové se jedna o jednotky dnii u neurostimulatoru a vice nez tyden
u pH senzoru pfi pouZiti baterie o kapacité¢ o napéti kolem 3 V a kapacité¢ do 15 mAh.
Pozadavek na minimalizaci kapacity baterie je jednim z nejzdsadnéjSich aspektti kazdého
implantabilniho zatizeni, a to jak z hlediska minimalizace rozmérti vysledného zatizeni, tak

1 bezpecnosti.
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4.3 Prvni uspésna endoskopicka implantace neurostimuldtoru

Prvni experimenty, které byly v souvislosti s vyvojem zpétnovazebniho systému
implantabilnich prostfedki pro 1é¢bu GERD provedeny, souvisely s vyvojem metody
implantace a zjiSténim maximalnich moznych rozmért implantatu. Pro tyto ucely byl
v souladu s principem 3R (replacement, reduction and refinement) pouzit model praseciho
zaludku a jicnu, ktery byl v pribéhu dal§iho vyzkumu pouzit pii vSech pfilezitostech, pfi
kterych nebylo nutné pro experiment pouzit zivé zvife. Organy pro experimenty byly

zajistény ze standardniho chovu hospodarskych zvirat.

Na zacatku byly provadény experimentalni implantace elektroniky do submukozy
zaludku, zejména kvuli relativni jednoduchosti. Byla pfitom pouzita metoda ESP (33), ktera
je podrobné popsana v tivodu této prace. Pro implantaci do submukozy byla otestovana tfi
rizna zafizeni — LF RFID (nizkofrekvencni radiofrekvencni identifikace) tag, senzor teploty
vlastni konstrukce a gastroneurostimulator vlastni konstrukce. Implantace LF RFID tagu
byla provedena primarné¢ pro nacvik ESP metody, dal§i dva experimenty mély za tkol
otestovat zplsob enkapsulace a spolehlivost bezdratové komunikace. Ukézka prvni

provedené implantace elektronického zatizeni do submukozy je na obr. 5.

Maximalni velikost implantovaného zafizeni
(neurostimulator), kterd je pro danou technologii
implantace  schidna, byla stanovena na
25 x 22 x 6 mm. Enkapsulace teplotniho senzoru
byla provedena pomoci teplem smrstitelné buzirky

z polyolefinu, ktera byla na obou koncich zajisténa

epoxidovou pryskyfici. Na zakladé¢ literarni reSerSe

Obr. 5: Viozeni implantatu do submukozni kapsy

byl také stanoven ptiblizny utlum radiového signalu
pfi priichodu tkani (37) pro gastricky neurostimuldtor. Ten je umérny frekvenci a u

zajmovych pasem (433 MHz, 868 MHz a 2,4 GHz) se pohybuje mezi 17 a 28 dB.

Vsechny tfi implantace byly uspésné a byla prokdzana funkcnost elektroniky
v submukoze i jednoducha metoda enkapsulace implantati s pouzitim komeréné dostupnych
materidlti. Nevyhodou je nizkéd biokompatibilita vysledného feSeni, ktera se stala predmétem

dalsiho vyzkumu.
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Gastric dysmotility can be a sign of common diseases such as longstanding diabetes mellitus. It is known that the application of
high-frequency low-energetic stimulation can help to effectively moderate and alleviate the symptoms of gastric dysmotility. The
goal of our research was the development of a miniature, endoscopically implantable device to a submucosal pocket. The
implantable device is a fully customized electronics package which was specifically designed for the purpose of experiments in
the submucosa. The device was endoscopically inserted into the submucosal pocket of a pig stomach and partially severed pig
side in order to adequately simulate a live animal model. The experiment confirmed that the designed device can be implanted
into the submucosa and is capable of the measurement of sensor data and the transmission of this data wirelessly in real time to
a computer outside of the body. After proving that the device can be implanted submucosally and transmit data, further
experiments can now be performed, primarily with an electrogastrography (EGG) instrument and implantable device with tissue

stimulation capability.

1. Introduction

Gastric dysmotility can be a sign of several relatively
common diseases such as gastroparesis, which is usually
characterized by chronic progression and imposes rather
severe consequences on the social, work-related, and physi-
cal status of the patient. Most cases of gastroparesis are
usually diabetic or idiopathic in origin and are often resis-
tant to available medication [1]. Patients afflicted with this
condition most commonly present with nausea and repeated
vomiting. Based on previous research, it is known that the
application of high-frequency low-energetic stimulation
can help to effectively moderate and alleviate the symptoms
of gastric dysmotility [2].

Based on meta-analysis, the substantial and significant
improvement of symptoms and gastric emptying was
observed, indicating that high-frequency gastric electrical

stimulation is an effective and safe method for treating
refractory gastroparesis [3]. It has also been shown that lower
esophageal sphincter neurostimulator therapy is safe and
effective for the treatment of GERD. There is a significant
and sustained improvement in GERD symptoms, reduction
in esophageal acid exposure with elimination of daily PPI
usage, and no stimulation-related adverse effects [4]. How-
ever, currently, there is only one gastric-stimulation device
available in the market, the Enterra II (Medtronic), which
needs to be surgically implanted with the patient undergoing
general anaesthesia and having a rather bulky device fitted,
using intramuscular catheters which allow for stimulation
of the gastric muscle tissue. This is why the option of using
a wirelessly communicating device implanted into the gastric
submucosal layer would represent a definite advantage and
improvement in patient comfort. This would allow for a
much less risky surgical procedure (in terms of general
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anaesthesia requirement and possible complications of both
anaesthesia and surgical procedure) with a relatively simple
and safe endoscopic implantation.

The goal of our research was the development of a mini-
ature, endoscopically implantable device and its successful
deployment to submucosa. This paper describes a proof of
concept study which confirms that it is possible to implant
a device into the submucosa which is capable to send sensor
data to the receiver device outside of the body for longer
periods of time. For this particular experiment, a device with
a thermometer sensor, communicating using the 868 MHz
industrial, scientific, and medical (ISM) license-free band,
was developed and successfully tested.

This research heads towards the development of a device
which could be implanted into submucosa for long periods of
time (at least 5 years) and would serve as a gastric neurosti-
mulator which could be externally programmed using a
hand-held device. The purpose of the development of this
novel type neurostimulator is to replace the current systems
which use intramuscular leads (e.g., Medtronic Enterra II).
These devices are relatively large, having a nonrechargeable
battery which is placed into a subcutaneous pocket and intra-
muscular leads. The disadvantages of such devices are
obvious—higher invasiveness (requires classical surgery with
general anaesthesia) and patient discomfort. The proposed
solution will not require general anaesthesia, is less invasive,
and thus enhances patient’s comfort.

2. Material and Methods

2.1. Implantable Device Construction. The implantable device
is a fully customized electronics package which was specifi-
cally designed for the purpose of experiments in the submu-
cosa. The device is powered by a primary Lithium Coin Cell
Battery and is capable of temperature measurement and sur-
rounding tissue stimulation using constant time and constant
voltage pulses. The minimum battery life is specified to be at
least 6 months. This was verified by testing the device after 6
months from new battery insertion.

(b)
FiGure 1: (a) 134.2kHz LF RFID tag. (b) Encapsulated devices with sensor-only capability.

2.2. Development of Technology for Submucosal Endoscopically
Implanted Gastroneurostimulator. Multiple experiments were
performed to determine technological aspects and construc-
tion of the device. The first experiments were done with a
134.2 kHz low-frequency radio-frequency identification (LF
RFID) tag (Figure 1(a)). The tag was in the shape of a glass cap-
sule. Inside the capsule, there is a coil with a silicon chip. The
purpose of the first experiment was to confirm that a wirelessly
powered object which transmits data can be endoscopically
implanted into the submucosa. After implantation, the RFID
tag was read using a custom-manufactured LF RFID reader
with ID-innovations ID-3LA module. During the first experi-
ment, we were able to read the RFID tag. However, due to a not
ideal angular position of the implant with respect to the
receiver coil (the resulting magnetic flux through the receiving
coil, if the position of both coils is perpendicular to each
other, is zero), we had problems with the reading of the
RFID tag. We have decided to not use this design topol-
ogy in future embodiments of the device and position the
coil differently.

The second experiment was comprised of a battery-
powered sensor which is capable of temperature measure-
ment inside submucosa. The construction of the sensor is
practically identical to the construction of the recent hard-
ware revision. The only difference is that it does not contain
conductive pads for muscle stimulation and is equipped with
a different software. Polyvinylchloride and polyolefine heat-
shrinkable tubes were used together with Star brite Liquid
Electrical Tape to seal the implant. The completed prototypes
are in Figure 1(b). The biocompatibility of the implants was
not considered in this project.

2.3. Final Prototype Construction

2.3.1. Power Management. The device is powered by a single
CR2016 Energizer lithium primary cell. Its nominal voltage is
3.0 V, while the cut-off voltage is 2.0 V. The cell is cylindrical
in shape and has a diameter of 20mm and thickness of
1.6 mm. Its nominal capacity is 90mAh under a 30kohm
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load and at 21°C. The specified operating temperature range
is =30°C to +60°C which is sufficient for this task where a
30°C to 40°C operating temperature is expected (implanta-
tion into ventriculus model or inside the abdominal organs
of a living pig).

The LiMnO, battery has a high input resistance (with
respect to electronics design which draws electrical current
up to 10mA for short periods of time during transmission
bursts) which changes during discharge. The value of the
internal resistance varies between 15 and 100 ohms during
the lifetime of the battery. The minimum required voltage
for the continuous operation of the electronics without
undervoltage lockout is 1.8 V. The designed circuitry involves
10 mA peak current draws which last for no more than 10 ms.
Given the worst case scenario (100-ohm internal resistance),
this would lead to a voltage drop of 1.0 V which would lead to
an undervoltage condition. To prevent this, a 220 uF ceramic
capacitor is installed in parallel to the battery. It serves as an
energy bank with low internal resistance to cover the energy
needs connected with high current spikes.

The chips (microcontroller, RF transceiver, and temper-
ature sensor) used do not require a stable voltage, the
microcontroller and RF transmitter are capable of operation
with a voltage of between 1.8V and 3.6V [5, 6], and the
temperature sensor operates from 2.4 volts to 5.5V [7].

Given the 90mAh estimated capacity of the battery, a
6-month battery life requirement, and a cut-off voltage of
2.4 volts (due to the temperature sensor used), the maxi-
mum allowable current consumption of the device is 19
microamperes.

2.3.2. Microprocessor Unit. The microprocessor unit handles
the communication, the reading of the sensor data, and the
sending of pulses for tissue stimulation. It was created using
the Microchip PIC16LF1704, an 8-bit low-power microcon-
troller [6]. This particular microcontroller features oscillator
architecture optimized for low-power devices and digital and
analogue peripherals. A bit-banging SPI (Serial Peripheral
Interface) bus is used for managing the communication with
the radio transceiver. The analogue output from the temper-
ature sensor is connected to a microcontroller input, config-
ured as an analogue input. The stimulation pad outputs are
configured as digital outputs. Thus, the device is capable of
stimulating the muscle tissue by providing different voltage
levels across the stimulation pads. The amplitude of the sim-
ulation pulse can be controlled using PWM (pulse width
modulation) module inside the microcontroller. An output
capacitor connected to the output of stimulation can filter
out the high-frequency signal components and leave only
the DC (direct-current) component of the signal. The period
and duration of the stimulation pulses can be controlled
using another PWM Module or Timer Module embedded
in the used microcontroller. The maximum stimulation volt-
age and current deliverable to the tissue were, in this case,
limited by the battery voltage.

2.3.3. Radio Transceiver. Two options were considered for
the communication circuitry. The first was inductive (also
known as “near-field” communication) [8]. This method of

communication is characterized by an inductive or capacitive
coupling between the transmitting and receiving coils. This is
particularly beneficial for power transfer. However, the partic-
ular implant presented in this paper carries a source of energy;
therefore, far-field transmission was chosen. The body tissues
like muscles and fat contain water which is alossy transmission
medium. The choice of operating frequency is a compromise
between the attenuation of electromagnetic waves and the
size of antenna. The particular material is characterized by
permittivity, permeability, and conductivity.

The complex propagation constant is usually used to
evaluate the effect of particular media on propagation of the
electromagnetic wave [9].

Y= +jwu(o +jwe) = o+ jp, 1)

where y is complex propagation constant, w is the angular
frequency of the incident electromagnetic wave, 4 is the per-
meability of the media, ¢ is the permittivity of the media, « is
the attenuation constant, and f3 is the phase constant.

Using this formula, it is possible to derive the attenuation
of the wave propagating through the media. For a five-layer
tissue and organ model consisting of the gastrointestinal
tract, visceral fat, abdomen muscle, subcutaneous fat, and
skin, for three different thicknesses of the tissue from
73.1mm to 108.6 mm, the expected loss is 17.0 to 19.2dB
for 403.5 MHz, 17.4 to 20.2dB for 916.5 MHz, and 22.8 to
28.0 dB for 2450 MHz [9].

From this published data, the frequency in the higher
sub-GHz band was chosen. The loss induced by the tissue
is negligible. The link budget of the radio used exceeds
100 dB [5]. There is still a large margin for low antenna gain
because of the surrounding lossy medium around it once it
has been implanted. Due to radio spectrum access regulation
in the European Union, a frequency of 868.0 MHz was cho-
sen. As stated in ETSI EN 300 220-1 [10], this frequency
band is dedicated to nonspecific use applications, with a
maximum radiated power of 25mW and spectrum access
and mitigation of 1% or LBT+AFA (Listen Before Talk +
Adaptive Frequency Agility).

The radio chipset in the device is a Texas Instruments
CCI10L [5]. It is a complete transceiver for ultra-low-
power wireless applications. It integrates a radio baseband,
modem, and simple packet engine. The clock for the trans-
ceiver is obtained by a miniature 26 MHz crystal. The differ-
ential RF port of the transceiver is connected to a Johanson
Technology 0896BM15A0001 Balun [11] which matches it
to a single-ended 50-ohm impedance port. A short micro-
strip trace leads the signal path to the matching network
of the Abracon ACAJ-110-T Chip Antenna [12]. The
antenna was specifically matched to operate in an area sur-
rounded by tissue. This was done with a vector network ana-
lyzer. The ceramic chip antenna was preferred instead of a
PCB (printed circuit board) antenna because the ceramic
chip antennas are usually less affected by the surrounding
material [13].

2.3.4. Mechanical Construction and Encapsulation. All of the
electronics are manufactured on a single double-layer PCB.



The thickness of the PCB is 0.3 mm and the material of the
dielectrics is FR-4. All components are of SMT (surface-
mount technology) and were assembled using lead-free
solder paste and hot air under controlled conditions. The
controlled conditions assured that the components and
PCB did not go through excessive thermal stress and the
maximum allowed temperature of components was not
exceeded. All components are mounted on the single side
except for the battery which is mounted on the reverse side.
The contact wires for the electric stimulator functionality
wires were soldered to the solder pads on the PCB. The other
side of the wires is soldered to gold-plated contact plates
manufactured using the same technology as the main PCB.
The complete sensor before encapsulation is in Figure 2(a).

To ensure sufficient hermeticity for the purpose of the
initial experiments with the device, the printed circuit board
was coated with a conformal coating. Then, the device is
encapsulated into either a polyvinylchloride or polyolefin
heat-shrinkable tube. To seal the edges, the procedure differs
based on the type of shrinkable tube. For a PET tube, one of
the ends is sealed with heat while the other, which has the
leads to stimulating plates, is filled with a waterproof and
elastic silicone adhesive and sealant. For a polyolefin heat-
shrinkable tube, the silicone sealant is used for both sides.
The biocompatibility of the implants was not considered in
this project. After curing, all devices were tested by placing
them into a 50 cm high column of saturated salt solution with
water. This test has proven that the devices are sufficiently
waterproof and that they do not suffer from any major leaks.
Any major water leak into the device would increase the cur-
rent draw from the battery which would be easily detectable
by the electronics as a sudden drop of the battery voltage.
The encapsulated device is in Figure 2(b).

2.3.5. Receiver Hardware and Software. The receiver side is
supported by a Texas Instruments TrxEB evaluation and
development board for radio transceivers. The board was
used together with SmartRF Studio 7 software for PC and
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(b)

FIGURE 2: (a) Gastroneurostimulator before encapsulation. (b) Encapsulated gastroneurostimulator.

was connected to a PC via a USB interface. A module with
CC110L transceiver was inserted into the development
board. The module features an SMA connector. A quarter
monopole antenna tuned for 868 MHz operation is used.

The device transmitted a 9-byte payload approximately
every 22 seconds. A simple protection against burst interfer-
ence by sending two packets immediately one after another
was implemented. The first 2 characters of the payload repre-
sent the analogue temperature reading, followed by the bat-
tery voltage and serial number (which was chosen
randomly). The packets were decoded using a script pro-
grammed in Python (Figure 3).

One device was implanted into the stomach (device 1)
while the other (device 2) was placed on the table.

2.4. Animal Models. We used an animal model for endoscopy
(using a fresh, flushed-out pig stomach with the adherent
oesophagus and duodenum). The model used is a standard
endoscopic one commonly used for the training of tech-
niques such as ESD (endoscopic submucosal dissection), tun-
nelisation, and POEM (peroral endoscopic myotomy). In
order to visualize the contact of the device with the external
reader, the model stomach with the device implanted was
isolated with the use of a pig’s side in order to simulate a live
experimental animal model as closely as possible.

2.5. Endoscopic Insertion and Attachment of Device. In order
to perform the implantation and visualization, we used an
animal-model-dedicated endoscope (Olympus GIF-Q 160),
which was inserted in the standard way into the animal
model consisting of a pig stomach and side pork in order to
adequately simulate a live animal model. The device was
grasped externally with a mesh (Twister Plus, Boston Scien-
tific) and then inserted into the stomach, where it was
released. The endoscope was then extracted, equipped with
a dissection cap (15.5mm FujiFilm lens Hood), and then
inserted into the stomach again. In order to implant the
device into the submucosal layer in the pyloric antrum, a
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Before decoding:
15:26:41:957|0801]02 c9 4d 4e 48 53 31|-50
15:26:41:969]0801]|02 c9 4d 4e 48 53 31|-49
15:26:53:535|0795|02 c4 4d 4e 48 53 30|-49
15:26:53:547]0795]02 c4 4d 4e 48 53 30]-49

After decoding:
Timestamp 15:26:41:957, temperature 22.61°C, battery voltage 2941 mV, device ID 0x4D4E485331, RSSI -50 dBm
Timestamp 15:26:41:969, temperature 22.61°C, battery voltage 2941 mV, device ID 0x4D4E485331, RSSI -50 dBm

Timestamp 15:26:53:535, temperature 23.64°C, battery voltage 2962 mV, device ID 0x4D4E485330, RSSI -49 dBm
Timestamp 15:26:53:547, temperature 23.64°C, battery voltage 2962 mV, device ID 0x4D4E485330, RSSI -49 dBm

FiGUuRe 3: Raw data received from the implant before and after decoding; device 1 has ID 0x4D4E485330, while device 2 has ID

0x4D4E485331.

technique first described by Deb et al., called an endoscopic
submucosal pocket (ESP), was used [14]. Following the appli-
cation of a saline solution combined with methylene blue
into the submucosal layer using an injection therapy needle
catheter (Boston Scientific, 25G), a horizontal incision was
made in order to create an opening in the submucosa using
a Dual Knife (Olympus; electrosurgical knife with knob-
shaped tip). Using the affixed cap (15.5mm FujiFilm lens
Hood), we inserted the cap into the newly created space,
and with the use of a Dual Knife, we continued disrupting,
dilating, and dissecting the submucosal layer, creating a suf-
ficiently large-enough pocket to implant the stimulation
device. The device, lying freely inside the stomach, was
grasped by the insertion and extraction loops and, using a
grasper (Olympus Alligator Jaw grasping forceps), navigated
into the submucosal pocket, placed in close proximity of the
muscularis propria. Haemostatic clips (Instinct endoscopic
hemoclip, Boston Scientific) were used to secure the device
in place inside the submucosal pocket and prevent any
mispositioning or dislodging (Figure 4).

3. Results

An endoscopic placement of the gastric neurostimulator was
successfully performed in all device dimensions
(12mmx3mm, 25%x22x5mm, and 25x22x6mm). The
weight of the second development prototype with sensor-
only functionality is 3.8 grams. The final prototype with stim-
ulation capability was further mechanically optimized; its
weight is 3.1 grams. In order to implant the device into the
submucosal layer, we used a technique first described by
Deb et al., called an endoscopic submucosal pocket (ESP).
We attached the stimulator near the muscular layer (muscu-
laris propria) where it is theoretically the optimal stimulation
depth. Creating the submucosal pocket and implanting of the
gastric neurostimulator endoscopically took 20-30 minutes.
During this procedure, there is no intraprocedural complica-
tion such as perforation. As our study was performed on an
animal model, the risk of bleeding, infection, or device
migration associated with this method is unknown. Based
on experience with endoscopic submucosal dissection, endo-
scopic tunnel dissection, and endoscopic suturing, these
potential risks are expected to be minimal.

The battery life of the device exceeds 6 months. This was
tested using a prototype which was not implanted. After 6
months from insertion of battery, the capability of the device

to transmit data was tested using the TrxEB board. There was
no degradation in performance in terms of link stability and
received signal strength. The voltage was measured both
remotely by decoding the sensor data and destructively by
opening the sealed sensor and measuring the voltage directly
to confirm. The battery voltage was 2.55 volts, which means
that there was still some battery capacity left.

The one-directional communication link from the
device to receiver was successfully tested. The results show
that the performance of 868 MHz link was not affected by
the presence of the tissue. Two identical devices were used
in the experiment. The distance from both devices to the
antenna receiver was about 50cm. The received signal
strength from both devices is very similar. The fact that
the received signal strength from the device covered by tis-
sue is so similar to the received strength of the device placed
on the table can be explained by the fact that the chip
antenna was matched to its characteristic impedance in the
presence of tissue to achieve the best performance. The
antenna surrounded only by air is then mismatched, which
results in lower radiated energy.

The device is capable of neurostimulation. The maxi-
mum voltage of the stimulation is limited by the battery
voltage of the current prototype. In determining the shape of
stimulation pulses (on-time, off-time frequency of stimulation
pulses and length of pulses), we have reviewed the datasheet of
Medtronic Enterra II gastric neurostimulator [15]. The pulse
length is 60 to 450 microseconds, on time and off time is 0.1
seconds to 24 hours, and pulse frequency ranges from 2 Hz
to 130 Hz. The prototype device is capable of reproducing
the parameters mentioned above, except for the maximum
stimulation voltage.

4. Discussion

If the lumen was historically the first space and the peritoneal
cavity was the second, then the intramural space has come to
represent the “third space.” Unlike the others, this space
remains virtual and has to be created by dissecting and
expanding the tissue layer between the mucosa and the mus-
cularis propria, allowing the endoscope to gain access [16].
Currently, submucosal techniques represent a new challenge
for therapeutic endoscopists. Considering our past experi-
ences with these techniques, we decided to implant the
stimulation device directly into the submucosa, using the
endoscopic submucosal pocket technique [14]. This particular
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(b)

(d)

FIGURE 4: View of device implantation and endoscopic technique. (a) Animal model Olympus. (b) Submucosal incision (an entrance for the
submucosal pocket formation). (c) Tunnelisation of the submucosal pocket using the Dual Knife. (d) Device implantation. (e) Closing the
entry with haemostatic clips. (f) The implanted device inside the submucosal pocket, located in close proximity to the antral muscle.

method is proven to be relatively safe, simple, and minimally
invasive. The average procedure time was 25 minutes, which
we consider to be the minimum amount of time needed in
order to correctly place the device into the submucosa and
position it so that it remains in close contact with the gastric
muscles. However, for the following experiments on live ani-
mal models, it will probably be necessary to modify our
approach and avoid using haemostatic clips, which only close
the mucosal opening and could later lead to implant rejection.
In this case, it would be advantageous to use over the scope
(OVESCO) clips instead, seeing as these would allow us to
close the entry across all three of the stomach layers, including
the muscle layer. Confirming these methods and techniques
will require follow-up experiments on live animal survival
models, which will also confirm the safety of a long-term sub-
mucosal implantation of the stimulation device.

From a technical point of view, the limiting parameter of
the implantable solutions to the submucosa is the overall size.
For its simplicity, a battery-only solution was developed.
However, the battery makes up a great portion of the device,
limiting the functionality and/or constraining the size of the

device. The design of the wireless communication part, on
the other hand, was relatively straightforward due to the
nature of the radio receivers which feature extremely high
sensitivity (beyond —100dBm) and channel selectivity [5].
From a broader perspective, the research and development
is heading toward two other sensor topologies—a battery-
less variant powered from outside of the body and a
rechargeable battery which is capable of holding its charge
for between a few days to a few weeks with the ability to be
wirelessly recharged. This would make the device capable of
autonomous operation which is beneficial mainly in terms
of exposure of human tissue to electromagnetic field (which
is linked to specific absorption rate (SAR)) where battery-
less solutions require continuous energy transmission while
battery-powered solutions do not.

The major technological challenges in the realization of a
fully compliant gastric neurostimulator can be divided into
four main groups—encapsulation, communication, power
transfer, and securing the implant in place. The device is
expected to stay in the submucosa for very long periods of
time, typically months to years. There are several parts of
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the implantable device which have to be taken into
account—the main package, inputs and outputs, and lead
connections [17]. Given the very small size of the submucosal
implantable device, all of these aspects have to be carefully
taken into account to avoid any sealing failure. The current
hardware revision of the neurostimulator which features
nonrechargeable battery could benefit from a metallic enclo-
sure which usually offers better hermetic sealing than poly-
mer, glass, or ceramic materials [18]. A combination of
metal material for encapsulation of critical subsystems (elec-
tronic components) and glass/ceramic material for the whole
device would be a good trade-off between the influencing of
wireless energy transfer or communication and the hermeti-
city of the device. Two-way communication between the
implant and a device outside the body can be realized via a
UHF wireless link, preferably in MEDS frequency band
(402-405MHz) intended for use with implantable medical
devices. The high sensitivity of today’s radio frequency
receivers can compensate for the increased path loss in then
lossy medium (the tissue). The battery life of the current
prototypes is limited to several months. Changing the neuro-
stimulator several times a year would be very impractical.
Wireless charging could solve this issue. Inductive power
transfer is a well-studied subject with commercially available
applications (e.g., wireless charging of smartphones) [19].
Wireless power transmission is an intensively studied sub-
ject. Papers show that wireless transfer of small amounts of
power to a medical implant is feasible even over distances
of around 20cm [20]. Two approaches for securing the
implant are proposed. These approaches should secure the
implant for long periods of time and avoid unwanted travel
inside submucosa. The first is to use a biocompatible syn-
thetic scaffold as a coating for the device. The surrounding
tissue should grow into the scaffold, securing it in place.
The second possible solution is more radical and involves
securing the implant in place using an OVESCO clip. The
implant could be attached to the OVESCO clip used to close
the submucosal pocket after implanting, which would limit
possible implant travel in the tissue. Both approaches should
also limit any rotation of the implant. The feasibility of both
approaches is a subject of further research. The synthetic
scaffold could also solve the problem with implant rejection
which is likely to happen if the enclosure for the implant
is not manufactured from biocompatible material.

5. Conclusions

The final experiment confirmed that a device which is endo-
scopically implantable can be used for the stimulation of
muscle tissue in the gastrointestinal tract. Despite being
tricky and not very straightforward to implement due to a
very lossy propagation of radio waves through tissue, bidirec-
tional communication using the 868 MHz ISM band was
successfully established. In the future, further experiments
will be performed, primarily with an EGG instrument and
an implantable device with tissue stimulation capability.
The maximum stimulation voltage is planned to be 12V.
This will be achieved by using a step-up DC-DC converter
which will generate the required voltage during stimulation.

For communication, MedRadio (Medical Device Radiocom-
munications Service) band will be used to evaluate the
feasibility of realization of the device which would be fully
compliant to legislation in terms of the frequency used,
allowed output power, and mitigation. The development of
a reliable and ultra-low-power bidirectional communication
link is the key to the realization of a system which could
be controlled and checked from outside of the body by
the user using a standard personal device (smartphone,
tablet, computer, etc.).

The research is heading towards a smaller solution which
will be powered externally, will be capable of staying in the
submucosa for years without the need for maintenance, and
will be able to receive external commands with information
of how to stimulate the tissue. The goal of this paper was to
show a way of implementing and implanting a gastric neuro-
stimulator into the submucosa. Submucosal implants appear
to be an interesting form of treatment of a broad spectrum of
gastrointestinal diseases such as gastroesophageal reflux,
incontinence, and sphincter dysfunctions.
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4.4 Neurostimuldtor s bezdratovym dobijenim baterie

Na uspésné otestovani implantacni metody a funkcnosti elektroniky bylo navazano
prvnim experimentem na zivém experimentalnim praseti (Sus scrofa, 40 kg). Jednalo se o
tzv. ,survival“ experiment, po kterém zvife dva tydny zilo pro pozorovani efektu
implantovaného zatizeni. Cilem prace bylo rovnéz otestovat schopnost implantat bezdratove
dobijet po implantaci do téla zvifete. Pro implantaci byla zvolena oblast antrum pyloricum,
kde bylo mozno minimalizovat vzdalenost mezi implantitem a vysilaCem energie.
Neurostimulator byl implantovan do oblasti muscularis propria, kde byl zajistén optimalni

kontakt se svalovinou zaludku. Na obr. 6 je zndzornén postup implantace vcetné

rentgenového (RTG) snimku.

Obr. 6: Endoskopicka implantace neurostimulatoru a ovéreni funkcnosti. a) In-vivo model. b)
Zavedeni endoskopu. c¢) Prototyp neurostimulatoru ve smycce. d) Navdzani bezdrdtové komunikace
s neurostimuldatorem. e¢) HDSDR sofiware pro prijem dat. f) Detail OOK modulovanych dat vysilanych
neurostimulatorem. g) Pozice modelu p¥i porizeni RTG snimku. h) RTG snimek neurostimulatoru. i) Fotografie
neurostimuldatoru.

Schéma zapojeni je na obr. 7. To lze rozdélit do 5 samostatnych celkti. Napajeci ¢ast
je tvotfena baterii Panasonic CG-320 (valcovity tvar, o délce 20 mm a priméru 3 mm,
kapacita 15 mAh) sodporovym délicem pro meéfeni napéti a vysokofrekvencnim

usmeérnovacem, ke kterému je pfipojena piijimaci civka. Maximalni napéti na vystupu je
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omezeno Zenerovou diodou, aby nedoslo k pfebiti baterie nad 4,3 V. Nasleduje napétovy

stabilizator, jehoz vystup napaji mikrokontroler a radiovy vysilac.

Druhou casti napajeciho systému je spinany zdroj typu ,,step-up®“ (,,zvySovaci®)
napajeny piimo z baterie. Ten slouzi pro vytvotfeni napéti 12 V, které je pouzito pro

generovani stimula¢nich pulzt.

Ovladani radiového vysilace a generovani nizkonapétovych stimulacnich pulzl
v napét'ovém rozsahu do 3 V je zajisténo mikrokontrolerem PIC16LF1789. Nizkonapétové
stimula¢ni pulzy jsou dale napétové a proudové zesileny operacnim zesilovacem
v neinvertujicim zapojeni (viz schéma na obr. 7), ktery poskytuje Ctyinasobné napétové

zesileni a proudové zesileni na max. 20 mA.

Radiovy wvysila¢ je tvofen obvodem Microchip MICRF113. Jedna se vysila¢ s
modulaci on-off kli¢ovanim (OOK) pracujici v pasmu 433 MHz. Data jsou modulovéna na
nosnou vlnu pomoci zmény jeji amplitudy. Komunikace probiha ve form¢ piesné casové
definovanych pulzii — dvou synchroniza¢nich pulzl, které zna¢i zacatek komunikace, a
tretiho pulzu, pficemZ pauza mezi druhym a tfetim pulzem je pfimo umérna napéti baterie

neurostimulatoru.

Vysledkem experimentu bylo prokdzat implantovatelnost neurostimulatoru do
submukozy zaludku vcetné schopnosti implantatu v submukoze setrvat po krat$i dobu.
Vzhledem k nebiokompatibilni metodé¢ enkapsulace doslo zhruba po tydnu k rejekci
implantatu, jeho odhojeni do zaludku a jeho vylouceni. Tato udalost nicméné nevedla ke
smrti zvifete, rdna se zacala zhojovat. Poté bylo zvife utraceno v souladu s protokolem. Na
zakladé vzorku sestdvajiciho z jednoho experimentu lze konstatovat, ze pfipadnd rejekce
implantatu nemusi byt fatalni a vzhledem k tomu, ze pfi implantaci neni porusena tunica

serosa, nehrozi pii rejekci perforace organu.
Clanek s IF
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Gastric dysmotility can be a sign of common diseases such as longstanding diabetes mellitus. It is known that the application of high-frequency
low-energetic stimulation can help to effectively moderate and alleviate the symptoms of gastric dysmotility. The goal of the research was the
development of a miniature, endoscopically implantable device to a submucosal pocket. The implantable device is a fully customized electronic
package which was specifically designed for the purpose of experiments in the submucosa. The device is equipped with a lithium-ion battery
which can be recharged wirelessly by receiving an incident magnetic field from the charging/transmitting coil. The uplink communication is
achieved in a MedRadio band at 432 MHz. The device was endoscopically inserted into the submucosal pocket of a live domestic pig used as an
in vivo model, specifically in the stomach antrum. The experiment confirmed that the designed device can be implanted into the submucosa and
is capable of bidirectional communication. The device can perform bipolar stimulation of muscle tissue.

Video Link

The video component of this article can be found at https://www.jove.com/video/57268/

Introduction

Gastric dysmotility can be a sign of several relatively common diseases such as gastroparesis, which is usually characterized by a chronic
progression and imposes rather severe consequences on the social, work-related, and physical status of the patient. Most cases of
gastroparesis are usually diabetic or idiopathic in origin and are often resistant to available medication’. Patients afflicted with this condition
most commonly present with nausea and repeated vomiting. Based on previous research, it is known that the apPIication of high-frequency low-
energetic electrical stimulation can help to effectively moderate and alleviate the symptoms of gastric dysmotility 2,

Based on previous studies, it is proven that high-frequency gastric electrical stimulation can significantly improve the symptoms and gastric
emptying3. It has also been shown that lower esophageal sphincter neurostimulator therapy is safe and effective for the treatment of
gastroesophageal reflux disease (GERD), reducing the acid exposure and eliminating daily proton-pump inhibitor (PPI) usage without stimulation
related adverse effects*. Before human trials, first studies were performed in animal models (canine modelss). Based on these studies, electrical
stimulation of the lower esophageal sphincter (LES, 20 Hz, pulse width of 3 ms) caused a prolonged contraction of the LES®. Similar effects

of high (20 Hz, pulse width of 200 ps) and low (6 cycles/min, pulse width of 375 ms) frequency electrical stimulation on LES in GERD patients
were investigated. Both high and low frequency stimulation were effective®. However, currently, there are only two neurostimulation devices for
gastric or esophageal stimulation available on the market”. In those devices, the electrodes can be implanted surgically, laparoscopically or
robotically. The device itself is implanted subcutaneously. This requires general anaesthesia and have a bulky device fitted, using intramuscular
catheters which allow for the stimulation of the gastric or esophageal muscle tissue. So, the option of using a wirelessly communicating

device implanted into the gastric submucosal layer would represent a definite advantage and improvement in patient comfort. As stated in

the previous researchg’m, it was proven that an implantation of a miniature neurostimulator into submucosa is possible. For the endoscopic
submucosal implantation, we use a technique called endoscopic submucosal pocketing (ESP), based on endoscopic submucosal tunnel
dissection. The goal of this research is to further improve this concept of an implantable neurostimulator, primarily in the scope of power
management (specifically the wireless recharging capability), conformity with respective laws and regulations for wireless communication links
in medical implantable devices and possibility of bipolar neurostimulation. Next, the presented microneurostimulator is capable of bidirectional
communication and the stimulation parameters can be changed in real-time, even while the device is implanted.

This technique is suitable for teams with a therapeutic endoscopist experienced in endoscopic pocketing or tunnel dissections. Next, a hardware
and embedded software designer with experience in building hardware prototypes with microcontrollers and radio frequency circuits using

Copyright © 2018 Journal of Visualized Experiments September 2018 | 139 | e57268 | Page 1 of 14
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surface mount technology is needed. For building the hardware prototypes, a lab equipped with a reflow soldering station and basic equipment
for electrical measurements (at least a digital multimeter, an oscilloscope, a spectrum analyzer and PICkit3 programmer) is required.

All endoscopic procedures including animal subjects have been approved at the Institute of Animal Physiology and Genetics, Academy of
Science Czech Republic (Biomedical Center PIGMOD), Libechov, Czech Republic (project Experiments in implantation of battery-less and
battery devices into submucosa of the esophagus and stomach — experimental study). All experiments are done in compliance with Czech law
246/1992 Sb. "On the protection of animals against maltreatment, as amended". Transmitter device is not required to be sterilized, because it is
an external device that is not in direct contact with the animal.

1. Implantable Device Design

1.

2.

© o~

10.

11.
12.

13.
14.

15.
16.

17.

Prepare the PCB using a third-party PCB manufacturing service. The complete printed circuit board design is provided in the supplementary
file "gerber_implant.7z". The schematic diagram is provided in Figure 1.
Place the PCBs on a flat surface (Figure 2a). Use a solder paste dispenser with 0.6 mm needle and 60 psi pressure to manually dispense
the soldering paste onto every metallic pad on the PCB. Begin with the top side of the PCB (Figure 2b). The total amount of soldering paste
for both sides of the PCB should not exceed 15 L.
With a pair of antistatic tweezers, place all components on the top layer of the PCB (Figure 2e). Use Figure 3 for component position and
supplementary file "bom_implantabledevice.csv" for the assignment of components to their numbers.
Use a PCB hot air gun station at 260 °C to solder all components (Figure 4a). Wait until all the solder paste melts, then put away the hot air
gun and allow the board cool to room temperature.
Turn the PCB over and dispense solder paste on the other side. Use the same needle and pressure as stated in 1.2 (Figure 2d).
As in step 1.3., place all components of the bottom layer of the PCB. Refer to Figure 3 for component position and the supplementary file
"bom_implantabledevice.csv" for the assignment of components to their numbers.
Repeat the heating of the PCB with a hot air gun to solder all components on the bottom side. Use the same process as in step 1.4.
Check the PCB for any short circuits visually. If any short circuit is found, remove it with a soldering iron.
Manufacture the wireless charging/communication coil. Use 17 turns of AWG42 wire. The size of the coil is 26 x 13.5 mm? (Figure 4d). Twist
the two output wires.
Design and manufacture the electrode. The electrode design is provided in the supplementary file "gerber_electrodes.7z". Use the same
manufacturing process as in step 1.1. This PCB is fully completed after manufacturing, and no components are required to be soldered onto
it. Solder two AWG42 wires to the small rectangular contacts (Figure 4f)
Prepare the antenna by using 7 cm of enameled wire and scraping off 3 mm of the enamel from one end (Figure 4e)
Connect the PICKkit 3 programmer to the PCB (Figure 4b-c)

1. Connect pads 6 and 7, according to Figure 5, to pins 2 and 3 of the PICkit programmer, respectively.

2. Connect pads TP1, TP2 and TP3 (refer to Figure 3) to pins 1, 5 and 4 of the PICkit programmer, respectively

Plug in the PICkit 3 programmer into the USB port of a computer with MPLAB IPE software installed.
Run the MPLAB IPE software and program the firmware into the microcontroller.
1. Run the MPLAB IPE v3.61. Select "Settings | Advanced Mode"
2. Into the Password field, enter the default password which is 'microchip’. Click "Log on". A tab with different panels on the left will
appear.
On the top left, click "Operate", then in top middle part of the screen, click "Device field" and type in "PIC16LF1783". Click "Apply".
Select panel "Power" on the left (Figure 6).
Change the VDD voltage value to 2.55. This step is critical.
Caution: Setting this value above 2.8 V will damage the board (Figure 7).
Click the checkbox "Power Target Circuit" from "Tool" (Figure 7).
Click the "Operate" tab on the left (Figure 6).
Click "Connect".
Download the supplementary file "IMPLANTABLE_V2.X.production.hex" and note its location on the hard drive. In the IPE software,
find the Source line and click the "Browse" button near it (Figure 8).
10. Click Program. Wait till the software says that the software has been successfully downloaded to the microcontroller (Figure 9).

o hrw

© N

Desolder the wires soldered to pads TP1, TP2 and TP3 (Figure 3) as well as wires soldered to pads 6 and 7 (Figure 5).
Connect the PCB to all other electrical components except for the battery (Figure 10a).
1. Solder the wireless charging/communication coil to pads 2 and 3 according to Figure 8. The polarity is not important.
2. Connect the antenna to pad 1 according to Figure 5. Connect the PCB electrodes to pads number 4 and 5 according to Figure 5. The
polarity is not important.

Solder the CG-320 battery to pads 6 and 7 (Figure 5). The negative terminal of the battery must be soldered onto pad 7. Be careful while
performing the next steps. The device is now powered and is sensitive to short circuits and contact with metallic objects.

. To test the functionality of the wireless charging circuitry, all steps in part 2 need to be completed. After that, place the wireless charger/

transmitter in close proximity of the device. Use a multimeter to measure the voltage of the battery. If the battery voltage is slowly rising
(several mV per min), the charging function is working.

. Wind the antenna around the device in a spiral (Figure 10b)

. Cut a 32 mm long piece of a heat-shrinkable tubing with an internal diameter of 9.5 mm.

. Place the coil on the PCB. Refer to Figure 7b for the correct placement.

. Put the heat-shrinkable tubing over the device, coil and antenna. Only the electrodes should protrude from the tubing. Refer to Figure 7c¢ for

correct placement.

Copyright © 2018 Journal of Visualized Experiments September 2018 | 139 | e57268 | Page 2 of 14
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23.
24.
25.
26.
27.

28.

Heat the tubing with a hot air gun to 150 °C to shrink and then allow it to cool (Figure 10d).

Apply epoxy glue to the left end to seal one side of the tubing (Figure 10e).

Glue the electrode to the back side of the PCB with tubing. Also glue the other end of the tubing. Refer to Figure 10f for correct placement.
Wait for at least 24 h for the glue to harden and fully cure.

After the completion of the wireless charger/transmitter device, test the implantable device for water leaks by placing it into a 30 cm high
column of saturated saline solution for 1 h. Any major leak can be spotted as a sudden drop of the battery voltage or the malfunction of the
device caused by the saline solution shorting the electronics. After the test, the device is fully prepared to be implanted.

Test the stimulation function of the implant using an oscilloscope. Connect two measurement electrodes of the oscilloscope to the tin metal
plated contact pads of the electrode on the implantable device. Observe the stimulation pattern on the oscilloscope screen. The correct
stimulation pattern is given in Figure 11.

2. Wireless Charger/Transmitter Design

The PCB design is provided in the supplementary file "gerber_transmitter.7z". Use the same manufacturing process as for the implantable
device. The schematic diagram is provided in Figure 12.

Place the PCBs on a flat surface. Use a solder paste dispenser with 0.6 mm needle and 60 psi pressure to manually dispense the soldering
paste onto every metallic pad on the PCB. The total amount of solder paste dispensed on the PCB should not exceed 50 pL.

With a pair of antistatic tweezers, place all components on the top layer of the PCB. Consult Figure 13 for the component position and the
supplementary file "bom_transmitterdevice.csv" for the assignment of components to their numbers.

Use a PCB hot air gun station preset to 260 °C to solder all components. Wait until all the solder paste melts, put away the hot air gun and
allow the board to cool to room temperature.

Repeat the steps 2.3-2.4 for the bottom side of the device. Follow a similar procedure as during the manufacturing of the implantable device.
Create a coil with 3 turns of AWG18 enameled wire (Figure 14c) and connect it to pads COIL1 and COIL2 (Figure 13).

Make an aluminum heatsink for the power transistors (Figure 13, Q1 and Q2). The exact shape of the heatsink is not critical. One of the
possible embodiments is shown in Figure 9d. In this case, the heatsink also forms an enclosure for the device.

Connect the PICkit 3 programmer to the assembled PCB. Connect pads TP1 to TP5 (Figure 13) with pins 1 to 5 of the PICkit programmer,
respectively.

Plug in the PICkit 3 programmer into the USB port of a computer with MPLAB IPE software installed.

. Run the MPLAB IPE software and program the firmware into the microcontroller. The process is the same as for the implantable

device, except for the VDD voltage and file uploaded.
1. Run the MPLAB IPE v3.61. Select "Settings | Advanced Mode".
Into password box, enter the default password which is 'microchip’. Click "Log on". A tab with different panels on the left will appear.
On the top left, click "Operate", then in the top middle part of the screen, click the "Device" and type in "PIC16LF1783". Click "Apply".
Select panel "Power" on the left
Change the VDD voltage value to 3.3.
Click the checkbox "Power Target Circuit" from "Tool".
Click the "Operate" tab on the left.
Click "Connect".
Download the supplementary file "IMPLANTABLE_V2_TRANSMITTER.X.production.hex" and note its location on the hard drive. In the
IPE software, find the Source line and click the "Browse" button near to it.
10. Click "Program". Wait till the software says that the software was downloaded to the microcontroller successfully.

©COoNOOPWON

. Desolder the wires soldered to pads TP1 to TP5

. Connect a 12 V power supply to the V- and V+ pads (Figure 5). The negative terminal has to be connected to the V- pad.

. Plug in a mini-USB to USB-A cable to the X1 connector (Figure 5) and connect to a computer with PuTTy software pre-installed.
. Open the PuTTY software and set it up (Figure 15).

1. Open the PuTTY software. Select "Serial" as connection type.

2. Enter COMx as a Serial line, where x is the number of the COM port of the device. If no other COM port device was installed, this
number will be 1.

3. Enter "38400" as Speed. Click "Open". The charger/transmitter device is now ready to be used. Press H key for help.

3. Endoscopic Implantation

1.

a ko

Use a live mini pig as an in vivo model, adult (8-36 months), 20-30 kg weight.

Let the pig fast for 24 h prior to the procedure.

Allow clear liquids ad libitum.

Administer intramuscular tiletamine (2 mg/kg), zolazepam (2 mg/kg) and ketamine (11 mg/kg) as a premedication.

Apply intravenous thiopental ad effectum (5% solution) and inhalation anesthesia with isoflurane, N,O and propofol injection. Proper
anesthesia is confirmed by reflexes and muscle tone, eye position, palpebral reflex and pupillary reflex. Circulation, oxygenation,
ventilation and body temperature are continuously monitored.

rPODN =

In order to perform the implantation and visualization, use an animal model dedicated endoscope. Insert it using the standard way into the in
vivo model.

Grasp the device externally with a snare. After that, insert it into the stomach, then release it.

Extract the endoscope, equip it with a dissection cap (15.5 mm), and then re-insert it to the stomach.

In order to implant the device to submucosa, apply saline solution mixed with methylene blue into the submucosal layer using an injection
therapy needle catheter (25 G).

Make a horizontal incision to create an opening in the submucosa using an electrosurgical knife with a knob-shaped tip.

Copyright © 2018 Journal of Visualized Experiments September 2018 | 139 | e57268 | Page 3 of 14
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7. Using the affixed cap, insert the cap into the newly created space, and with the use of an electrosurgical knife, continue disrupting, dilating,
and dissecting the submucosal layer, creating a sufficiently large-enough pocket to insert the stimulation device.

8. Grasp the device which is lying freely inside the stomach with insertion and extraction loops and, using grasping forceps, navigate it into the
submucosal pocket. Place the stimulation electrodes in contact with the muscularis propria using grasp forceps.

9. Use an over the scope clip to secure the device in place inside the submucosal pocket and prevent any migration or dislodging.

4. Experiment — After Implantation

1. After successful implantation, place the charger/transmitter coil in proximity of the implanted device.
2. Plug in the RTL2832 dongle in the PC.
3. Run the HDSDR software and set the center frequency to 432 MHz.
1. Open the HDSDR software (Figure 15) for correct settings and PuTTY software (Figure 16). In the HDSDR software, click "Options |
Select Input | ExtlO".
2. Select Bandwidth — "960000". Select the LO frequency to 431.95 MHz. Select the Tune frequency to 432.00 MHz.

4. Transmit a Manchester coded sequence from the charger/transmitter by pressing the R key in the PUTTY terminal and receive the OOK
modulated reply from the implant by observation of the main HDSDR window ( Figure 17e-f).

5. Euthanasia after the Experiment

1. Use an anesthetic overdose for euthanasia (lethal dose of thiopental and KCI).

Representative Results

Figure 17 shows that an endoscopic placement of the gastric neurostimulator into a pocket in submucosa as well as proper placement

of the electrodes to the muscular layer was successful. The dimensions of the device (Figure 10) are 35 x 15 x 5 mm?® while the weight is
2.15 g. Figure 17 shows the circuit diagram of the device showing that the device comprises of 6 different modules which are connected
together. Figure 3 shows the PCB layout and component placement in the device. Figure 18 shows that in order to implant the device into the
submucosal layer, a technique called an endoscopic submucosal pocketg'10 (ESP) was used. The stimulator was attached near the muscular
layer (muscularis propria) where it is theoretically the optimal stimulation depth. Creating the submucosal pocket and implanting of the gastric
neurostimulator endoscopically took 20-30 min. During this procedure, there is no intraprocedural complication such as perforation or severe
bleeding. Migration of the device in the stomach could not be determined because the experiment was non-survival. After the implantation,
bidirectional communication link with the implantable device was established with an external device shown in Figure 14. The approximate
distance between the charger/programmer coil and the implant was 10 cm. The achieved signal-to-noise (SNR) ratio with RTL2832 based
software-defined-radio (SDR) receiver was over 40 dB.

Power management | USB to Serial

preeT)

kY eIl N Microcontrolier

Power stage

Figure 1: Schematic diagram of the implantable device. The Figure shows how different components and circuit parts are connected in the
implantable device. Please click here to view a larger version of this figure.
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Figure 2: Fabrication of the implantable device - PCB assembly. (a) PCB, top view. (b) Solder paste applied to top layer. (¢) An example of
hand placement of 0402 capacitor. (d) Solder paste applied to bottom layer. (e) Fully populated top side of the PCB. (f) Fully populated bottom
side of the PCB Please click here to view a larger version of this figure.

a
LRy
V&
.(4"* oo
b

Figure 3: Design of the implantable device. (a) Top copper layer of the PCB. (b) Component names on the top layer. (¢) Bottom copper layer
of the PCB. (d) Component names on the bottom layer. (e) Composite picture of all PCB layers Please click here to view a larger version of this

figure.

Figure 4: Fabrication of the implantable device — preparation of other parts. (a) Hot air flow of the bottom side of the PCB. (b)
Programming wires soldered to the PCB. (c) PCB connected to the programmer. (d) Wireless charging coil. (e) 432 MHz antenna. (f) Stimulation
electrodes with two wires attached Please click here to view a larger version of this figure.
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Figure 5: Recommended solder joint placement for the external components of the implantable device. The picture shows where the coil,
antenna, battery and electrodes should be soldered. Please click here to view a larger version of this figure.
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Figure 6: Establishing a connection with the implantable device — important settings mentioned in the text are marked with red
arrows. This picture is from the MPLAB IPE software, a screen which shows how to determine that the microcontroller inside the implantable
device is correctly communicating with the PICkit programmer is provided. Please click here to view a larger version of this figure.
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Figure 7: Power settings of the software used for programming — important settings mentioned in the text are marked with red arrows.
This is picture from the MPLAB IPE software. It shows how to properly power the implantable device for programming Please click here to view a
larger version of this figure.
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Figure 8: Choosing a correct programming file for the implantable device. The picture shows which button to click in order to load the
supplementary .hex file correctly. Please click here to view a larger version of this figure.
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Figure 9: Process of programming the firmware into the implantable device. The picture shows which button to press to program the
software into the implantable device. Please click here to view a larger version of this figure.

Figure 10: Fabrication of the implantable device — final assembly. (a) Wireless charging coil, stimulation electrodes and antenna soldered to
the PCB, together with battery. (b) Stacked implant. (c) Transparent heat shrinkable tubing put over the PCB. (d) Shrinking of the tubing with hot
air. (e) Tubing fully shrinked and ends glued. (f) Finalized implantable device Please click here to view a larger version of this figure.
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Figure 11: Typical output stimulation pattern of the device as displayed on the DSOX1102G oscilloscope. After programming of the
implantable device, soldering of the electrodes and the battery, output stimulation pattern similar to the one displayed in the figure should appear
at the electrodes. Please click here to view a larger version of this figure.

Power management 12 V step-up DC/DC converter

I
I

432 MHz OOK transmitter Microcontroller]  Programming inputs
and outputs

Stimulator output op-amp| I

Figure 12: Schematic diagram of the wireless charger/transmitter device. The figure is analogical to Figure 1. Shown here is the internal
workings of the wireless charger/transmitter device Please click here to view a larger version of this figure.

Copyright © 2018 Journal of Visualized Experiments September 2018 | 139 | 57268 | Page 9 of 14
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Figure 13: Design of the charger/transmitter device. (a) Top copper layer of the PCB. (b) Component names on the top layer. (¢) Bottom
copper layer of the PCB. (d) Component names on the bottom layer. (e) Composite picture of all PCB layers Please click here to view a larger

version of this figure.

Figure 14: Fabrication of the wireless charger/transmitter device. (a) Completed PCB, top side (b) Completed bottom side of the PCB (c)
Mechanical design of the wireless transmitter/charger coil (d) One possible embodiment of the finalized charger/transmitter device Please click

here to view a larger version of this figure.
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DSDR software. Te

HDS

DRs

e is used together with the RTL2832U based USB receiving dongle

as a spectrum analyzer to display the radio spectrum. In this case, it is used to receive the answer from the implant transmitted at approximately
432 MHz. Please click here to view a larger version of this figure.
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Figure 16: Correct settings of the PuTTY software. The PuTTY software is used for communication with the charger/transmitter device. It
must be correctly configured in order to display correct data to the user. Please click here to view a larger version of this figure.
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Figure 17: Endoscopical implantation of the implantable device and checking if it is working. (a) /n vivo model in animal endoscopic unit.
(b) Insertion of the endoscope by the standard way into the in vivo model. (c) Implantable device prototype grasped with a snare. (d) Process
of establishing bidirectional wireless link with the implantable device. (e) HDSDR software. (f) Detail of OOK modulated data transmitted by

the implant. (g) X-ray — device position check. (h) X-ray scan of the implant area, the device as well as over the scope clip is clearly visible. (i)
Detailed device view. Please click here to view a larger version of this figure.

— — e * y
Figure 18: View of device implantation and endoscopic technique. (a) Submucosal injection with methylene blue. (b) Submucosal incision
(an entrance for the submucosal pocket formation). (c) Tunnelisation of the submucosal pocket. (d-f) Disrupting, dilating, and dissecting the
submucosal layer. (g, h) Device implantation. (i) Closing the entry with over the scope clip. Please click here to view a larger version of this
figure.

Supplementary File 1: gerber_implant.7z. Zip archive with files required to manufacture the printed circuit board of the implantable device.
Please click here to download this file

Supplementary File 2: gerber_transmitter.7z. Zip archive with files required to manufacture the printed circuit board of the charger/transmitter
device. Please click here to download this file

Supplementary File 3: gerber_electrodes.7z. Zip archive with files required to manufacture the electrodes. Please click here to download this
file

Supplementary File 4: IMPLANTABLE_V2.X.production.hex. Firmware for the implantable device. Please click here to download this file

Copyright © 2018 Journal of Visualized Experiments September 2018 | 139 | e57268 | Page 12 of
14
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Supplementary File 5: IMPLANTABLE_V2_TRANSMITTER.X.production.hex. Firmware for the charger/transmitter device. Please click here
to download this file

Supplementary File 6: bom_implantabledevice.csv. Bill of material (BOM) file describing the assignment of component values to specific
components on the PCB of the implantable device. Please click here to download this file

Supplementary File 7: bom_transmitterdevice.csv. BOM file describing the assignment of component values to specific components on the
PCB of the charger/transmitter device. Please click here to download this file

The design of the implantable device should primarily focus on the overall size of the device, achievable stimulation profiles (maximum voltage,
maximum deliverable current, length of pulses and pulse frequency). Main limitation from the hardware perspective is the size and availability

of suitable components. To minimize the overall size, surface mount components are preferred because of their compact packaging. The best
solution would be to integrate bare chip dies on the substrate. However, this is limited by both the availability of bare die packaging option for
components and the accessibility of the wire bonding technology. Second important parameter is the battery. Lithium batteries are preferred
because of its high energy density. Also, the nominal voltage of 3.7 V is beneficial. The major benefit of the presented hardware topology is its
small size and minimum invasiveness. Compared to the current solutions7'8, the presented solution is a magnitude smaller and can be implanted
directly to the submucosa, without need for external leads and subcutaneous implantation of the neurostimulator.

Except for the hardware itself, in future, additional attention needs to be given to the device enclosure. The first point is the biocompatibility and
hermeticity ' to avoid possible rejection of the implant. The other is the fixation of the device in the submucosa to avoid unwanted migration of
the implant.

The most critical steps during endoscopic implantation is the capturing of the device and its placement into the submucosal pocket. The limitation
is the size of the pocket, which must be, from the observations, approximately at least twice as large as the device to be implanted. Next issue

is the correct orientation of the implant inside the pocket. With the respect to the technical difficulty of the endoscopic procedure, this method is
dedicated to experts with experience with tunnel dissection or peroral endoscopic myotomy (POEM).

The next problematic part is the closure of the pocket which is relatively difficult using the over the scope clip. However, the use of this type

of clip prevents the migration and rejection of the device. Limitations of this technique from hardware point of view include the hardware
development equipment to solder with required accuracy. The device is designed to withstand during the surgery and a short time afterwards.
Thus, with current enclosure, it is not designed to stay for prolonged periods of time inside the body. Also, the material of the enclosure is not
biocompatible which represents a high risk of rejection of the implant in case of a survival experiment. This technique can be further developed,
especially in terms of the development of biocompatible and hermetic enclosure which is essential for survival model experiments. Next, the
functionality of multiple integrated circuits can be concentrated into a single application specific integrated circuit. Similarly, smaller surface mount
components can be used to make the device more compact. The next possible direction of this research may lead to development of novel
endoscopical methods for the treatment of other gastrointestinal diseases such as GERD, incontinence or sphincter dysfunctions12.

This work was supported by the Research Project PROGRES-Q28, and awarded by Charles University in Prague. The authors thank to Ass.
Prof. Jan Martinek, Ph.D. and PIGMOD centre.
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4.5 Bezbateriovy neurostimuldtor

[a] )

Gl iy

Obr. 8: Konstrukce bezbateriového neurostimulatoru. a) Plosny spoj

veer

civky. d) Pripojeni stimulacnich elektrod. e) Enkapsulované zarizeni
(predni strana). f) Enkapsulované zarizeni (zadni strana).

Nejvétsim omezenim malych
implantabilnich zafizeni je jejich
zéavislost na lokalnim zdroji energie,
prakticky ve vSech pfipadech
v podobé chemické baterie.
Logickym krokem proto bylo
prozkoumat navrh neurostimulatoru
s co mozna nejuspornéjsi konstrukci,
ktera by wumoznila zbavit se
chemické baterie jakozto primarniho
zdroje energie a pro napajeni
neurostimuldtoru  pouzit  zdroj
nachazejici se mimo télo a energii
skladovat pouze v kondenzatoru,

ktery vykryje ptikonové Spicky.

Konstrukce neurostimulatoru
spociva v ladéném induktor-
kondenzator (LC) obvodu

sestavajicim z pfijimaci civky o

plose 1cm? a kondenzatoru v paralelnim zapojeni, za které je zafazen usmériiovad

v zapojeni néasobiCe s diodami Schottkyho typu Avago HSMS282P. Tento obvod napaji

mikrokontroler, ktery generuje bipolarni neurostimulacni impulzy, jejichz parametry lze

upravit v software. Stimula¢ni elektrody jsou vyrobeny jako flexibilni plosny spoj na folii

z Kaptonu (polyimid), kterd je opatfena médénymi elektrodami, které jsou zlaceny kvili

zachovani inertnosti. Tento flexibilni ploSny spoj je ptiletovan k ploSnému spoji se zbytkem

elektroniky a spolecné s civkou obalen vrstvou epoxidu, ktera nezakryva elektrody (obr. 8).
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Vysila¢ tvofi obdélnikova civka o
plose 50 cm?, ktera je napajena
z vysokofrekvencniho  zdroje  proudu o
frekvenci 1 MHz. Bylo provedeno nékolik
méfeni, pii kterych byl model implantatu
umistén ve vzdalenosti 12 cm od vysilaci
civky, bylo méfeno napéti na 1 kQ rezistoru
paralelné k pfijimacimu LC obvodu. Na
zéklad¢ téchto dat byl spocitan vykon, ktery byl
bezdratove pienesen. Posléze byl mezi vysila¢
a pfijimac¢ vloZzen model tkdné¢ (svalovina) o
tloustce 6 cm. Namétené hodnoty odpovidaji
teorii, naméteny pokles byl viadu jednotek
procent. Tato technologie pfenosu energie je
tedy vhodnd pro pouziti v implantabilnich
zdravotnickych prostiedcich. I na vzdalenost
12 cm byl mikrokontroler napéajen a generoval

neurostimulacni pulzy. Nasledné bylo zatfizeni

lel if

Obr. 9: Postup endoskopické implantace
neurostimuldtoru. a) Aplikace metylenové modri pro
zvyraznéni submukozy. b) Vytvoreni submukozni kapsy.
¢) Prostor uvniti submukozni kapsy. d) Viozeni
neurostimulatoru do submukozni kapsy. e) Pohled na
elektrody prilozené k muscularis propria. f) Uzavient
kapsy hemostatickymi klipy.

endoskopicky implantovano do oblasti dolniho jicnového svérace (obr. 9). Jednalo se o prvni

uspésnou implantaci do této oblasti. Implantace byla uspésnd, bylo prokazéano, ze

elektronické zatizeni Ize implantovat do submukozy v oblasti dolniho jicnového svérace.
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Gastroesophageal reflux disease (GERD) is a rather common disease with a prevalence reaching up to 10 or 20% in the western
world. The most specific symptoms which point to the diagnosis of GERD are feelings of heartburn and the regurgitation of
acidic stomach contents into the esophagus. However, a certain number of patients do not respond to standard therapy, and in
these cases, it is necessary to resort to other treatment methods, such as laparoscopic fundoplication or electrostimulation of the
lower esophageal sphincter. The aim of our work was to design and manufacture a miniature, battery-less stimulator to provide
electric stimulation of the lower esophageal sphincter, which could be implanted deep into the submucosa of the distal
esophagus. The main goal was to provide a battery-less system as opposed to traditional battery neurostimulators to reduce the
size and weight of the device. An electronic prototype of a wirelessly powered implantable device was developed. We used
animal models for the experiments. The device is designed to treat GERD via electrical stimulation of the muscularis propria. It
is implanted into the submucosal pocket by the lower esophageal sphincter with an endoscope. This method of implantation is
superior to esophageal stimulators used today because of very low invasiveness of the surgery. Bipolar neurostimulation via two
gold-plated leads is provided. The device does not have any source of energy; it is powered wirelessly which reduces the risk of
potential battery leakage and reduces the overall dimensions.

1. Introduction contraction due to neurological and myogenic factors. Recent

studies [2-4] suggest that electric stimulation of the gastroin-

The gastrointestinal tract (GIT) nervous system is a complex,
independent network of neurons and glial cells which is
responsible for controlling the functions of the gastrointesti-
nal tract, including its motility, secretory function, and its
role in immunoregulation. This network is made up of small
ganglia and neurons interconnected by bundles of nerve
fibers, which run along the entire gastrointestinal tract. Inter-
stitial Cajal cells, as well as neurons, are also an important
part of the enteric neural system. These are nonglial cells
which can be found inside the entire gastrointestinal tract.
They function much like a cardiostimulator and produce
electrical activity, which leads to a peristaltic motion of the
intestine in the form of slow waves [1]. The lower esophageal
sphincter is made up of smooth muscles and keeps its

testinal nervous system may represent a significant benefit
for patients suffering from disorders such as gastroparesis
(being effective for more than 10 years [5]), GERD, and con-
stipation, or those who are not responding to therapy [6].
GERD and/or dysphagia is prevented by a correctly function-
ing lower esophageal sphincter. The LES is controlled by
paracrine, hormonal, and neural factors, and it as well as
the diaphragmatic sphincter works to stop gastric contents
being refluxed into the esophagus [7].

Although electrostimulation therapy of the lower esoph-
ageal sphincter is a relatively new concept for the treatment
of patients who are resistant to medication and also, the ther-
apy is safe and effective in short-term and long-term studies
in humans [3, 4, 6, 8], there have been no negative side effects



to this form of the treatment and it has been proven to pro-
vide both significant and sustained relief from the symptoms
of GERD while at the same time eliminating the need for PPI
medication and reducing esophageal acid exposure. Canine
models were first used to study the effects of electrostimula-
tion of the LES in the treatment of GERD [9, 10]. Reports
have stated that electric stimulation (20 Hz, pulse width of
3 ms) with 2 pairs of electrodes causing a contraction and
increase of the pressure of the sphincter complex was effec-
tive in preventing gastroesophageal reflux. The effects of elec-
trostimulation of the LES in patients with GERD using both
high (20 Hz, pulse width of 200 ys) and low (6 cycles per min-
ute, pulse width of 375 ms) frequencies have also been exam-
ined. Both high- and low-frequency electrostimulation
increased LES pressure but did not affect LES relaxation or
residual pressure when swallowing [2]. It has been shown
that high-frequency stimulation is preferable as it requires
less energy and therefore extends the life of the battery. There
are only two GIT stimulators currently in use, the Enterra II
[11] and EndoStim [12], which use intramuscular catheters
to stimulate gastric muscle tissue. Both of these require surgi-
cal implantation under general anesthesia and have a large
unwieldy unit attached. As such, the option of a device
implanted into the gastric submucosal layer which commu-
nicates wirelessly would be a large step forward in patient
comfort. Neurostimulation of LES using endoscopically
implanted leads exteriorized transnasally was also assessed
and was successful, resulting in significant increase in LES
pressure with no complaints of dysphagia [4]. Research has
already proven that it is possible to implant a miniature neu-
rostimulator into the submucosa [13, 14]. This research pro-
vides a scope for further improvements regarding power
management (especially the option of wireless power device
without battery), conforming to the rules and regulations
for medical implants and wireless communication and the
possibility of bipolar neuroelectrostimulation.

2. Material and Methods

2.1. Implantable Device Prototype Construction. The device
which was constructed to assess the technology consists of
4 main components—printed circuit board (PCB) with elec-
trical components, wireless power receiving coil, liquid-
resistant enclosure, and stimulation electrodes.

The main PCB is manufactured on a FR4 material and
the thickness is 0.8 mm. The electronics comprises of two
main parts—control and power management.

The control part is integrated into a single microcontrol-
ler—PIC16LF1783—which is used to generate the electrical
stimulation impulses. Two timer modules are used to gener-
ate stimulation pulses—the first timer sets the frequency of
pulses and the second timer is used to turn on and off the
stimulation at predefined times. The pulses generated by
the logic part of the microcontroller is then amplified by
on-chip operational amplifier and outputted to the stimula-
tion electrodes.

The power management circuitry contains 3 main
parts—voltage doubler with Avago HSMS282P zero-bias
Schottky diodes, parallel LC resonant circuit with receiving

Gastroenterology Research and Practice

coil, and low-drop regulator. A 5.1V Zener diode is placed
across the rectified voltage to protect the capacitor bank
against damage due to overvoltage. The rectified voltage is
converted to a stable 2.5V DC power rail with a TPS70625
low-drop voltage regulator. This power rail is used to power
the microcontroller. TLV803 voltage supervisor is utilized
to avoid undervoltage lockout condition.

The main PCB is protected from the surrounding space
using a technique which is today used in implantable medical
devices like breast implants—by coating with functional bio-
polymers. In this case, multiple dip-coating of skin-colored
3Dresyn-MF UV-cured monomer-free resin for 3D printing
was used. Between each coating, a curing schedule of 1 min-
ute of 500 mW/cm?® UV light with a wavelength of 405nm
from each side was performed. A total of 4 coatings were
required to fully cover the device.

On the outside, the stimulation electrodes are connected.
To reduce the thickness, the electrodes are manufactured on
a polyimide substrate as a flexible printed circuit board. The
electrodes are gold plated to limit corrosion and enhance bio-
compatibility. The electrodes are glued to the encapsulated
electronics with the coil, and two straps are wound around
the electronics and soldered on the other side, securing the
electrodes against separation which occurred during first
experiments. The completed device is depicted in Figure 1.

2.2. The Wireless Powering Device. The powering device was
energised by an alternating magnetic field with a frequency
of 1MHz. This magnetic field was created by a custom-
developed device intended for this task. This device com-
prised of a printed circuit board, a heatsink, and a rectangular
coil composed of 3 turns. The coil was connected in series
with a capacitor bank and tuned to a resonance frequency
of 1 MHz. This was done to maximize the current flowing
through the coil. The magnetic field strength in a constant
distance from a wire is proportional to the current flowing
through the wire.

Hol
B= 50", 1
2nr ( )

By measuring the impedance of the coil at target fre-
quency, the resonance capacitor value was determined. The
alternating current at predefined resonance frequency is then
generated by an H bridge formed by four N-MOSFET tran-
sistors. The control signals for the MOSFET transistors are
generated by a dedicated microcontroller.

2.3. Energy Propagation through Tissue. One of the major
concerns in wireless power transfer is the influence of sur-
rounding materials, especially materials in between a receiv-
ing and transmitting device. In this case, the energy is
transferred via air coupling of a transmitting and receiving
coil. This is commonly referred to as “near-field” communi-
cation. The second type of energy transfer is far-field which
uses electromagnetic waves to transmit energy. The antenna
size is then proportional to the wavelength. For 1 GHz, the
wavelength in vacuum is around 30 cm. However, electro-
magnetic waves are significantly attenuated at these
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(b)

(d)

(e)

®

Ficure 1: Composite picture of the implantable device prior to implantation: (a) back side of the PCB, (b) front side of the PCB, (c) PCB
prepared for programming and testing, (d) trimmed PCB with stimulation electrodes ready for encapsulation, (e) encapsulated

PCB—front side, and (f) encapsulated PCB—back side.

frequencies. The requirement of using high frequencies to
achieve good antenna gain, attenuation by tissue, and
regulatory requirements renders far-field energy transfer to
wireless implant impractical.

The near-field wireless power transfer in this frequency
range can be significantly affected only by materials with high
conductivity by creating eddy currents in them (metals) or
materials with high magnetic permeability (e.g., mu-metal
or permalloy). To support this statement, an experiment
was conducted (Figure 2). We have secured a wireless
receiver coil with a parallel resonant capacitor and wireless
transmitter 11 cm apart each other. The first measurement
was done with no object placed between the coils. A 1kOhm
resistor was placed across the receiving coil resonant circuit
to simulate an electric load. The voltage across the resistor
with energy transfer active was measured, and received

power was calculated using Ohm’s law. After that, the exper-
iment was repeated but in between transmitting and receiv-
ing coil, an 8cm thick porcine tissue was placed. The
average power (averaged over 10 seconds) received with
and without animal tissue in between was 0.560 mW and
0.588 mW, respectively. This is in accordance with the theory
that the effect of tissue on this type of wireless power transfer
is minimal (4.7% decrease). One of the possible explanations
of the decrease is detuning of the transmitting LC circuit.
This may be compensated for during development, and the
effect of the tissue presence will be further minimized (at
the same distance and angular position of the coils, the power
transferred will be smaller without the presence of the tissue).

2.4. Animal Model. A porcine model made of the stomach
and a long segment of the esophagus was used. It is a
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Ficure 2: Composite picture of the experiment which evaluates effectivity of wireless power transfer through tissue: (a) measurement setup
(receiving coil hovers 11 cm above transmitter coil), (b) detail of oscilloscope screen, (c) testing without the presence of porcine tissue, and (d)

testing with the presence of porcine tissue.

commonly used model for training of techniques such as
ESD (endoscopic submucosal dissection), tunnelisation, and
POEM (peroral endoscopic myotomy). The overall view of
the model with the implanted device and inserted endoscope
is provided in Figure 3.

2.5. Endoscopic Implantation of the Device. Using the same
endoscopic submucosal tunnelling method usually used for
POEM, first described by Inoue et al. [15], the device was
implanted into the submucosa. This procedure is docu-
mented in Figure 4. A combination of methylene blue and
saline solution is first injected about 5 cm above the LES into
the submucosal layer with a therapy needle catheter (25G).
An electrosurgical knife is used to make an opening into
the submucosa. This submucosal pocket is then dilated and
disrupted, thus creating a 5cm long tunnel large enough for
the implantation of the device. Using a grasper, the device
is moved into the area of the pocket and released. Grasping
forceps then move the device into the submucosal tunnel.
The opening made by the initial incision is then closed with
haemostatic clips.

After implantation, a transmitter coil, which produces an
alternating magnetic field of 1 MHz frequency, is powering
the implantable device (Figure 5).

FIGURE 3: Animal model with the highlighted place of the
implantation of the device near the lower esophageal sphincter.

3. Results

The prototype of the esophageal neurostimulator was suc-
cessfully endoscopically implanted in a pig model. We used
the tunnelisation method. The prototype was attached in
the vicinity of the muscular layer of the LES. The entire pro-
cedure took approximately 30 minutes in total and was with-
out any perforation or other complications. The device and
its functions were tested with an oscilloscope ex vivo.

The wireless energy transfer device was successfully able
to power the implant from approx. 12 cm. This means that
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(e)

)

FIGURE 4: The process of implanting the device as shown in a composite picture: (a) submucosal injection; (b) vertical opening; (c) view of
submucosal tunnel; (d) device inside the tunnel; (e) final implant positioning; (f) opening closure.

FiGure 5: Powering the implant using wireless inductive power
transfer.

the microcontroller in the device was able to power up cor-
rectly and start generating stimulation patterns (Figure 6).

Next, the presented design of electrodes does not sepa-
rate from the device which was one of the main issues during
previous experiments. The electrodes are also constructed
from intrinsically biocompatible materials (polyimide and
gold, respectively).

EDU-X 10024, CNSB330176: Fri Sep 01 2333:33 2017
o

FIGURe 6: Stimulation pattern waveform generated by the
implantable neurostimulator.

A novel method of dip-coating of the device in biocom-
patible monomer-free resin was used which is a major
improvement over previous research which did not use bio-
compatible coatings for device prototypes.



The weight of the neurostimulator is 1.22 grams (60%
decrease over the previous experiment), and the volume is
0.74 cm® (40% decrease over the previous experiment).

4. Discussion

This test proves that a tiny implantable device without a bat-
tery may be used for LES neurostimulation. This innovative
neurostimulator could provide patients with a reliable and
comfortable solution to currently used surgical methods.
The device has very low power requirements in standby, in
terms of tens of microwatts, because it has no wireless com-
munication. Through power cycling of the energising coil
externally, the rate of neurostimulation can be controlled.

Endoscopically implanted battery-less devices which
control neurostimulation have potential uses not only in
the general population but also in problems caused by other
sphincter dysfunctions. Although endoscopically implanted
electrodes are proven to be effective [8], the determination
of the efficacy of the neurostimulator on live animals will
require further experimentation to be confirmed. Based on
previous experiments with implantation of a device to the
stomach and esophagus, we have found a size limit of the
device. This was the primary motivation for the development
of battery-less version of the device. The battery and charging
electronics form a significant portion of the volume of the
device. Also, any battery always represents a hazard, when
any explosion or leakage in this specific area could result in
serious injury or death. Thus, putting the energy source out-
side of the implant was a logical step to reduce the size and
increase safety. In this experiment, we have confirmed that
this topology of an implantable neurostimulator is feasible.

The new method of creating a biocompatible housing
around the device is suitable for short-term experiments.
When performing longer experiments (i.e., weeks), there is
a possibility that moisture could leak into the implant via
the interface between the PCB and outside of the implant
where the stimulation electrodes are located. In that case, a
layer of conformal coating of the PCB before coating the
PCB with biocompatible 3D printing resin could add suffi-
cient protection. In the case of a not biocompatible material,
there is a significant risk of implant rejection. Also, the
implant could be prone to migration, requiring additional
solution for fixation.

5. Conclusions

This research has proven that the lower esophageal sphincter
can receive controlled neurostimulation from a miniature
implantable device without a battery. The neurostimulation
can be provided by our solution which makes a relatively
simple and, most importantly, reliable device. Its wireless
nature means that it has very low power needs, only tens of
microwatts. By power cycling the energy coil externally, we
can regulate the power and rate of neurostimulation.

This technology presents a promising option for use in
the general public with such problems as GERD. In both
cases, the size of the device, its ease of implantation, its lon-
gevity, and its safety offer a leap forward when compared
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with contemporary neurostimulation solutions. On the other
hand, the endoscopic implantation is quite a challenging pro-
cedure comparable to POEM. Our opinion is that the
implantation procedure is easier because it does not require
myotomy. But in almost every country, a high-volume centre
for POEM is present. Thus, the accessibility of the treatment
should be high. Periprocedural complications like bleeding
and perforation can occur. On the other hand, data which
supports high safety of POEM procedure is available [16].
On the other hand, fundoplication which was examined as
a possible solution for GERD has worse track record accord-
ing to literature [17].

Based on these results, we plan to confirm the effect of the
stimulation of the device on a living pig with an esophageal
manometry. For these experiments, it is planned to make a
special enclosure for biocompatible materials as the device
is expected to stay in the submucosa for extended durations
of time (at least several weeks). The enclosure will be either
machined from biocompatible polymer (i.e., PEEK) or made
using additive manufacturing from medical-grade resins.
The position of the neurostimulator close to the lower esoph-
ageal sphincter creates an opportunity to place a pH sensor
outside of the submucosa. A feedback-controlled neurosti-
mulator which would use real-time data from a pH sensor
to control the neurostimulation could offer significant power
savings as the stimulation would be active only when a reflux
episode occurs.

Data Availability

The detailed description of the hardware as well as the
implantation technique used is described in the article. The
images which demonstrate successful implantation of the
device into the submucosa and ex-vivo test of the implantable
device (which are the results of the research) are also
included within the article.
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4.6 Design a konstrukce findlniho neurostimuldatoru

Schéma zapojeni je na obr. 13. Zafizeni je zaloZzeno na modulu ISP1507-AL, ktery je
pouzit u findlniho pH senzoru (kapitola 4.10). Sestava ze tfech primarnich blokl — napéjeci
casti, analogové casti a Cislicové casti.

Napgjeci cast bylo nutno pfizptsobit

lithium-iontové baterii, kterd je v zapojeni

pouzita. Je pouzita baterie Panasonic CG-

ﬂ
E:‘,_J
o
&
E:.,

320. Napajeci subsystém sestdva ze

stabilizatoru TPS78230, ktery napaji 1 napéjeci cast

mikrokontroler.  Stimulaéni napéti o % 3 analogﬂ"’é EéSt

hodnoté 12 V je generovano spinanym %% R

zdrojem, ktery je tvofen obvodem Obr. 10: Rozmisténi komponent neurostimuldtoru
TPS61040. Vzhledem k relativné velké spotifebé obvodu je napéti 12 V generovano pouze
pfi vysokonapét'ové neurostimulaci. Zapnuti a vypnuti tohoto obvodu fidi mikrokontroler.
Bipolarni neurostimula¢ni pulzy jsou generovany mikrokontrolerem ve formé pulzné
Sitkové modulovaného (PWM) signalu a nasledn¢ napétové a proudové zesileny N
kanalovym polem fizenym tranzistorem (MOSFET). Vzhledem k tomu, Ze je obvod mezi
napdjecim napétim baterie a 12 V napétovym vystupem tvoien civkou a diodou

v propustném sméru, jsou na vybér dvé napéti pro tvorbu neurostimulacnich pulzii — nizké

napéti odpovidajici napéti baterie a napéti o hodnoté 12 V.

Vsechny komponenty s vyjimkou
baterie jsou umistény na jedné strané
plosného spoje, viz obr. 10. Baterie je
umisténa na zadni stran€. Po enkapsulaci
strany s elektronikou jsou naletovany
pozlacené elektrody (obr. 11) a jsou
prilepeny na  epoxidovou  vrstvu
biokompatibilnim kyanoakrylatovym

lepidlem. Poté je na zadni stranu

naletovana baterie a po testu funkc¢nosti je

Obr. 11: Pohled na bipolarni pozlacené elektrody

zadni strana enkapsulovana.
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Celkovy  pohled na  obé¢
implantovatelna zafizeni po
enkapsulaci a  pokryti  poly(3-
hexylthiofen-2,5-diyl) neboli P3HT
polymerem je na obr. 12. Zlaté
elektrody jsou po pokryti P3HT
polymerem ocistény chloroformem,
aby byl zachovan vodivy kontakt. Na
fotografii jsou u neurostimulatoru

zachovany pfivodni vodi¢e pro

Obr. 12: Pohled na obé enkapsulovana zarizeni; pH senzor vievo,
k neurostimulatoru jsou pripojeny vodice pro dobijeni

kontrolu napéti baterie a ptipadné jeji kontaktni dobiti. Ty jsou pfed implantaci nebo

experimenty odstranény a piipadné odhalené ¢asti vodici nebo baterie jsou dodatecné

prekryty vrstvou biokompatibilniho kyanoakryldtového lepidla. Neurostimulator je po

dokonceni vyroby otestovan podobnym zptisobem jako pH senzor, konkrétné ponofenim do

fyziologického roztoku po dobu jedné az dvou hodin pro ovéfeni vodotésnosti.
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4.7 Vyvoj pH senzoru na bazi biokompatibilnich polymerii

Soubézné s testovanim biokompatibility
riznych polymert (kapitola 4.13) byl
proveden vyzkum pouzitelnosti riznych m-
konjugovanych polymerti jako pH senzord.
Polymery nazyvané jako m-konjugované se
vyznacuji tim, Ze se vjejich strukture

objevuje stridani jednoduché a dvojné

vazby mezi uhlikovymi atomy, coZ vede

Obr. 14: pH senzory

k prekryvu m-orbitald (38). To vede ke
vzniku pasové struktury, kterd je divodem jejich vodivosti. Na zakladé literarni reSerse
bylo zjiSténo, Ze napt. PEDOT:PSS (poly(3,4-ethylendioxythiofen):polystyrensulfonat),
ktery patii do stejné skupiny polymert jako P3HT, u néhoZz byla posouzena
biokompatibilita (viz kapitola 4.13), je pH senzitivni (39) a biokompatibilni (40). Na
zakladé tohoto zjisténi byla vyvinuta koncepce pH senzoru sextrémné nizkym
piikonem (1,8 pW pfi napajecim napéti 1,6 V), ktery sestava z ploSného spoje, na ktery
jsou naneseny dvé chemické funkéni vrstvy - Ag/AgCl referenc¢ni elektroda, jejiZ
elektrochemicky potenciadl je stabilni a vrstva polymeru, jejiZz elektrochemicky
potencial zavisi na pH prostiedi. Z hlediska stability potenciali elektrod hodnot a
minimalizace jejich degradace musi byt elektricky proud pii méreni rozdilu napéti
mezi elektrodami minimalni (idedlné nulovy), aby nedochéazelo kjednosmérnym
elektrochemickym reakcim na elektrodach. Analogovy obvod ma proto velmi vysoky
vstupni odpor a proudové zesiluje napéti mezi elektrodami, které je imérné pH
prostredi, ve kterém se senzor nachazi. Senzory jsou na obr. 14, elektronika je

enkapsulovana analogicky ke vSem predchozim zatizenim vrstvou epoxidu.

77



Existuji dva mechanismy, které¢ vysvétluji citlivost
m-konjugovanych polymerti na zmeény v pH. Prvni
spociva ve zméné potencidlu na povrchu polymerni
vrstvy (bez redox reakci v polymeru) nebo v diisledku
redox reakci v polymeru zdivodu rozdilnych
koncentraci iontd v polymerni struktufe oproti
roztoku. Druhy mechanismus spociva v polarizaci
polymerni vrstvy, ktera se podoba polarizaci vzacnych
kovi. Prvni z vyjmenovanych efektti 1ze velmi ndzorné
demonstrovat na prikladu polyanilinu, kde je zdrojem
pH senzitivity iminova skupina. Na zakladé zmény pH
dochazi k protonaci (pri nizkém pH) resp. deprotonaci
(pri vysokém pH), ktera ma za nasledek prechod
polyanilinu z emeraldinové baze na emeraldinovou stil

pifi protonaci a naopak. Pouziti polyanilinu pro

-n

poly(3-hexythiofen-2,5-diyl)

{P3HT)

[

N

-n

poly(3,4-ethylendioxythicfen)

(PEDQT)

Obr. 15: Struktura P3HT a PEDOT

aplikace vyzadujici biokompatibilitu je ovSem omezené, protoZe byla zjiSténa

cytotoxicita obou jeho hlavnich forem - emeraldinové baze i soli (41).

Bylo provedeno testovani dvou m-konjugovanych polymert - P3HT a PEDOT:PSS

(obr. 15). Ackoliv je u PEDOT:PSS znamo, Ze je biokompatibilni a citlivy na pH, neni

rozpustny v Zadném polarnim ¢i nepolarnim rozpoustédle (42). Naneseni souvislé

vrstvy je tak mozné pouze elektropolymerizaci z monomeru, coZ je na pripravu i Casové

naro¢na metoda, ktera je obtiZzné Skalovatelnd do masové vyroby. Druhou moZnosti je

vytvoreni Kkoloidni disperze s ndaslednym
odparenim disperzniho média (nejcastéji
nizkomolekularni glykol, voda,
dimethylsulfoxid - DMSO nebo jejich smés).
Problémem je nizkd adheze kpovrchu,
zvlasté v pripadé, kdy ma povrch velmi
nizkou hrubost (napft. leStény kov). Oproti
tomu u P3HT (obr. 16) byla zjiSténa dobra

rozpustnost v chloroformu a bromobenzenu

Obr. 16: Polymer P3HT

(za pokojové teploty lze na zakladé vlastnich experimentd vytvorit 1% resp. 3%
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roztok). Vrstva vytvorena ze samostatnych molekul polymeru (nikoliv koloidnich
¢astic) ma na zakladé experimentalnich pozorovani mnohem lepsi adhezi k povrchu a
rovnomérnost. Z diivodu mnohem vyssi tékavosti byl zvolen chloroform (bod varu pii
normalnim atmosférickém tlaku je 61,1 °C (43)), ktery lze z povrchu dokonale odpatit
za krat$i dobu a pfi niZ$i teploté neZ bromobenzen (bod varu pfi normalnim
atmosférickém tlaku 156 °C (44)). Bod varu by bylo mozné sniZit snizenim tlaku, ale to

s sebou prinasi nutnost pouziti specializovaného vybaveni (vakuova pec).

Polymer PEDOT:PSS resp. P3HT byl nanesen na jednu z elektrod prototypu pH
senzoru, zatimco na druhou elektrodu byl nanesen Ag/AgCl inkoust pro sitotisk
(Sigma-Aldrich), ktery tvori pseudoreferencni elektrodu. V pripadé PEDOT:PSS byl na
zlatou elektrodu nanesen grafitovy vodivy inkoust za ucCelem zvyseni adheze
PEDOT:PSS disperze na elektrodu. Senzory s nanesenymi funk¢nimi vrstvami jsou na
obr. 17. Primarni testovani obou senzori bylo provedeno jejich vloZenim do roztoki o
riznych hodnotach pH, jmenovité 0,6; 2,1; 4,0; 6,8 a 10,0. Vysledky statického méreni
jsou na grafu 1. Toto méreni bylo provedeno na vzorku 8 senzort (¢tyri PEDOT:PSS a
Ctyri P3HT), pticemz kazdé s kazdym senzorem bylo provedeno celkem 15 méreni (3x
pro kazdou hodnotu pH) Byla prokazana linearita obou typl senzort, sklon zavislosti

vystupniho napéti na pH je -31,5 mV/pH a -36,5 mV/pH pro PEDOT:PSS resp. P3HT

Senzor.

Obr. 17: Nanesené funkcni vrstvy na pH senzor a) PEDOT:PSS b) P3HT
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a Statické méreni PEDOT:PSS senzoru

y = -31.481x + 305.99
R? = 0.9907
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Graf 1: Vysledky statického méreni polymerniho pH senzor na bazi a) PEDOT:PSS; b) P3HT
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4.8 Implantabilni jicnovy pH senzor vietné piijimace

Po 1uspésném vyvoji nékolika iteraci neurostimuldtoru byl zahajen vyvoj
implantabilniho pH senzoru. Ten ma byt ureny pro implantaci do mukozalni stény jicnu
pomoci hemostatického klipu podobné, jak je tomu u dnes dostupného kapslového pH

senzoru Medtronic Bravo.

Senzor byl zkonstruovéan
podobnou technologii, jako
neurostimuldtory — byl navrzen

obvod na plosném spoji, \ i

sestavajici  z mikrokontroleru \

typu PIC16LF, radiového

vysila¢e a ISFET pH senzoru. \

Vysledny obvod byl \d

enkapsulovan v epoxidu, u :

kterého byla posouzena

biokompatibilita, viz. kapitola

413. Nakomec byl senzor Obr. 18: Fotografie pH senzoru vedle endoskopu s grasperem
opatfen titanovym hackem, ktery slouzil k upevnéni do stény jicnu pomoci hemostatického
klipu. Vysledné zatizeni pfed a po implantaci je na obr. 18. Pro validaci funk¢nosti
vysledného senzoru byl pouzit model sestavajici z praseciho zaludku a jicnu. Do jicnu poté
byly vstfikovany roztoky o rizném pH (konkrétné 0,6; 4; 7 a 10) a bylo méfeno napéti
referen¢ni elektrody ISFET senzoru, které je neptimo umérné pH. Celkem bylo provedeno
9 méfeni, mezi kterymi byla do jicnu vstiiknuta deionizovand voda pro zamezeni miseni
pufri, které by mohlo mit za nasledek zkresleni namétenych hodnot vlivem zmény pH pufru
v jicnu. Po méfeni byly naméfené hodnoty porovnany s referen¢nimi a bylo provedeno

statistické zpracovani vysledk.
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Tabulka 1: Hodnoty namérené pri testovani pH senzoru

Naméfend data jsou uvedena v tabulce 1. Vysledna smérodatna odchylka je 0,30 pH.
Senzor je tak bez problému schopen rozlisit mezi neutralnim a kyselym pH v jicnu a tuto
informaci muze periodicky odesilat prostfednictvim bezdratového rozhrani. Zkonstruované

zatizeni ma o 60 % mensi objem nez existujici bezdratovy jicnovy pH senzor Medtronic

Hodnota pH - Napéti pseudoref. | Hodnota pH -
kalibr. méridlo [-] elektrody [mV] senzor [-] Chyba [pH] Chyba (%)
0,62 1010 0,28 -0,34 -54%
3,98 1200 3,98 0,00 0%
10,01 1490 9,62 -0,39 -4%
0,62 1020 0,48 -0,14 -23%
7,01 1350 6,90 -0,11 -2%
3,98 1220 4,37 0,39 10%
10,01 1480 9,43 -0,58 -6%
3,98 1210 4,17 0,19 5%
7,01 1350 6,90 -0,11 -2%
Smérodatna
odchylka [-] LRl

Bravo. Vysledna velikost vyvinutého zatizeni je 18 mm x 8,5 mm x 4,5 mm.
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Ambulatory pH monitoring of pathological reflux is an opportunity to observe the
relationship between symptoms and exposure of the esophagus to acidic or non-acidic
refluxate. This paper describes a method for the development, manufacturing, and
implantation of a miniature wireless-enabled pH sensor. The sensor is designed to
be implanted endoscopically with a single hemostatic clip. A fully passive rectenna-
based receiver based on a zero-bias Schottky diode is also constructed and tested.
To construct the device, a two-layer printed circuit board and off-the-shelf components
were used. A miniature microcontroller with integrated analog peripherals is used as
an analog front end for the ion-sensitive field-effect transistor (ISFET) sensor and to
generate a digital signal which is transmitted with an amplitude shift keying transmitter
chip. The device is powered by two primary alkaline cells. The implantable device
has a total volume of 0.6 cm® and a weight of 1.2 grams, and its performance was
verified in an ex vivo model (porcine esophagus and stomach). Next, a small footprint
passive rectenna-based receiver which can be easily integrated either into an external
receiver or the implantable neurostimulator, was constructed and proven to receive
the RF signal from the implant when in proximity (20 cm) to it. The small size of the
sensor provides continuous pH monitoring with minimal obstruction of the esophagus.
The sensor could be used in routine clinical practice for 24/96 h esophageal pH
monitoring without the need to insert a nasal catheter. The "zero-power" nature of the
receiver also enables the use of the sensor for automatic in-vivo calibration of miniature
lower esophageal sphincter neurostimulation devices. An active sensor-based control
enables the development of advanced algorithms to minimize the used energy to

achieve a desirable clinical outcome. One of the examples of such an algorithm would
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be a closed-loop system for on-demand neurostimulation therapy of gastroesophageal

reflux disease (GERD).

Introduction

The Montreal Consensus defines gastroesophageal reflux
disease (GERD) as "a condition that develops when
refluxing the contents of the stomach causes unpleasant
symptoms and/or complications”. It may be associated with
other specific complications such as esophageal strictures,
Barrett's esophagus, or esophageal adenocarcinoma. GERD
affects approximately 20% of the adult population, mainly in

countries with high economic status?.

Ambulatory pH monitoring of pathological reflux (acid
exposure time of more than 6%) allows us to distinguish
the relationship between symptoms and acidic or non-acidic
gastroesophageal reflux?-3. In patients unresponsive to PPI
(proton pump inhibitor) therapy, pH monitoring can answer
whether it is pathological gastroesophageal reflux and why
the patient does not respond to standard PPI therapy. Various
pH and impedance monitoring options are currently offered.
One of the newer possibilities is wireless monitoring using

implantable devices*2.

GERD is associated with lower esophageal sphincter (LES)
disorder, where the contractions shown during esophageal
manometry are not pathological but have a reduced amplitude
in long-term GERD. LES consists of smooth muscle and
maintains tonic contractions due to myogenic and neurogenic
factors. It relaxes due to vagal-mediated inhibition involving

nitric oxide as a neurotransmitter®.

Electrical stimulation with two pairs of electrodes was proven
to increase the contraction time of the LES in a canine reflux

model’. The relaxation of the LES including the residual

pressure during swallowing was not affected by both low and
high frequency stimulation. High-frequency stimulation is an
obvious choice because it requires less power and extends

the battery life.

Although electrostimulation treatment (ET) of the lower
esophageal sphincter is a relatively new concept in the
treatment of patients with GERD, this therapy was shown to
be safe and effective. This form of treatment has been shown
to provide significant and lasting relief from the symptoms
of GERD while eliminating the need for PPI treatment and

reducing esophageal acid exposure®:2:10.

The current state-of-the-art pH sensor for diagnostics of
GERD is the Bravo device'!:12. At an estimated volume of
1.7 cm3, it can be implanted directly into the esophagus with
or without visual endoscopic feedback and provides 24 h+

monitoring of pH in the esophagus.

Considering that electrostimulation therapy is one of the most
promising alternatives for treating GERD not responding to

standard therapy8’ 13

, itmakes sense to provide the data from
the pH sensor to the neurostimulator. The recent research
shows a clear path to future development in this field which
will lead to rigid all-in-one implantable devices which will
reside at the site of neurostimulation'-13. For this purpose,
the ISFET (ion-sensitive field-effect transistor) is one of the
best types of sensors because of its miniature nature, the
possibility of on-chip integration of a reference electrode (gold

in this case), and sufficiently high sensitivity. On silicon, the

ISFET resembiles the structure of a standard MOSFET (Metal
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Oxide Semiconductor Field Effect Transistor). However, the
gate, normally connected to an electrical terminal, is replaced
by a layer of active material in direct contact with the
surrounding environment. In the case of pH-sensitive ISFETS,

this layer is formed by silicon nitride (Si3N4)16.

The main disadvantage of endoscopically implantable
devices is the inherent limitation of the battery size, which
may lead to a reduced lifetime of these devices or motivate
the manufacturers to develop advanced algorithms that will
deliver the required effect at a lower energy cost. One of the
examples of such an algorithm would be a closed-loop system
for on-demand neurostimulation therapy of GERD. Similar to
continuous glucose meters (CGM) + insulin pump systems”,
such a system would employ an esophageal pH sensor or
another sensor to detect the current pressure of the lower

esophageal sphincter together with a neurostimulation unit.

The response to the neurostimulation therapy and
the requirements for neurostimulation patterns can be
individual 3. Thus, it is important to develop independent
sensors that could be used either for diagnosis and
characterization of the dysfunction or to actively participate
in calibrating the neurostimulation system according to the
individual requirements of the patients18. These sensors
should be as small as possible to not affect the normal

functionality of the organ.

This manuscript describes a method of design and fabrication
of an ISFET based pH sensor with amplitude-shift keying
(ASK) transmitter and a small footprint passive rectenna-
based receiver. Based on the simple architecture of the
solution, the pH data can be received by an external
receiver or even the implantable neurostimulator without any
significant volume or power penalty. The ASK modulation

is chosen because of the nature of the passive receiver,

which is only capable of detection of received RF signal
power (often called "received signal strength"). The schematic
diagram, which is embedded as Supplementary material,
shows the construction of the device. It is powered directly
from two AG1 alkaline batteries, which provide a voltage
between 2.0-3.0 V (based on the state of charge). The
batteries power the internal microcontroller, which utilizes
its ADC (analog-to-digital converter), DAC (digital-to-analog
converter), internal operation amplifier, and FVR (fixed-
voltage reference) peripherals to bias the ISFET pH sensor.
The resulting "gate" voltage (the gold reference electrode)
is proportional to the pH of the surrounding environment.
A stable Igs current is provided by a low-side R2 sensing
resistor. The source of the ISFET sensor is connected to
the non-inverting input of the operational amplifier, while the
inverting input is connected to the output voltage of the
DAC module set to 960 mV. The output of the operational
amplifier is connected to the drain pin of the ISFET. This
operational amplifier regulates the drain voltage so that the
voltage difference on the R2 resistor is always 960 mV; thus, a
constant bias current of 29 pA flows through the ISFET (when
in normal operation). The gate voltage is then measured
with an ADC. The microcontroller then powers on the RF
transmitter via one of the GPIO (general purpose input/output)
pins and transmits the sequence. The RF transmitter circuit
involves a crystal and matching network which matches the

output to 50 Q impedance.

For the experiments demonstrated here, we used a pig
stomach with a long section of the esophagus mounted
in a standardized plastic model. This is a commonly
used model for practicing endoscopic techniques such
as ESD (endoscopic submucosal dissection), POEM (oral
endoscopic myotomy), endoscopic mucosal resection (EMR),

hemostasis, etc. Concerning the closest possible anatomical
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parameters approaching human organs, we used the

stomach and esophagus of pigs weighing 40-50 kg.

Protocol

No living animals were involved in this study. The experiment
was performed on an ex vivo model consisting of a porcine
esophagus and stomach. The stomach and esophagus were
purchased from a local butchery as their standard product.
This procedure is in accordance with Czech laws, and
we prefer it because of the "3R" principle (Replacement,

Reduction, and Refinement).

1. Fabrication of the pH sensor assembly

NOTE: Observe precautions for handling electrostatic
discharge (ESD) sensitive components throughout the
fabrication of the pH sensor assembly. Be careful when

working with the soldering iron.

1. Place the ISFET pH sensor mounted on a printed circuit
board (PCB) on a flat surface. Locate the solderable

contacts.

2. Trim the solderable contacts, so their length is no longer

than 3 mm.

3. Solder a 15 mm section of fluorinated ethylene propylene
(FEP) coated cable to the solderable electrodes of the
pH sensor. Do not mechanically or chemically clean the
bare die assembly. Try to avoid contamination of the die

and PCB with flux during soldering.

4. Inspect the pH sensor-cable assembly under a
microscope for open circuits and shorts. Then, check the
shorts with an open-short tester. A correctly prepared

assembly at this stage is shown in Figure 1.

10.

11.

12.

13.

Clean the pH sensor assembly in an ultrasonic cleaner
for 5 min at 70 °C in a 5% solution of flux remover in
water. The optimum range of ultrasound power is 50-100

WII. Do not exceed 100 WII.

Rinse the pH sensor assembly in technical grade
isopropyl alcohol for at least 3 min and letitdry in an oven

at 80 °C for 15 min.

Place all pH sensors on a flat surface (in case multiple
are prepared simultaneously) before proceeding to the

next step.

Mix an appropriate amount of two-part epoxy for
encapsulation of the soldered electrodes. Use a
minimum of 2 mL to allow thorough mixing. Use black
opaque epoxy to allow for inspection later- parts of the
sensor exposed to the environment will be seen easier

as they will not have opaque epoxy on them

Transfer the mixed epoxy to a 1 mL syringe with a 0.5

mm flat end needle.

Coat the soldering area of pH sensors with epoxy. Make
sure to coat the whole area of PCB electrodes and the

exposed wire.

Let the epoxy cure either at room or elevated temperature
(80 °C max), for this study 50 °C was used with the epoxy

listed in the Table of Materials.

Inspect the coated area under a microscope. If any
uncoated metal parts (either PCB electrode or wire) are
exposed, repeat steps 1.8-1.11 until there are no visual

signs of uncoated metal.

Trim the wires to the length and angle shown in Figure

2. Coat the ends with solder to avoid fraying.
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2. Fabrication of the electronic assembly

NOTE: Observe precautions for handling ESD-sensitive
components throughout the fabrication of the electronics. Be

careful when working with the soldering iron and hot-air gun.

10.

1. Place the PCB (manufactured based on the
supplementary files "pcb1.zip" and schematic diagram

"schematic.png") on a flat surface, components side up.
2. Apply solder paste to all the exposed gold-plated pads.

3. Place all passive and active components using tweezers

according to Figure 3 and the Table of Materials.

4. Heat the PCB with the hot air gun to solder the {4
components. Heat the PCB gradually to 150 °C for 2 min

12.

to expel residual water from the packages and activate

the flux in the solder paste. Then, heat the PCB to 260

13.

°C to solder the components. Let the PCB cool to room

temperature, do not move it during the whole soldering

process. 14.

5. After soldering and cooling down to room temperature,
inspect the PCB under a microscope to verify the correct

placement of all the components and shorts. If no shorts

or incorrect component placement is observed, skip step ~ 15-

2.6.

6. Repair any shorts or incorrect component placement with ~ 16.

a soldering gun or hot air gun. Go to step 2.5.

7. Solder 5 wires to the components (power and

programming leads) as shown in Figure 4.

8. To connect the PCB to the programmer, connect the

wires soldered in step 2.7. to the connector of the

17.

programmer.

9. Program firmware (see Representative Results for

a detailed explanation of which file to use) to the

microcontroller. Use the previously described procedure

to set up the programming software'®. Set the
programmer to power the device with a voltage of
approximately 2.5 V. De-solder the 5 wires after

programming.

Place the PCB on a flat surface, component side up.
Solder the AWG38 copper antenna wire (length of 3 cm)
as shown in Figure 5 and wrap it around the edge of
the PCB. Fix the antenna wire to the edge of the PCB
with a cyanoacrylate adhesive. Solder the other two wire
jumpers with SWG38 copper wire as shown in Figure 5.

Avoid electrical contact with other components.

. Put the PCB on a flat surface, component side down.

Solder two battery holders to the opposite part of PCB,

as shown in Figure 6.

Solder the pH sensor assembly to the terminals on the

PCB, as shown in Figure 7.

Insert two AG1 batteries into the battery holders.
NOTE: Do not proceed with this step and next steps
in this section earlier than 24 h before testing and

endoscopic implantation of the sensor.

Prepare an appropriate amount of epoxy as described in

step 1.8. for encapsulation of the device.

Encapsulate the device with the epoxy using the same
procedure described in step 1.9 (syringe with a needle).
Let the epoxy cure at room temperature or slightly
elevated temperature (do not exceed 50 °C because of
the presence of batteries). See Figure 8 for the correct

encapsulation results.

Create a titanium wire hook according to Figure 9.
NOTE: Titanium (Grade IlI) was chosen because of its

biocompatibility and track record of use in implantable
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medical devices. Stainless steel may be used, too.
However, the type and heat treatment must be chosen

carefully as some stainless steel types are very brittle.

18. Attach the wire hook to the device with a drop of fast-
curing epoxy (see Figure 10) and let it cure at room
temperature or slightly elevated temperature (50 °C
maximum). The pH sensor is located on the bottom left

side of the implantable device.

19. The sensor becomes activated 24 h after the insertion of
the batteries. Meanwhile, proceed with step 3.
NOTE: Pause the protocol now if completion of step 3

within 24 h after insertion of the batteries is possible.
3. Fabrication of passive rectenna receiver

1. Place the PCB (manufactured based on the
supplementary file "pcb2.zip"). for the rectenna on a flat

surface.

2. Solder the components using the solder paste method
described in steps 2.2-2.6 or use a soldering gun
according to Figure 11A.

NOTE: If the experimenter decides to manufacture the
rectenna receiver again (it was previously manufactured
and matched) or does not want to proceed with receiver
matching, use the values of the components previously
determined by the experimenter or provided in Figure

11B and skip steps 3.5-3.7.
3. Solder the SMA connector to the PCB.

4. Inspect the PCB under a microscope. If any shorts
or incorrect component placement is observed, fix the

issues.

5. Attach a vector network analyzer input to the SMA

connector.

6. Record the S11 Smith chart of the rectenna from 300-500
MHz with 1 kHz resolution bandwidth. Observe the
response and record the impedance at 431.7 MHz. Use
an impedance matching calculator software to determine
the values of matching components. The sample Smith

chart is shown in Figure 12A.

7. Solder the impedance matching components and inspect
under a microscope for short circuits and component

placement.

8. Measure with spectrum analyzer again and confirm that
the voltage standing wave ratio (VSWR) is under 3
between 300-500 MHz (inside the outer cyan circle
shown in Figure 12B). If not, either repeat with different
matching components or continue with the reduced

performance of the rectenna in mind.

9. Connect the 433 MHz band antenna to the SMA
connector. Connect an oscilloscope to the rectenna

output.

10. Set the oscilloscope to single-channel operation, rolling
time base, DC mode, 500 ms/div time base, and 5 mV/

div voltage scale.

4. Testing of the device

NOTE: The following steps require the use of chemicals.
Study the material safety data sheets of the chemicals
beforehand and use proper protective equipment and

common lab practices when manipulating them.

1. Inspect the output of the sensor by observing the signal
shown on the oscilloscope. The sample output is shown
in Figure 13,14. The device will be active after 24 h past
the insertion of the batteries. The period of transmitting

the output of the pH sensor varies depending on the
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file which was programmed to the microcontroller (see

Representative Results for a detailed explanation).

2. Prepare 2% hydrochloric acid solution (use caution
when handling hydrochloric acid). Prepare 100 mM
buffer solutions of pH 4 (potassium hydrogen phthalate/
hydrochloric acid), pH 7 (potassium dihydrogen

phosphate/sodium hydroxide), and pH 10 (sodium

carbonate/sodium hydrogen carbonate) using standard

laboratory procedures and mark the beakers.

3. Verify the pH of all four beakers using a calibrated pH

meter. Adjust if needed.

4. Submerge the capsule in every beaker and record
at least 3 samples. Measure the period between the
second and third pulse and fill it in the provided
spreadsheet (Supplemental File 1). Determine the
calibration coefficients for the pH sensor using the

spreadsheet.

5. After calibration, measure the time between the second
and the third pulse and input it into the spreadsheet to
determine the pH of the solution to which the pH sensor

is exposed.
5. Endoscopic implantation of the sensor

1. Prepare an ex vivo endoscopic porcine model made up

of the stomach and a long segment of the esophagus.

2. Grasp the sensor externally with a hemostatic clip, as

shown in Figure 15 and Figure 16.

3. Insert the endoscope with the sensor in the clip in the

standard way into the model.

4. Position the clip with the sensor close to the lower

esophageal sphincter.

5. Rotate the endoscope against the esophageal wall, open
the clip and then push toward the esophageal wall. Close
the clip and release the clip. The sensor will remain
attached to the esophageal wall at the desired location,

as shown in Figure 17D and Figure 17E.

6. Extract the endoscope.

6. Experiment after implantation

NOTE: The following steps require the use of chemicals.
Study the material safety data sheets of the chemicals
beforehand and use proper protective equipment and

common lab practices when manipulating them.

1. Place the receiver within 10 cm (maximum) of the

implanted sensor.

2. Inject 50 mL of the solutions with various pH values into
the esophagus, as shown in Figure 18, and observe
the changes in the sensor's response. Retract the
endoscope after every injection and read the value no
earlier than 30 s after injection. Wash the esophagus with
100 mL of deionized water between injecting solutions

with different pH.

3. Use the spreadsheet (Supplemental File 1) to calculate

the pH measured by the sensor.

Representative Results

A device capable of autonomous pH sensing and wireless
transmitting of the pH value was successfully constructed,
as shown in Figure 8. The constructed device is a miniature
model; it weighs 1.2 g and has a volume of 0.6 cm3. The
approximate dimensions are 18 mm x 8.5 mm x 4.5 mm. As
shown in Figure 15, Figure 16, and Figure 17, it can be
implanted to the proximity of the lower esophageal sphincter

with a single hemostatic clip; no special accessories are
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needed. A detailed view of a dissected esophagus with the

sensor implanted is shown in Figure 19.

The passive rectenna receiver has an overall footprint of

only 22 mm?

even though it is optimized for hand-soldering.
When the passive rectenna receiver is put into proximity
of the pH sensing device (10 cm) when in an active state
(24 h after insertion of batteries until full discharge of the
batteries), clear voltage spikes can be observed when the
device is transmitting. This is shown in Figure 13. The first two
short (75 ms) pulses are synchronization pulses. The distance
between the end of the second pulse and the beginning of
the third pulse is proportional to the Vgs voltage of the ISFET
subtracted by 800 mV (100 ms = 900 mV, 200 ms = 1000

mV, etc.). This voltage linearly translates to the pH of the

environment that the sensor is subjected to.

Based on a simple two-point calibration with pH buffers of
pH 4 and pH 10 (Table 1), the sensor can return stable
and repeatable pH value readings (Table 2). A total of four
different solutions with known pH were used-pH 0.6 (160
mM solution of hydrochloric acid in the water, mimicking the
stomach acid?%) and calibration buffers with pH 4, pH 7, and
pH 10. The mean error pH values of the sensor were 0.25
and 0.31 when tested in solutions in beakers and an ex vivo
model, respectively. The standard deviations of the errors

were 0.30 and 0.36, respectively.

When in the proximity of the transmitter (10 cm), the passive
rectenna produces a signal with an amplitude of at least
tens of millivolts which can be easily detected by a simple
comparator or amplified with an ultra-low-power quiescent
current operational amplifier. The effect of a mobile phone
antenna with an active GSM call has only a minor negative

effect on receiving the data from the sensor, as demonstrated

in Figure 14. The mobile phone transmission peaks can
be filtered by a simple passive RC/LC (resistor-capacitor/
inductor-capacitor) filter as they form a high-frequency part of

the signal (their frequency is generally above 500 Hz).

In one of the devices, a short circuit between all three of
the ISFET electrodes was intentionally made to show how
the device's behavior changes when the device is incorrectly
assembled. In this case, no voltage-pH response is observed,
and the gate voltage is equal to the drain voltage, which is
the battery pack voltage (2-3.2 V). The AD converter, which is
referenced to an internal 2.048 V reference, then returns the
highest possible value, which translates to 2048 mV. Noise

may cause slight fluctuations in the ADC output.

Two variants of firmware that can be programmed to
the device were developed and tested. The first one
(firmware_10s.zip) is intended for short-term experiments
where the pH value is transmitted every 10 s. This provides
more data points for the cost of reduced battery life, which is
limited to around 24-30 h. The other one (firmware_1min.zip)
is intended for long-term experiments. The pH value is
transmitted once per min. The lifetime of the sensor with a
lower sampling frequency is around 5-6 days. There is also
a version of the firmware (firmware-test.zip), which does not
include the 24 h delay. This file can be used for testing the
correct functionality of the electronics before encapsulation.
Alternatively, the delay can be modified by changing the code
and recompiling the project. The delay was implemented to
allow for a full cure of the epoxy or a possibility when the
device is manufactured at a different site than the endoscopic
surgery room. With the introduced delay, the useful operating

life of the device is maximized.
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Figure 1: pH sensor assembly before final trimming Please click here to view a larger version of this figure.

Figure 2: pH sensor assembly after final trimming Please click here to view a larger version of this figure.
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Figure 3: Placement diagram for the implantable sensor (see Table of Materials for component values). Pin 1 is marked

as a red dot. Please click here to view a larger version of this figure.

VDD MCLR GND

ICSPCLK ICSPDAT

Figure 4: Placement of programming wires Please click here to view a larger version of this figure.
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Figure 5: Placement of antenna wire and jumper wires Please click here to view a larger version of this figure.

Figure 6: Placement of battery holders Please click here to view a larger version of this figure.
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Figure 7: Soldering of the pH sensor assembly to the electronics Please click here to view a larger version of this figure.
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Figure 8: Finished encapsulated sensor. (A) side view, (B) back view Please click here to view a larger version of this

figure.
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Figure 9: Titanium wire hook Please click here to view a larger version of this figure.

Figure 10: Attachment of the wire hook to the implantable device Please click here to view a larger version of this figure.
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Figure 11: Placement diagram for the rectenna. (A) with matching components, (B) without matching components, ready

to be matched with a vector network analyzer Please click here to view a larger version of this figure.
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Figure 12: Smith chart. (A) unmatched rectenna, (B) matched rectenna Please click here to view a larger version of this

figure.
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Figure 13: Example response of the rectenna to the incoming data from the sensor Please click here to view a larger

version of this figure.
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Figure 14: Example response when in the presence of RF noise (nearby phone with an active GSM call). (A) 20 cm

between the edge of the phone and receiver, (B) 10 cm between the edge of the phone and receiver, (C) 5 cm between the

edge of the phone and receiver Please click here to view a larger version of this figure.
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Figure 15: Picture of the endoscope with hemostatic clip and implantable pH sensor Please click here to view a larger

version of this figure.
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Figure 16: Implantable pH sensor grasped with the hemostatic clip in a cap Please click here to view a larger version of

this figure.
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Figure 17: Implantation of the sensor. (A) insertion of the endoscope with the implantable pH sensor into the model, (B)
place of implantation - 3 cm above the gastroesophageal junction, (C) preparation of the clip placement, (D) the clip was
successfully placed, (E) view of the ISFET pH sensor, implanted to the proximity of lower esophageal sphincter Please click

here to view a larger version of this figure.
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Figure 18: Injection of the pH buffer solution through the endoscope channel Please click here to view a larger version

of this figure.
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Figure 19: Dissected esophagus of the ex vivo model with the implanted sensor Please click here to view a larger

version of this figure.

Calibration data

pH value (cal. meter) [-]

Pulse length [ms]

Calc. volt. output [mV]

3.98

400

1200

10.01

710

1510

Table 1: Example calibration data
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Measured data
pH value (cal. Calc. volt. Estimated pH [-] Error [abs. pH] Error [%]
meter) [-] output [mV]

0.62 1010 0.28 -0.34 -54%
3.98 1200 3.98 0.00 0%
10.01 1490 9.62 -0.39 -4%
0.62 1020 0.48 -0.14 -23%
7.01 1350 6.90 -0.11 -2%
3.98 1220 4.37 0.39 10%
10.01 1480 9.43 -0.58 -6%
3.98 1210 4.17 0.19 5%
7.01 1350 6.90 -0.11 -2%

Std. deviation 0.30

of pH [-]
Mean error [-] 0.25

Table 2: Measured data (test with beakers)
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Measured data
pH value (cal. Calc. volt. Estimated pH [-] Error [abs. pH] Error [%]
meter) [-] output [mV]

0.62 1010 0.28 -0.34 -54%
3.98 1220 4.37 0.39 10%
7.01 1340 6.70 -0.31 -4%
10.01 1520 10.20 0.19 2%

Std. deviation 0.36

of pH [-]
Mean error [-] 0.31

Table 3: Measured data (test in an ex vivo model)

Supplemental File 1: spreadsheet.xlsx. Spreadsheet for
calibrating and processing of the data from the sensor Please

click here to download this File.

Supplemental File 2: pcb1.zip. Gerber manufacturing data
for the implantable device Please click here to download this

File.

Supplemental File 3: pcb2.zip. Gerber manufacturing data

for the receiver Please click here to download this File.

Supplemental File 4: firmware_10s.zip. Firmware for the
microcontroller with 10 s transmission period Please click

here to download this File.

Supplemental File 5: firmware_1min.zip. Firmware for the
microcontroller with 1 min transmission period Please click

here to download this File.

Supplemental File 6: firmware-test.zip. Firmware for the
microcontroller without 24 h pause before activation Please

click here to download this File.

Supplemental File 7: Schematic diagram of the

electronics Please click here to download this File.

Discussion

This method is suitable for researchers who work on the
development of novel active implantable medical devices.
It requires a level of proficiency in the manufacturing of
electronic prototypes with surface mount components. The
critical steps in the protocol are related to the manufacturing
of the electronics, especially populating the PCBs, which
is prone to operator error in placement and soldering of
small components. Then, correct encapsulation is crucial to
prolong the lifetime of the device when exposed to moisture
and liquids. The implantation method was designed with

simplicity in mind. The risk of perforation of the esophagus
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or other adverse events during the implantation is minimal.
Hemostatic clips are widely used in clinical practice; thus, no

special training is needed to perform the implantation.

The device can be easily modified to accompany other
sensors with voltage output, i.e., resistive sensors and other
ISFET sensors. This gives great flexibility to utilize the whole
concept in other areas of research and clinical practice; it is
not limited to research of novel methods of treatment of GERD

in the case of a pH ISFET sensor.

The constructed device is miniature; it weighs 1.2 g
and occupies 60% less volume (0.6 cm3) than the
closest commercialized implantable pH sensor. Further
miniaturization could be achieved by the integration of the
ISFET onto the PCB with wires bonded directly to the PCB.
This, however, would significantly increase the barrier of
entry in terms of required equipment (it would require at
least a manual wire bonder). Thus, a more economically
viable alternative with a pre-packaged ISFET sensor by the

manufacturer was presented.

As for the power source, silver oxide/alkaline/carbon-zinc
1.5 V cells provide better performance and do simplify the
circuit design. The use of primary lithium batteries or Li-lon
batteries in this device form factor could lead to potential
problems. Small primary lithium batteries have high output
resistance, which would cause significant voltage drops,
potentially leading to the brown-out of the microcontroller
and RF transmitter. Lithium-ion batteries, on the other hand,
are incompatible with 3.3 V microcontrollers (their operating
voltage is around 3.0-4.2 V), adding complexity to the circuitry
(requirement of a regulator or DC/DC step-down converter).

For these reasons, two primary 1.5 V button cells are the

best readily available type of battery based on the availability,

operating voltage, and sufficiently low output resistance.

The sensor exhibits good accuracy for esophageal pH
monitoring; the mean error of pH in an ex vivo model was 0.31
with a standard deviation of 0.36. Despite the washing step
with deionized water between each buffer addition, a larger
deviation in the ex vivo model could have been caused by
minor mixing of the different buffer solutions in the esophagus,
which may have altered the pH of the solutions. The sensitivity
of the used ISFET pH sensor almost follows the Nernstian
slope (-58 mV/pH for 25 °C) at -51.7 mV/pH. The sensitivity
is higher than reported in antimony-based pH sensors for

monitoring GERD (-45 mV/pH)2".

The delay of 24 h between the insertion of batteries and the
start of the wireless transmission routine was introduced to
accommodate for encapsulation epoxy curing and instances
where the lab for manufacturing of electronics is present
at a different location than the endoscopic surgery room.
This delay can be altered by modifying the source code and

recompiling the firmware.

Depending on the nature of the experiment, which will
be done by the researchers, suitable epoxy (cost versus
performance) can be chosen. The initial experiments were
done with automotive-grade epoxy, which was suitable for
initial experiments but not for in vivo experiments from the
point of biocompatibility. For survival experiments, a medical-
grade epoxy thatis ISO10993 compliant for long-term contact
with mucous membranes shall be chosen. Also, coatings that
improve biocompatibility (e.g., PTFE or parylene) can further
reduce the rejection rate of the implant and/or inflammation/

irritation of the implantation site.
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The fully passive rectenna receiver can be improved by
biasing the detector diodes to improve the sensitivity22’23.
In case that improved immunity against electromagnetic
interference or RF noise is required, the diode detector can
be further modified by adding a highly selective band SAW
filter between the RF input and diode detector?*. If longer-
range communication is required, an active ASK receiver (or a
software-defined receiver - SDR) can be used. In both cases,
the center frequency of the receiver shall be set to 431.73
MHz (frequency of the crystal multiplied by 32 by the PLL
in the RF transmitter integrated circuit) and the resolution
bandwidth of around 150-250 kHz. The RF output frequency
is both voltage and temperature-dependent, and drifts up
to 50 kHz from the center frequency were observed during
normal operation. The output power in the band can then be
monitored and used to decode the pH value according to the
protocol. The use of an active receiver is recommended for
initial testing. If used inside an implantable device, it comes
with an increase in complexity and a major energy penalty. It
cannot provide the "zero-power" advantage that the Schottky

detector provides.

Today, virtually all active implantable medical devices are
not designed with interoperability in mind. Their configuration
is done manually by a surgeon or practitioner25 and does
not cooperate. The implantable device presented in this
method together with a passive rectenna receiver, shows
a way to realize seamless data transfer from a disposable
sensor to another implantable device. While commercially
available RF modules for implantable devices based on
the heterodyne concept exist, the receiver mode is very
power demandingzs. With the presented solution, no active
receiver in the neurostimulator is required; the circuit can
be built to be completely passive. The main advantages of

taking real-time patient data into account are to improve

the efficacy of the therapy and significantly lower the power
consumption. For example, in the case of GERD therapy,
a pH sensor presented in the manuscript can be implanted
above the lower esophageal sphincter after the implantation
of the stimulator to automatically adapt the neurostimulation
pattern to maximize the effect of the therapy while minimizing
the power consumption. As the implantation of the sensor
to the inner esophageal wall is prone to dislocation after
several days, it makes more sense to design the sensor as a
battery-powered one. Thanks to the higher volumetric energy
density of primary batteries, the use of a primary power
source is superior to a sensor that contains a wireless power
receiving circuit, charging coil, and capacitor-based energy
storage. The overall efficiency of the wireless charging is also
heavily dependent on the spatial orientation of the coils, which
would introduce yet another difficulty to the design. Wireless
charging provides benefits to the permanently implanted
microneurostimulators, i.e., to the submucosa'#. The battery-
powered pH sensor provides a possibility to optimize the
energy consumption of such a microneurostimulator. Instead
of permanent/regular neurostimulation of the sphincter, the
pH sensor can show when the stimulation is needed (i.e.,
primarily at night and/or which hours of the day) and what
power output is the lowest possible to achieve sufficient
lower esophageal sphincter pressure. These closed-loop
or quasi-closed-loop implantable systems can become a
promising alternative to current traditional systems, offering
smaller implantable devices with less-invasive implantation

and improving the treatment's efficacy.
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4.9 Navrh miniaturniho analogového obvodu pro polovodicové pH senzory

Dnes dostupné mikrokontrolery

disponuji Sirokym spektrem

Zlata pseudoreferencni
analogovych a Cislicovych periferii. ‘C‘”‘“Z 1M e'ekim’a
Cilem prace bylo prezentovat analogovy

vyhodnocovaci obvod (,,front-end®),

+3V

-
&y ISFET senzor
—

I1OOnF

ktery lze svyjimkou jedné pasivni

Moind nahrada

Cislicovéanalogovym pfevodnikem

komponenty (rezistoru) implementovat

na miniaturnim mikrokontroleru

!l]:k

Obr. 19: Schéma zapojeni analogového obvodu pH senzoru

Microchip  PIC16LF1704 (4x4x

0,9 mm). Schéma zapojeni je na obr. 19.

Podstatou je kombinace analogové-digitalniho (AD) a digitalné-analogového (DA)

pfevodniku, opera¢niho zesilovace, a jedné pasivni komponenty — rezistoru, ktery je

bocnikem pro méieni proudu prochazejiciho ISFET senzorem. DA pievodnik 1ze nahradit

zapojenim s Cislicovym vystupnim pinem
(vyvodem), jednim rezistorem a jednim
kondenzatorem, které tvofi jednoduchy
nizkopasmovy filtr prvniho tadu. Vysledna
velikost celého obvodu pro vyhodnoceni
véetné¢ procesoru, ktery je  schopen
vyhodnoceni dat a jejich interpretace, muze

byt zmenSena az na 7 x 6 x 1,4 mm vcetné

7 mm

b mm

¢1.4 mm

—

dvouvrstveého ploSneho spoje o tloustee 0,4  opy. 20: Vizualizace velikosti vyhodnocovactho obvodu

mm, viz obr. 20.

Vysledny obvod byl otestovan na fyziologickych roztocich s riiznym pH (pH = 0,6;

4,0; 7,0 a 10.0). Namétena data jsou uvedena na grafu 2. Vzhledem k tomu, Ze detailni

charakterizace senzoru byla provedena vyrobcem a hlavnim cilem bylo ovéfit funkénost
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Meéreni linearity ISFET pH senzoru véetné vyhodnocovaci elektroniky
1750

1650 ,§<<
X

1550

1450 o

X
1350 %

Napéti pseudoreferenéni elektrody [mV]

1250 g/
1150
pH roztoku [-]

Graf 2: Méreni linearity pH senzoru a vyhodnocovaci elektroniky

elektronického obvodu, nikoliv
senzoru jako takového, bylo
provedeno celkem 12 méfeni na
¢tyfech  pufrech o rlznych
hodnotach pH (pufry byly
piipraveny a nasledné titrovany
roztokem NaOH a HCl pfi
soucasném meéfeni kalibrovanym
pH metrem). Koeficient
determinace (,,R kvadrat®) pro

linedrni regresni model je 0,969,

coz prokazuje linearitu vyhodnocovaci elektroniky v rozsahu pH, ktery je relevantni pro

zamyslenou aplikaci (pH 0,6 az 10 pro kysely i zasadity reflux).

Konferenéni prispévek

M. NOVAK, J. ROSINA, J. HAJER: Utilization of implantable ISFET pH sensors for
personalized therapy of GERD, GASTRO 2021 PRAGUE, Praha, Ceska republika
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4.10 Design a konstrukce findalniho implantabilniho pH senzoru

Konstrukce findlniho typu pH senzoru i neurostimulatoru pro zpétnovazebny systém
spo¢ivd v pouziti modulu InsightSIP ISP1507-AL postaveného na mikrokontroleru
nRF52810-CAAA, ktery je opatien radiofrekvenénim obvodem pro obousmérnou
komunikaci v pasmu 2,4 GHz. Vedle toho obsahuje primarni i sekundarni krystalovy
oscilator, obvod pro impedancni pfizplisobeni antény (balun), blokovaci kondenzatory a
integrovanou anténu. Schéma zapojeni pH senzoru je na obr. 24. Zapojeni sestava ze tii

primarnich ¢asti — napajeci, analogové a Cislicové.

Napgjeci ¢ast je tvofena dvéma
primarnimi alkalickymi ¢lanky AG1, které

pfimo napdji Cislicovou c¢ast. Analogova

cast je tvofena opera¢nim zesilovacem

TLV341, ktery je pifimo napajen

z mikrokontroleru prostfednictvim jednoho
z konfigurovatelnych ~ vystupt. Vlastni 1 -na pajeci cast
méteni pH zajistuje zapojeni s opera¢nim 2- analogOVé ééSt
zesilovacem. Mezi neinvertujici vstup a
zem je pfipojen rezistor o odporu 10 kQ a Obr. 21: Rozmisténi komponent pH senzoru

zéroven je neinvertujici vstup piipojen na source elektrodu (analogickd k emitoru
bipolarniho tranzistoru) ISFET senzoru. Drain elektroda (analogickd ke kolektoru
bipolarniho tranzistoru) je pfipojena na napdjeci napéti operacniho zesilovace. Zlata
pseudoreferencni elektroda je pifipojena na vystup operacniho zesilovace. Neinvertujici
vstup operacniho zesilovace je pfipojen na vystup rezistor-kondenzator (RC) filtru, ktery
filtruje PWM vystup mikrokontroleru, ktery emuluje DA pfevodnik. Mikrokontroler
pravidelné méfi napéti baterie, na zakladé¢ cehoz vypocita stfidu pulzné Ssitkove
modulovaného signalu, ktery po filtraci udrzuje konstantni napéti na bocniku a tim
konstantni proud ISFET senzorem. Princip funkce obvodu je, ze operacni zesiloval se
zprincipu své funkce snazi minimalizovat napétovy rozdil mezi invertujicim a
neinvertujicim vstupem, tedy obé€ napé€ti se maji idedln€ rovnat. Toho dosdhne v piipadé,

kdy je proud prochazejici 10 kQ rezistorem roven hodnoté

Un

Ig = oninv /R
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kde Uy oniny j€ napeti na neinvertujicim
vstupu operacniho zesilovace a R je hodnota
elektrického odporu rezistoru (10 kQ).
Napéti Uy, (mezi gate a source ISFET
senzoru) urcuje stupen otevieni tranzistoru, je
ovSem zavislé na pH okoli (koncentraci H*

ionti na pH senzitivni vrstvé ISFET.

Upravou napéti pseudoreferenéni elektrody,

1 ¥

Obr. 22: Zpiisob pFipojeni pH senzoru k zarizeni kterda ma témé&f konstantni elektrochemicky

potencial napti¢ hodnotami pH roztoku tak lze tidit Groven otevieni ISFET. Zaroveii s tim
je ale diky tomuto napéti linedrné zavislé na hodnoté pH roztoku. Je proto pfimo méfeno

mikrokontrolerem prostfednictvim integrovaného AD pievodniku.

Rozmisténi komponent je na obr. 21. Modul a
s mikrokontrolerem je umistén na levém konci
plosného spoje zdivodu minimalniho vlivu
okolnich komponent na integrovanou anténu. Dv¢
pouzdra pro vlozeni AGI baterie jsou na opacné
stran¢ plosného spoje. Na tento plosny spoj je

rovnéz naletovan pH senzor, ktery je na vlastnim

plosném spoji  umistén z vyroby. Zpusob b
pfipevnéni a propojeni pH senzoru je znazornén na
obr. 22. Po ovéfeni funkce zatfizeni a pH senzoru
vloZenim baterie a otestovanim pomoci externi
stanice a pfrislusného software (funkce externi

stanice a software jsou podrobné¢ popsany

v kapitole 4.11) bylo zafizeni enkapsulovano
. . Obr. 23: Pohled na enkapsulované zarizeni — a)

v epoxidu. Pohled na sesazené a zjedné strany pohled na stranu soucdstek; b) pohled na stranu

baterii

enkapsulované zafizeni je na obr. 23. Poté byla

znovu ovétena jeho funkénost ponofenim do roztokd s pH o hodnoté¢ 4,0 a 7,0 po dobu jedné

hodiny v kazdém roztoku. Tim byla ovéfena vodotésnost, tedy schopnost zafizeni zlstat

funk¢ni v agresivnim prostfedi jicnu, a dale funkénost pH senzoru, ktery ménil vystupni

hodnotu (napéti pseudoreferencni elektrody).
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Obr. 24: Schéma zapojeni pH senzoru
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4.11 Externi stanice a ovladaci software

Externi stanice pro fizeni neurostimulatoru a pifijem dat z neurostimuldtoru a pH
senzoru byla zrealizovand pomoci vyvojové desky Nordic Semiconductor PCA10056
(obr. 25), ktera disponuje mikrokontrolerem nRF52840 s komunikacnim rozhranim, které

pievadi mezi univerzalni sériovou sbérnici (USB) a univerzalni asynchronni sbérnici

(UART).

Ak iy @

B EEE T O .Lrl_'_t_l.'li-*-

Obr. 25: Vyvojova deska PCA10056

Ovladaci software pro externi stanici je naprogramovan v jazyce Visual Basic .NET.
Ten komunikuje s externi stanici, ktera pfijima data z neurostimulatoru a pH senzoru a
zaroven stim zajiStuje konfiguraci neurostimulatoru. Ovladaci software (obr. 26) je
rozdelen na tfi hlavni funkéni celky. V levém sloupci uzivatel zadava jednotlivé parametry

neurostimulace:

- Target ID: cilové ID — kazdy vzorek neurostimuldtoru ma své unikatni ¢islo,
kterym oznaci data, ktera posild, a pod kterym pfijima konfiguracni data

- Mode: Opera¢ni rezim — OFF (neurostimulace je vypnuta)), MAN PERM
(stimulace probiha konstantn¢, bez piestavky — hlavné uréeno pro diagnostiku pfi
vyrobé), MAN MOD (modulace neurostimulacnich pulzii zadanymi parametry
On-time and Off-time, viz nize) a AUTO (fizeni neurostimulace na zakladé
hodnoty pH v jicnu

- Comm: Perioda komunikace neurostimulatoru s okolim, ACT (aktivni rezim,

komunikuje jednou za dvé sekundy), SLP (reZim spanku, pro transport,
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komunikuje jednou za 15 sekund) a ULP (nizkoptikonovy rezim, komunikuje
jednou za deset minut, uréeno pro dlouhodobé skladovani neurostimulatoru)

- Voltage: Napéti neurostimulacnich pulzi, VDD (napéti baterie) a VCC (12 V ze
spinaného zdroje)

- Freq: Frekvence neurostimulacnich impulza v Hz

- Pulse len: Délka neurostimula¢niho impulzu v mikrosekundach — ,,stfida*

- On-time: Relevantni pro operacni rezimy AUTO a MAN MOD — délka, po kterou
je stimulace aktivni

- Off-time: Relevantni pro operacni rezimy AUTO a MAN MOD — délka, po kterou
stimulace neni aktivni (pauza mezi jednotlivymi neurostimula¢nimi pribehy o
délce On-time)

- pH thr: Hranice, kdy je v opera¢nim rezimu ACT zah4jena neurostimulace na

zékladé pH méteni

Settings Stim status B pH status
Target ID |U : Stm D 0Ox50 pHID 0x50
Mode AUTO -» Mode AUTO pHraw 129
Comm ACT Comm  ACT pH val 907 mVy
Batt 25904 my
Freg 150 Hz Freg 150 Hz
Pulse len 1000 Hs Pulse len 1000 HS
On-time 3000 ms On-time 3000 ms
Off-time 3000 ms Off-time 3000 ms
pH thr 127 pH thr 127
Stim write pHRXval 128
VDD 3023 mVY
e : — RSSI =31 dBm

Obr. 26: Ovladact software
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Po stisknuti tlacitka Stim write se zadané hodnoty ulozi do mezipaméti. Pii pfiStim
odeslani dat z neurostimulatoru se pomoci ACK packetu (potvrzeni pfijmu dat odeslanim
potvrzovaci zpravy — viz podrobny popis komunika¢niho protokolu v kapitole 4.1) zadané
hodnoty zapiSou do neurostimulatoru. Stfedni sloupec je urcen pro zobrazeni dat, ktera zasila
neurostimulator — jedna se o kompletni konfiguraci — a nad ramec toho je zobrazena hodnota,
kterou neurostimulator ptijima z pH senzoru (pH RX wval), pokud je v opera¢nim rezimu

ACT, napajeci napéti mikrokontroleru (VDD) a ukazatel sily signalu (RSSI) v dBm.

Pravy sloupec zobrazuje data z pH senzoru — konkrétné¢ upravenou hodnotu z AD
pfevodniku podélend tak, aby se hodnota vesla do 8 biti (0 az 255) z dGvodu Uspory
bezdratove zasilanych dat, redlnou vypoctenou hodnotu napéti pseudoreferencni elektrody
ISFET senzoru v milivoltech a napéti baterie. Software tak v sobé kombinuje moZznost
zobrazeni dat z obou zafizeni v redlném case vCetn¢ konfigurace chovani neurostimulatoru.
Uzivatelské rozhrani bylo ptizptisobeno tak (napt. velikost textu a barevnost), aby umoznilo

snadnou orientaci a €itelnost pfi provadéni in vitro a in vivo experimenta.
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4.12 Metoda enkapsulace zaiizeni pomoci epoxidu a P3HT polymeru
Vzhledem k implantaci neurostimulatoru a pH senzoru bylo nutné vyvinout metodu

enkapsulace, ktera zajisti ochranu elektroniky pted agresivnim prostfedim uvniti téla a

zéaroven bude biokompatibilni, tedy bude minimalizovano riziko rejekce implantatu. Dal§im

pozadavkem na metodu byla moznost jejiho snadného a rychlého provedeni pfi minimalizaci

nakladu.

Prvnim krokem byla reserSe vhodnych typti epoxidovych pryskyfic, které jsou na
zaklad¢ testovani vyrobcem biokompatibilni, a je mozné je vytvrdit pfi nizké (ideédlné
pokojové) teploté. Tento pozadavek vyplyva na zakladé toho, ze spolecné s elektronikou
jsou enkapsulovany i baterie, které v nabitém stavu nelze zahtivat na teplotu vyssi nez 60 °C
(45). Castym problémem dvouslozkovych epoxidi je nedokonalé smichéani jejich slozek
nebo nepiesny déavkovaci pomér jednotlivych slozek, ktery mulze vést k neuplné
polymerizaci Casti monomerti a/nebo oligomerd. Monomery a oligomery se piitom
vyznacuji toxicitou (46). Jednou zpfiCin je pfitomnost vysokoenergetickych a tedy
nestabilnich vazeb, které maji tendenci reagovat s biologickymi systémy — u epoxidu je to
zpuisobeno cyklickym etherem o tfech atomech, tato ¢ast molekuly ma vysoké kruhové
napéti. U nékterych epoxidi byla prokdzana mutagenita (47). Pro dal§i omezeni tohoto rizika
byla vyvijena metoda pokryti zafizeni enkapsulovaného v epoxidu tenkou vrstvou
biokompatibilniho polymeru, vychazejici z existujici technologie, kterd se pro zvySeni
biokompatibility implantati pouZziva, konkrétné pokryti zatizeni tenkou vrstvou Parylenu C.
Tento polymer je ale aplikovan chemickou depozici z plynné faze (CVD) (48), coz je
metoda, ktera je pro vyrobu jednotek kust prototypti draha a zdlouhava. Cilem vyzkumu
tedy bylo vyvinout obdobnou technologii, kde by se polymer aplikoval z kapalné faze

(ponotenim ¢i nastfikem) s naslednym odparenim rozpoustédla.

Na zaklad¢ informaci dostupnych v datovych listech vyrobct a dostupnosti na ceském
trhu byla zvolena epoxidova pryskyfice Loctite EA M-31 CL (Henkel), kterd je urcena pro
lepeni a kompletaci zdravotnickych prostfedki. Vyrobcem je testovana v souladu
s ISO10993, vysledna biokompatibilita ovSem zavisi 1 na metodé¢ aplikace a vytvrzeni, proto

byla po vyvoji metody provedena jeji validace podle této normy (kapitola 4.13).
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Diky nizké viskozité epoxidu pfed vytvrzenim
piipadaly v uvahu dvé metody aplikace — prosté
naneseni na plochu, kterou je tfeba ochranit pied
okolnimi vlivy nebo liti (nizkotlaké vstiikovani) do
formy. Forma (obr. 27) byla vyrobena frézovanim na
tfiosém obrabécim centru z polyvinylidenfluoridu
(PVDF). Vzhledem k tomu, ze je pouzity epoxid

velmi dobrym lepidlem, bylo nutné zvolit material o

velmi nizké povrchové energii, aby nedoslo k

Obr. 27: Forma pro vstiikovani epoxidu

trvalému piilepeni formy k prototypu (49), které by
vedlo k poskozeni formy a/nebo vyrobku. Dal§i moznosti byl Teflon neboli
polytetrafluorethylen (PTFE), ten nebyl zvolen z divodu velmi nizké tuhosti a s tim spojené
obtiznosti pfesného obrobeni a moznosti deformace pii vstiiku epoxidu. Forma sestava ze
dvou casti (obr. 28), které byly navrzeny v 3D navrhovém prostifedi Autodesk Fusion 360.

Tvar dutin ve form¢ muze byt prizpiisoben parametrim a velikosti zafizeni.

Pted vstifikem nezpolymerizované
pryskyfice se do formy vlozi elektronika
a forma se uzavie pomoci postrannich

Sroubli. Poté se do formy vsttikne

pryskyfice a pfi pokojové nebo mirné
zvysené teploté (max. 50 °C) se vytvrdi. Obr. 28: Rozlozend forma

Po vytvrzeni (24 hodin pfi pokojové

teploté, 5 hodin pifi 50 °C) je forma rozdélena a vyrobky vyjmuty. Pro zvySeni
biokompatibility byla vyvinuta metoda nasledné povrchové tpravy vyrobkl
enkapsulovanych v epoxidu spocivajici v pokryti tenkou vrstvou polymeru P3HT. Roztok
polymeru byl pfipraven rozpusténim 0,05 g P3HT (vyrobce Ossila, regioregularni 94,2 %;
primérna molarni hmotnost 36,1 kg/mol) v 24,95 g chloroformu (0,2% roztok) za
pokojové teploty pomoci magnetického michadla. Odpatovani chloroformu bylo omezeno
ptilozenim hodinového skla na kédinku. Po rozpusténi byla enkapsulovand elektronika
ponoiena do roztoku polymeru po dobu 3 sekund s nédslednym vyjmutim a odpatfenim
rozpoustédla. Diky vysoké tékavosti chloroformu trva odpateni jednotky sekund a nedochazi

ke steceni roztoku. Pro odstranéni stopovych zbytkli chloroformu z povrchu je model
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implantatu ponofen nejprve do deionizované vody a poté do isopropylalkoholu za
intenzivniho michani po dobu 15 min. Nakonec je model susen v horkovzdusné troub¢ pfi

50 °C po dobu jedné hodiny. Vysledna podoba vyrobki bez a s nanesenim polymeru P3HT
je na obr. 29.

il "2l s

Obr. 29: Enkapsulované vzorky implantabilnich zarizeni
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4.13 Nezavislé posouzeni biokompatibility zkonstruovanych zarizeni

Pozn: Centrum laboratornich cinnosti Statniho zdravotniho ustavu je akreditovano
CIA podle normy CSN EN ISO IEC 17025 jako zkusSebni laborator ¢. 1206, nize uvedené
zkousky na dobrovolnicich a zviratech je Centrum opravnéno vykonavat v ramci akreditace.

Zvlastni schvaleni etické komise pro toto konkrétni hodnoceni tak neni vyzadovano.

Nezavislé hodnoceni biokompatibility dle platné normy ISO10993 bylo provedeno
Statnim zdravotnim ustavem, protokoly jsou pfilohou této disertacni prace. Seznam

provedenych zkousek:

- Zkouska cytotoxicity dle CSN EN ISO 10993-5

- Zkouska kozni drazdivosti in vitro dle CSN EN ISO 10993-23

- Zkouska intrakutanni reaktivity dle CSN EN ISO 10993-23

- Zkouska kozni drazdivosti ve skupiné dobrovolniki dle CSN EN ISO 10993-23
- Zkouska sensibilizace in chemico DPRA

- Zkouska sensibilizace in vitro Lu Sens

- Zkouska sensibilizace LLNA dle CSN EN ISO 10993-10

Byly testovany dva vzorky — epoxid Loctite EA M-31 CL vytvrzovany pii zvySené
teploté¢ v PVDF formé (vzorek ,,implant-epoxy*) a epoxid Loctite EA M-31 CL vytvrzovany
pii zvysené teplot¢ v PVDF formé snaslednym pokrytim vrstvou polymeru P3HT
vytvofenou z 0,2 % roztoku P3HT v chloroformu s naslednym odpafenim rozpoustédla pfti

atmosférickém tlaku a pii teploté 50 °C po dobu 1 hodiny (vzorek ,,implant-p3ht*).

Test cytotoxicity (Pfiloha 1) dopadl pro oba vzorky negativné — méfeni byla provedena
v souladu s ISO 10993-5 ve dvojici. Vysledky méfeni stupné toxicity extraktu na zaklade
vypoctu zZivotnosti kultury (procento piezivSich bunék po plisobeni extraktu proti negativni
kontrole) na zdkladé fluorimetrické metody jsou (pro 100% extrakt) 76,4 resp. 96,3 % pro
vzorek ,,implant_epoxy“ a 90,5 resp. 90,4 % pro vzorek ,implant_p3ht“. Zivotnost kultury

vyssi nez 70 % znamena, ze zkouSeny material neni cytotoxicky.

Test drazdivosti in vitro (Ptiloha 2) byl proveden na extraktech ve fyziologickém
roztoku a v sezamovém oleji (polarni a nepolarni rozpoustédlo). Celkem bylo vyuzito 24
tkani EpiDerm, na kterych byly vzorky testovany jejich inkubaci po dobu 18 h v pfitomnosti

extraktl. Déle byla pouzita negativni a pozitivni kontrola. Viabilita (Zivotnost) bunck byla
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posouzena spektrofotometricky. Oba zkouSené materidly nevykazuji drézdivé ucinky,
zivotaschopnost tkani po 18 hod. expozice byla pro polarni / nepolarni rozpoustédlo u vzorku
epoxidu 81,9 % / 92,7 % a u vzorku epoxidu s polymerem P3HT 91,8 % / 99,2 %. V této
zkousce vykazovala modifikace povrchu polymerem P3HT lepsi vlastnosti z hlediska

biokompatibility.

Testy intrakutanni reaktivity (Ptiloha 3, Pfiloha 4) byly provedeny na vzorku tfech
laboratornich kralik pro kazdy ze zkoumanych materiala, kdy byly na né€kolika mistech
provedeny intradermalni vpichy extraktu z poldrniho a nepoldrniho rozpoustédla. Dle
klasifikacni tabulky bylo v case 24, 48 a 72 hodin zhodnoceno, zda se tvofi intradermalni
reakce na aplikovany extrakt — erytrém, resp. edém. Po trojim vyhodnoceni se provede
statistické zhodnoceni. Ani jeden ze sledovanych vzorkl po intradermalni injekci extraktu
nevyvolal podrazdéni ktize. Vzorek s aplikovanym polymerem P3HT vykézal pii extrakci
polarnim rozpoustédlem na sledovaném vzorku zvifat lepsi vlastnosti nez vzorek bez vrstvy

polymeru a mirn¢ horsi vlastnosti pii extrakci nepolarnim rozpoustédlem.

Testy kozni drazdivosti na skupin€ dobrovolnikt (Pfiloha 5, Pfiloha 6) byly provedeny
na vzorku 30 osob pfilozenim vzorku na gdzovém terciku na horni ¢ast paze. Zaroven s tim
byla aplikovéana pozitivni kontrola v podob¢ 0,4 ml 20% roztoku SDS (dodecylsiran sodny)
v uzaviené komdirce. Doba expozice byla postupné prodluzovéana na intervaly 15 min, 30
min, 1 h, 2 h, 3 h a4 h. Klasifikace koznich reakci byla provedena ihned po odstranéni krytu,
dale 1 h, 2 h,24 h, 48 h a 72 h po skonceni aplikace. Na oba zkouSené materialy v uvedenych
intervalech nezareagoval nikdo z30 dobrovolnikli, na pozitivni kontrolu 30 z 30

dobrovolnikii. Zkousené materialy tedy nejsou koznim drazdidlem.

Test senzibilizace in chemico DPRA (Ptiloha 7) je zaloZen na principu, kdy se
chemicka latka, ktera vyvolava senzibilizaci klize, kovalentné navaze na kozni protein. Jedna
se tedy o kvantifikaci reaktivity testované latky se syntetickym peptidem, ktery simuluje
kozni proteiny. Podle miry reaktivity peptidu s chemikalii se latka zaradi do jedné
z kategorii, které rozliSuji senzibilizujici latky od nesenzibilizujicich. Latka je povazovana
jako senzibilizujici, pokud je deplece peptidu oproti negativni kontroly vyssi o vice nez
13,89 %. Namétena deplece proteinu byla 1,3 % a 1,4 % u vzorkli implant-epoxy resp.
implant-p3ht. Deplece u negativni kontroly byla 0 %, u pozitivni kontroly (roztok
cinnamaldehydu) 88,4 %. Vyluhy obou zkouSenych materidlii ve fyziologickém roztoku

nemaji potencial zpisobovat senzibilizaci.
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Test sensibilizace in vitro metodou LuSens (Pfiloha 8), ktery nevyzaduje pouziti
lidskych dobrovolniki, je zalozen na imortalizované (schopné nekonecného déleni jako
napi. znama linie HeLa) adherentni linii lidskych keratocytu, které obsahuji reportérovy gen
pro luciferazu, pod kontrolou antioxidacniho elementu z potkand. Jako reportér aktivity
(kozni drazdivosti) je kvantitativné méfena indukce luciferazového genu. Extrakty ze vzorkt
na zaklad¢ testovani nevykazovaly senzibilizujici potenciél a nejsou koznim drazdidlem, ani

pii méteni pomoci in vitro metody LuSens.

Test senzibilizace in vivo na lokalnich lymfatickych uzlinach mysi (Ptiloha 9) byl
proveden na vzorku 28 laboratornich mysi. Zékladni princip metody spociva v tom, Ze
senzibilizatory navozuji primérni proliferaci lymfocytl v lymfatickych uzlindch v misté
aplikace zkouSen¢ho materialu. Na dorzalni plochu obou usi byl zvitatim aplikovan roztok
v podobé 100% extraktu a dale negativni a pozitivni kontrola. Zvitata ve vSech skupinach
byla v 8. den testu bez klinického obrazu. Po humannim utraceni bylo provedeno zvazeni
zvifat a odebrani tkané ze stfedni Casti uSniho boltce, ze které byly vyjmuty aurikularni
lymfatické uzliny. Ty byly zvazeny a poté rozmélnény a po pfidani reagencii provedeno
mefeni bioluminiscence, ze které je vypocitan stimulacni index, ktery odpovidd urovni
reakce lymfatickych uzlin na potencialni senzibilizujici latku. Ani jeden ze zkouSenych

materiali nevykazuje potencial senzibilizace pro kizi.

Na zéklad¢ provedenych zkousek a rozhodovaci matice v normé ISO10993 prosly oba
testované materialy hodnocenimi, kterda maji byt zvazovana u zatizeni pro kratkodobou (do
24 hodin) implantaci do tkan¢ ¢i kosti s vyjimkou krve (50). Pro delsi ¢asovy ramec (do
30 dni nebo nad 30 dni) by bylo nutné provést dalsi zkousky, napi. genotoxicity. Vzhledem
k aktudlni fazi projektu ale bylo rozhodnuto o tom, Ze provedeni téchto zkousek by bylo
Casové a finanén¢ neucelné. Fakt, Ze dané materidly nejsou cytotoxické a nevykazuji
senzibiliza¢ni G€inky je dostateCnym diikazem o tom, ze pfi implantaci do zvifat bude riziko

rejekce implantatu zpisobené materialem enkapsulace minimalni.
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4.14 Ovéieni funkcnosti zpétnovazebniho systému rFizeni neurostimulace

V software neurostimulatoru je implementovan zpétnovazebni fidici algoritmus, ktery
po jeho aktivaci z externi stanice autonomné upravuje neurostimulacni pribéhy na zakladé
hodnoty pH, ktera je v jicnu. Pii snizeni pH pod stanoveny limit (u refluxni choroby jicnu
stanoven zpravidla jako snizeni pH v oblasti nad hornim jicnovym svéraCem pod
hodnotu 4,0 (51)) je zahajena neurostimulace podle pfednastaveného programu. Upravami
software v neurostimuldtoru lze dosdhnout riznych chovani v zavislosti na pozadavcich, 1ze
implementovat scénaf, kdy bude neurostimulace po zjisténi snizeni pH pod stanoveny limit
trvat nepfetrzit¢ az do vraceni pH nad hrani¢ni hodnotu (tedy smérem do normalnich hodnot
pH), pfipadné¢ muze byt intenzita neurostimulace zesilena. Pro ovéfeni stability software
neurostimuldtoru byl pfi testovani vypnut watchdog (mechanismus, ktery pfi neo¢ekdvaném
zastaveni programu automaticky iniciuje restart) a do ivodni smycky byl piidan kod, ktery
zaznamenava pocet restartii programu (zapiSe informaci o restartu pii kazdém spusténi),
pokud by nastala situace, kdy pii neofekavané situaci dojde k samovolnému restartu

programu.

Pro otestovani funk¢nosti zpétnovazebniho fizeni systému byl navrzen in-vitro
experiment provedeny se dvéma pary implantabilnich zatizeni, pfi¢emz kazdy experiment
byl zopakovan ttikrat. In vitro experiment byl proveden z divodu redukce poctu zvirat, ktera
budou v tivodni testovaci fazi celého systému vyuzita. Na zacatku byla provedena kalibrace
pH senzoru pomoci pufri o hodnotach pH 4,0 a 10,0. Byla provedena tii méfeni v kazdém
pufru. Na zaklad€ téchto dat byla ur¢ena hranice pro pocatek refluxni epizody (pH = 4,0 a
niz$i) a zaroven s tim byla ovéfena spravnost funkce pH senzoru (reaguje na zmény pH).
Zpriaméerovana hodnota pro pH = 4,0 se pro dalsi experimentovani stala hrani¢ni hodnotou,
pfi které ma neurostimulator zareagovat spusténim neurostimulace. Pfi pfekroc¢eni hrani¢ni

hodnoty pH smérem k normalnim hodnotdm ma byt neurostimulace pozastavena.

Po kalibraci pH senzoru bylo pfistoupeno k samotnému experimentu — ten byl
proveden v ¢asovém rozmezi 15 minut po kalibraci, 6 hodin po kalibraci a 24 hodin po
kalibraci. Byl pfipraven roztok kyseliny chlorovodikové o molarni koncentraci 0,16 M, ktera
odpovidéa fyziologické koncentraci v lidském zaludku (52), c¢tyti kyselé 0,1 M citrato-
fosfore¢nanové pufry o pH 3,2; 3,6; 4,4 a 4,8 a neutrdlni 0,1 M citrato-fosforecnanovy pufr
o pH 7,0. Stejny typ pufru byl zvolen z divodu zamezeni nezadoucich reakci pii jejich

vzajemném promichdvani (pii vyjmuti a vlozeni implantatu z jednoho pufru do druhého pii
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provadéni experimentu). Roztoky byly pfipraveny v kddinkéach, objem kazdého z pufit a
roztoku kyseliny chlorovodikové byl 200 ml. Cilem pufri o pH 0,8 (kyselina
chlorovodikovd) a pH 7,0 bylo otestovat zékladni funkcnost, cilem ostatnich pufrti pak

otestovat drift (pozvolnou ztratu kalibrace ISFET senzoru) v Case.

Do kazdé¢ z kadinek byl vlozen pH senzor po dobu 5 minut pro ustaleni hodnoty. Bylo
zaznamenano, zda neurostimulator zménil stav neurostimulace (doslo k zahajeni nebo
pozastaveni), a doba od vlozeni do pufru, za kterou se tato zmeéna stala. Sekvence vlozeni

pH senzoru do roztokli pH o riiznych hodnotach byla nasledujici:
70—-08—>48 —>44—3,6—>32—>08—>32—>3,6>44—548—>7,0—>3,2—>48

Tato sekvence byla zopakovana celkem dvakrat pro oba senzory. Po skonceni
experimentu byl pH senzor pted provedenim dal§iho experimentu vlozen do neutrdlniho
pufru o pH = 7,0. Pfiklad naméfenych neurostimulacnich pulzii pti aktivaci zpétnovazebniho
systému pii poklesu pH pod stanovenou troven je na obr. 30. Méfeni neurostimulac¢nich
pulzt bylo provedeno osciloskopem za pouziti osciloskopické sondy s krokosvorkami, ktera
byla pfipojena k obéma pozlacenym elektroddm na horni strané¢ implantabilniho

neurostimulatoru.

10.002/

Statistické zhodnoceni
méfeni pH v ¢asovém rozmezi
24 hodin je vtabulce 2.
Namétena data jsou
vtabulce 3 na konci této
kapitoly. Byla prokazana
funk¢énost  zpétnovazebniho
systtmu — neurostimulator
vzdy spravné reagoval na

naméfené hodnoty. U pH

senzoru byla v souladu Obr. 30: Nameérené neurostimulacni pulzy

s informacemi vyrobce
zjiSténa mirna ztrata kalibrace senzord, a to jak ve zméné¢ citlivosti (méfené¢ v mV/pH), tak
v naméfeném driftu (posun naméfenych hodnot v ¢ase vlivem nestability pseudoreferencni

elektrody a ISFET senzoru). Naméteny drift odpovida zmén¢ v namétené hodnoté pH max.
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o hodnotu 0,4 az 0,5, coz je z hlediska diagnostiky GERD a vykyvli hodnot pH v jicnu
nesignifikantni. Tento drift nemél béhem 24hodinového sledovani vliv na korektni funkci
zpétné vazby, namétené hodnoty byly v rozsahu +0,4 pH ve 100 % a 93,3 % ptipadi (senzor

1 resp. senzor 2), v rozsahu +0,8 pH byly namétené hodnoty ve 100 % sledovanych ptipadii.

Tabulka 2: Zpracované vysledky z in vitro experimentu

Parametr Senzor 1 Senzor 2
Senzitivita - 15 min [mV/pH] 48.9 52.1
Senzitivita - 6 hod [mV/pH] 47.2 51.3
Senzitivita - 24 hod [mV/pH] 48.2 52.5
Drift - 15 min [mV] - -
Drift - 6 hod [mV] -1.5 -14.1
Drift - 24 hod [mV] -24.9 -20.1
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Tabulka 3: Vysledky in vitro experimentu

Experiment 1, stimulator + senzor 1 Experiment 1, stimulator + senzor 2
Hranicni hodnota pro pH = 4,0 [-] | 101 Hrani¢ni hodnota pro pH = 4,0 [-] | 106
pH pufru pH raw pH vystup | Stimulace pH pufru pH raw pH vystup | Stimulace
[-] [-] [mV] aktivni [-] [-] [mV] aktivni
€as = 15 min €as = 15 min
7.0 124 871 | ne 7.0 128 899 | ne
0.8 83 583 | ano 0.8 83 583 | ano
4.8 109 766 | ne 4.8 111 780 | ne
4.4 107 752 | ne 4.4 109 766 | ne
3.6 99 696 | ano 3.6 103 724 | ano
3.2 97 682 | ano 3.2 99 696 | ano
0.8 82 576 | ano 0.8 82 576 | ano
3.2 98 689 | ano 3.2 99 696 | ano
3.6 100 703 | ano 3.6 103 724 | ano
4.4 107 752 | ne 4.4 108 759 | ne
4.8 110 773 | ne 4.8 112 787 | ne
7.0 127 892 | ne 7.0 129 907 | ne
3.2 98 689 | ano 3.2 98 689 | ano
4.8 109 766 | ne 4.8 112 787 | ne
7.0 124 871 | ne 7.0 127 892 | ne
cas = 6 hod cas =6 hod
7.0 123 864 | ne 7.0 124 871 | ne
0.8 81 569 | ano 0.8 80 562 | ano
4.8 108 759 | ne 4.8 109 766 | ne
4.4 104 731 | ne 4.4 106 745 | ano - hranicni
3.6 100 703 | ano 3.6 100 703 | ano
3.2 97 682 | ano 3.2 97 682 | ano
0.8 81 569 | ano 0.8 80 562 | ano
3.2 98 689 | ano 3.2 97 682 | ano
3.6 100 703 | ano 3.6 100 703 | ano
4.4 105 738 | ne 4.4 106 745 | ano - hranicni
4.8 109 766 | ne 4.8 109 766 | ne
7.0 123 864 | ne 7.0 125 878 | ne
3.2 97 682 | ano 3.2 97 682 | ano
4.8 108 759 | ne 4.8 110 773 | ne
7.0 122 857 | ne 7.0 126 885 | ne
Cas = 24 hod Cas = 24 hod
7.0 120 843 | ne 7.0 125 878 | ne
0.8 78 548 | ano 0.8 79 555 | ano
4.8 104 731 | ne 4.8 109 766 | ne
4.4 102 717 | ne 4.4 106 745 | ano - hranic¢ni
3.6 98 689 | ano 3.6 99 696 | ano
3.2 94 661 | ano 3.2 97 682 | ano
0.8 78 548 | ano 0.8 80 562 | ano
3.2 95 668 | ano 3.2 97 682 | ano
3.6 97 682 | ano 3.6 100 703 | ano
4.4 102 717 | ne 4.4 104 731 | ano
4.8 105 738 | ne 4.8 109 766 | ne
7.0 121 850 | ne 7.0 126 885 | ne
3.2 94 661 | ano 3.2 97 682 | ano
4.8 106 745 | ne 4.8 109 766 | ne
7.0 121 850 | ne 7.0 126 885 | ne
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5 Diskuze

5.1 Srovndnis komeréné dostupnymi reSenimi

Jedinym komercné dostupnym feSenim pro neurostimulacni 1é¢bu refluxni choroby
jicnu byl systém EndoStim, ktery byl v klinické praxi vyuzivan do roku 2019, kdy bylo
ohlaseno ukonceni ¢innosti stejnojmenné spolecnosti, ktera dany systém uvedla na trh v EU
(53). Dané implantabilni zatizeni mélo konstrukci podobnou kardiostimulatorim, sestavalo
z podkozn¢ implantovatelného zatizeni s dratovymi elektrodami, které byly implantovany
do oblasti dolniho jicnového svérace. Neurostimulacni prabehy se poté konfigurovaly
prostiednictvim bezdratového ,,programatoru®, ktery je analogii externi stanice popisované
v této praci (7). V oblasti kapslového pH monitoringu je v klinické praxi k dispozici systém

Medtronic Bravo (54), jehoz funkce je ekvivalentni pH senzoru, ktery byl vyvinut.

Systém prezentovany v této praci je inovativni z hlediska velikosti, minimalné
invazivni implantovatelnosti v ramci jednoho endoskopického vykonu, biokompatibility a
dale z hlediska schopnosti obou zafizeni spolupracovat a poskytovat tim personalizovanou
lécbu GERD, ktera mtize v redlném Case reagovat na zmény zdravotniho stavu. Z tohoto

uhlu pohledu se jedna o jednu z prvnich, ne-li prvni realizaci podobného rozsahu.

5.2 Zhodnoceni vysledkii in-vitro experimentu

Provedeny in vitro experiment prokazal funkcnost zpétné vazby - fizeni
neurostimulace na zdkladé¢ dat zpH senzoru, pfiCemz obé zafizeni komunikovala
bezdratové. Implantabilni neurostimulator béhem 24hodinového testovani ve 100 % piipadi
spravné interpretoval data zpH senzoru a reagoval adekvétné (aktivaci / deaktivaci
neurostimulace). Senzor v prubé¢hu testovani vykazal dostateCnou stabilitu pro zjiSténi
pfitomnosti refluxatu v jicnu (maximalni odchylka byla kolem 0,4 az 0,5 pH od skute¢né

hodnoty).

5.3 Zhodnoceni vysledkii nezavislého posouzeni biokompatibility
Biokompatibilita vyslednych vyrobkti byla posouzena v souladu snormou
CSN EN ISO 10993. Konkrétné byla zhodnocena cytotoxicita, senzibilizace a intrakutdnni
reaktivita. VSechny tyto zkouSky dopadly negativné (tedy nebyla zjiSténa toxicita nebo
drazdivost vzorku). Z hlediska hodnoceni bezpecnosti AIMD se zhodnocuje, na jakou tkan
ma zdravotnicky prostfedek vliv a délka kontaktu. Na zéklad¢ toho je definovan rozsah

zkousek dle rozhodovaci matice v CSN EN ISO 10993-1 (50).

131



Poznamka — rozhodovaci matice neni otistena z ditvodu toho, Ze Ceské technické normy ani
Jjejich useky nelze na zakladeé § 5 odst. 8 zakona 22/1997 Sb. o technickych pozadavcich na

vyrobky rozmnozZovat a/nebo rozsirovat bez souhlasu Ceskeé agentury pro standardizaci.

Vyvinuté materialy a metoda enkapsulace jsou jiz nyni dle pozadavkii normy a
vysledki provedenych zkouSek vyhodnoceny jako vhodné pro vyrobu zatizeni pro
kratkodobou implantaci (do 24 hodin) do tkanég ¢i kosti. Pro del$i ¢asovy ramec (do 30 dni
nebo nad 30 dni) by bylo nutné provést dalsi zkousky, napt. genotoxicity. Pro aktualni fazi
senzibilizani UCinky. Riziko rejekce implantatu pii dlouhodobéjsich experimentech na
zvitatech je tak minimalizovano a jednd se o vyrazny posun doptfedu oproti enkapsulacni

metodé¢, ktera se pouzivala pii prvni implantaci do prasete (kapitola 4.4).

5.4 Limitace rFeSeni, spolehlivost

In vitro experiment prokdzal spolehlivost navrzeného hardware i stabilitu software
v implantabilnich zafizenich i v externi stanici. Typicka vydrz baterie neurostimulatoru bez
generovani neurostimulacnich pulzii je 5 dni v SLP reZzimu (odeslani telemetrickych dat
jednou za 15 sekund) a 30 dni v ULP rezimu (odeslani telemetrickych dat jednou za 10
minut). Vydrz baterie implantabilniho pH senzoru je 7 dni, coZ je doba, ktera v drtivé vétsiné
ptipadt prekroci typickou dobu retence pH senzoru ve sténé jicnu pii upevnéni pomoci
hemostatického klipu, ktera se udava v jednotkach dni (23). V pribéhu testovani finalniho

systému nedoslo k selhani hardware nebo software.

Hlavni limitaci systému je v soucasné dobé omezeny napétovy rozsah generovani
neurostimulacnich impulzt (u amplitudy volba dvou moznosti — vyuziti napéti baterie a
moznost generovani napéti 12 V pomoci spinaného zdroje) a absence rezimu s
regulaci amplitudy proudu, coZ je limitovano pouze ru¢nim osazenim komponent. Pouzitim
miniaturngj$i technologie zejména pro pasivni soucdstky a strojovym osazenim lze
dosahnout implementace variabilniho proudového zdroje, ktery bude rozsahem
generovanych neurostimulacnich impulzli zcela ekvivalentni feSeni EndoStim. Prace se
primarné soustfedila na vytvofeni robustni platformy pro vyvoj feSeni pro 1é€bu refluxni
choroby jicnu, coz se podaiilo, a vramci dalsi prace lze modul proudového zdroje

doimplementovat.

132



5.5 Budouci prace

Na vysledky této prace bude navazano provedenim dalSich animalnich experimentd,
které budou zaméteny na nalezeni optimalni frekvence neurostimulacnich pulzii a dalSich
parametrii pro maximalizaci lé¢ebného uc¢inku pii 1é€bé GERD, a to s objektivnim méfenim
kontrakce dolniho jicnového svérace high-resolution manometrickou sondou. Z hlediska
navrhu hardware bude provedena dal§i miniaturizace, kterd bude spocivat ve strojovém
osazeni komponent a stim spojené¢ho pouziti menSich komponent. Déale bude misto
pouzit¢ho Bluetooth modulu, ktery v sobé integruje mikrokontroler, zdroje hodinové
frekvence (ve formé krystalll) a anténu, umistén ¢ip s mikrokontrolerem piimo na hlavni
spoj s vlastnim navrhem antény, coz umozni jeji impedancni ptizplisobeni pro prostredi

uvnitf téla a tim zlepSeni dosahu bezdratové komunikace.
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6 Zavér

Cilem prace bylo zkonstruovat systém pro léCbu refluxni choroby jicnu pomoci
neurostimulace dolniho jicnového svérace. Tento cil se podafilo splnit konstrukci systému
prototypti implantabilnich zdravotnickych prostfedkii, kter¢ spolu komunikuji
prostiednictvim na miru vyvinutého bezdratového komunika¢niho rozhrani. Tento systém je
bezdratove konfigurovatelny prosttednictvim externiho zafizeni, kdy Ize nastavovat chovani

zpétné vazby a napét'ovy prubeh stimulacnich impulzi.

Funk¢nost systému (obr. 31) véetné zpétnovazebniho fizeni byla Gspésné otestovana
in vitro a bylo provedeno také nékolik experimentalnich implantaci tvarové obdobnych
funk¢nich prototypt do ex vivo modelu (jicen a zaludek prasete) i zivych zvifat. Pouzita
metoda submukozniho pocketingu spole¢né s konstrukei prototypli implantabilnich zafizeni

se ukazala byt jako spolehliva a bezpecna.

Biokompatibilita materiali pouzivanych pii konstrukci daného feSeni byla nezavisle
ovétena Statnim zdravotnim Ustavem a pfi testu cytotoxicity a kozni drazdivosti nebyla ani
v jednom piipad¢ (celkem byly provedeny tfi testy — in vivo na dobrovolnicich, in vivo na
bunikdch a in vitro pomoci metody LuSens). Soubézné stim byla vyvinuta metoda
enkapsulace libovolnych prototypt implantabilnich zatizeni, kterou lze jednoduse pouzit 1

pro feseni dalSich vyzkumnych a vyvojovych projekti.

Na vysledky prace miize byt vbudoucnu navdzédno provedenim animalnich
experimentd, které se budou zamétovat na nalezeni optimalnich pribéhii neurostimulacnich
impulzli a vhodné nastaveni zpétnovazebniho fizeni pro maximalizaci 1é¢ebného Gcinku pfi

minimalizaci pfipadnych nezadoucich G¢inktl a spotieby energie neurostimulatoru.

Obr. 31: Pohled na vyvinuty systém — neurostimulator vlevo, pH senzor vpravo
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