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IVADAS

Skaitmeniniy technologijy pritaikymas odontologijoje per pastaruo-
sius du deSimtmecius pakeité tiek klinikine praktika, tiek moksliniy tyrimy
kryptis. Nuo kiiginio pluosto kompiuterinés tomografijos (KPKT) panau-
dojimo 1990-yjy pabaigoje iki pirmosios robotizuotos danty implantacijos
2017-aisiais metais — skaitmeniniai jrankiai tapo neatsiejama danty atkiirimo
procesy dalimi [1]. Danty implantologijoje skaitmenizacija ir audiniy atkiri-
mo galimybés 1éme peréjima nuo tradicinio poziiirio, kai implanto padétis pa-
renkama pagal alveolinés keteros morfologija ir Zandikaulio anatomija, prie
i protezavimg orientuoto planavimo. Si danty implantacijos planavimo para-
digma grindziama ne tik anatominiais aspektais, bet ir biisimo protezo kons-
trukcija, atsizvelgiant j estetinius, funkcinius ir biologinius parametrus [2].
Pradéjus taikyti endoosaling danty implantacijg, pagrindinis gydymo tikslas
buvo pasiekti s€kmingy rezultaty tiek funkciniu, tiek estetiniu pozitiriu, uz-
tikrinant ilgalaik] konstrukcijy stabilumg, gera gydymo prognoze¢ ir maza
ankstyvyjy bei velyvyjy komplikacijy rizika [3]. | danty implantologijos srit}
integravus skaitmenines technologijas ir jsigaléjus ] protezavimg orientuotam
gydymo planavimo principui, pasikeité poziiiris | gydymo planavima bei sé-
kmingo rezultato apibrézima [2]. Danty implantacijos tiksly spektras iSsipléte
uz tradiciniy biologinés integracijos ir protezavimo funkcionalumo riby. Si
evoliucija atspindi ne tik technologing pazanga, bet ir platesnj Siuolaikinj po-
zitr] — daugiau démesio skiriama iSsamiam planavimui, individualizuotiems
sprendimams, tarpdisciplininiam specialisty bendradarbiavimui ir paciento
patirCiai [4]. Be to, naudojant skaitmenizuotus sprendimus, daznai siekiama
optimizuoti chirurginiy intervencijy apimtj ir skaiciy, taikyti minimalaus in-
vazyvumo principg — ,tiek, kiek biitina, bet kuo jmanoma maziau‘ [5]

Atsizvelgiant ] iSpléstus tikslus, implanto padéties parinkimas (poziciona-
vimas) jgavo didesne reikSme nei anks¢iau. Nuo jos priklauso ne tik biome-
chaninis danties implanto—protezo konstrukcijos stabilumas ir galutinis funk-
cinis ir estetinis rezultatas, bet ir viso gydymo plano jgyvendinimo galimybé
bei komplikacijy rizikos kontrolé [6]. Remiantis ilgameciais moksliniais ty-
rimais, nustatyta, kad tinkami nuotoliai tarp implanty, tarp implanto ir natt-
ralaus danties, taip pat implanto gylis ir pasvirimo kampas lemia optimalia
okliuzija, restauracijos formg, tinkamg kramtomojo kriivio pasiskirstyma ir
periimplantiniy audiniy stabilumg [7, 8]. Negana to, implanto loZés ruo$imo
ar implanto sriegimo metu chirurginiais instrumentais galima pazeisti ana-
tomines struktiiras, sukelti jatrogenines komplikacijas, pvz., lateralinés kau-
linés sienelés pazeidimai, virSutinio zandikaulio ancio ar nosies ertmés per-
foracijos, nervy ar kraujagysliy trauma [9, 10]. Tod¢l suplanuotos implanto



padéties tikslus perkélimas j kliniking erdve ir chirurginiy instrumenty trajek-
torijos kontrolé tapo esminiais veiksniais, lemianciais s€ékmingg ir ilgalaikj
danty implantacijos rezultatg.

Statiné skaitmenizuota danty implantacija (sSDI) — tai skaitmeninémis
technologijomis pagrjstas implantacijos metodas, kai, remiantis paciento
trimatés diagnostikos duomenimis, pvz., kiiginio pluosto kompiuterinés to-
mografijos vaizdais ir optiniu pavirSiaus skenavimu, virtualiai suplanuojama
implanto padétis. Suplanuota implanto padétis j kliniking aplinka perkelia-
ma naudojant individualius chirurginius gidus, pagamintus taikant trimates
spausdinimo technologijas. Chirurginis gidas uztikrina instrumenty stating
navigacijg ir padéties, krypties bei gylio kontrol¢ pagal i§ anksto nustatytus
parametrus.

Nors sSDI tikslesné, palyginti su tradicine implantacija laisva ranka,
mokslingje literatiroje apraSomi implanto padéties erdviniai nuokrypiai, le-
miantys komplikacijas [11-13]. Sisteminése mokslinés literatiiros apzvalgose
nustatyta, kad taikant sSSDI metoda, jvairaus sudétingumo techniniy ir kliniki-
niy komplikacijy daznumas gali siekti iki 42 proc., o su chirurginiu gidu tie-
siogiai susijusiy komplikacijy — 713 proc. atvejy [14—18]. Statin¢ skaitme-
nizuota danty implantacija yra daugiaetapis procesas, apimantis skaitmeninj
gydymo planavimg, chirurginio gido projektavima, jo gamybg bei klinikinj
pritaikyma. Kiekviename i$ $iy etapy gali atsirasti paklaidy, kurios bendrai
lemia implanty padéties nuokrypius nuo suplanuoty padéciy [18]. Mokslingje
literatiiroje nustatyta daugiau nei dvideSimt jtakos sSDI tikslumui turin¢iy
veiksniy. Sie veiksniai susije su skaitmeniniy duomeny gavimo ir apdorojimo
paklaidomis, chirurginio gido konstrukcijos komponenty jtaka, gido gamybos
netikslumais ir klinikinémis aplinkybémis [19, 20]. Todel, siekiant nustatyti
ir valdyti galimus paklaidy Saltinius, bitini standartizuoti eksperimentiniai
tyrimai.

Mokslinéje literatiiroje vis dazniau pabréziama, kad tam tikri techniniai
plantacijos tikslumui [21-23]. Taciau dél jrodymais pagristy protokoly stokos
klinikinéje praktikoje chirurginio gido modeliavimas ir gidinés implantacijos
sistemos parinkimas daznai grindziamas empirinémis prielaidomis. Tam tik-
rais atvejais gido projektavimg atlieka danty technikas be aktyvaus gydytojo
jsitraukimo.

Siuo metu naudojamos sSDI sistemos skiriasi chirurginio gido konstruk-
cijos komponentais, naudojamais instrumentais bei instrumenty navigavimo
principais. Naudojamos sSDI sistemos, atsizvelgiant j implantacijos instru-
menty navigavimo mechanizma, gali biiti skirstomos | sistemas su kreipik-
liais ir be kreipikliy. Implantacijos sistemose naudojami grezimo kreipikliai —
tai cilindro formos instrumentai, kuriy vidinis skersmuo atitinka grazto skers-
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menj, o iSorinis — gide esancia jvore. Be kreipikliy naudojamose sistemose
grazty vainikinis skersmuo tiesiogiai atitinka gido jvorés skersmenj, todél
papildomo kreipiklio nereikia. Sistemos be kreipikliy kuriamos siekiant su-
mazinti sSSDI naudojamy instrumenty ir tarp jy susidaranciy tolerancijos tarpy
skaiciy. Taciau dél pastaryjy sistemy santykinio naujumo truksta tyrimy, ver-
tinan¢iy jy tikslumg ir lyginanciy su alternatyviomis sistemomis.

Triksta tyrimy ir vertinant chirurginio gido atramos jtaka dalinés bedan-
tystés (adentijos) sSDI tikslumui. Optimalus implantacijos gido atramos par-
inkimas turéty buti pagristas siekiamo tikslumo, gydymo sgnaudy ir esamos
anatomingés situacijos jvertinimu [24, 25]. Tyrimai $ia tema yra nesusistemin-
ti ir metodologiskai nevienaly¢iai, o rezultatai — prieStaringi. Nusistovéjusi
praktika buvo paremta manymu, jog didesnis atraminiy danty skai¢ius prisi-
deda prie geresnio gido stabilumo. Taciau didesnis atraminiy danty skai¢ius
nebitinai uztikrina didesnj tikslumg. Be to dalinés adentijos atvejais gido
atramos pobidis gali biiti skirtingas. Atraminiy danty tipas, skaicius ir pa-
siskirstymas gali skirtis, atsizvelgiant j danty eilés defekta. Sie veiksniai gali
jtakoti chirurginio gido pasyvy nusédima, stabilumg bei galiausiai - implan-
tacijos tiksluma [26, 27]. Taigi sSDI atveju implantavimo vieta danty eiléje
tiesiogiai susijusi ne tik su anatominémis sglygomis, bet ir su gido atramos
pobiidziu.

Dél riboto tyrimy kiekio ir metodologinio nevienalytiskumo islieka porei-
kis sistemiskai jvertinti atraminiy danty skaiciaus ir implantacijos sistemos
jitaka sSDI tikslumui skirtingose implantacijos vietose, siekiant jrodymais
pagristy rekomendacijy ir protokoly, skirty chirurginiy implantacijos gidy
projektavimui.
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1. DARBO TIKSLAS IR UZDAVINIAI

Darbo tikslas — jvertinti atraminiy danty skaiciaus, instrumenty navigavi-
mo mechanizmo ir implantavimo srities jtakg daliniy virSutinio Zandikaulio
danty eiliy defekty statinés skaitmenizuotos danty implantacijos tikslumui.

Darbo uZdaviniai:

1. Nustatyti statinés skaitmenizuotos danty implantacijos tiksluma pavie-
niy danty, riboto priekinio ir neriboto galinio defekty vietose virSutinia-
me danty lanke.

2. Palyginti statinés skaitmenizuotos danty implantacijos sistemy su gre-
zimo kreipikliais ir be greZimo kreipikliy tikslumg daliniuose virSutinio
zandikaulio danty eiliy defektuose.

3. Ivertinti atraminiy danty skaiciaus ir jy iSsidéstymo danty eiliy defekto
atzvilgiu jtaka sSDI tikslumui.

4. Jvertinti implantavimo vietos jtakg virSutinio zandikaulio dalinés aden-
tijos sSDI tikslumui.
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2. MOKSLINIO DARBO NAUJUMAS IR PRAKTINE
REIKSME

Sio tyrimo i$skirtinumas ir naujumas — i§samus ir kompleksiskas ekspe-
rimentinis modelis: pirmg kartg standartizuotomis eksperimentinémis saly-
gomis jvertintas dviejy dazniausiai klinikingje praktikoje naudojamy gidinés
implantacijos sistemy (su greZimo kreipikliu ir be grezimo kreipiklio) tiks-
lumas SeSiose virSutinio zandikaulio dalinés adentijos implantacijos vietose
(pavieniai priekinio, prieskriiminio ir kriiminio danties defektai, ribotas prie-
kinis defektas ir prieskriiminio ir kriiminio danty sritys galiniame neribotame
defekte). Taip pat jvertinta chirurginio gido atramos jtaka, lyginant tris skir-
tingus atramos variantus: dviejy, keturiy danty ir viso lanko atramg. Papildo-
mai atlikta pogrupiy analizé, kurioje jvertintas sSDI tikslumas, atsizvelgiant j
pavienio danties defekto vieta (priekiniy ir Soniniy pavieniy danty defektai),
nuotolj nuo atramos (prieskriminiy ir kriminiy sritys galiniame neribotame
defekte) bei atraminiy danty pasiskirstyma defekto atzvilgiu (vienpusis ir abi-
pusis).

Gauti rezultatai prisidés prie gairiy ir rekomendacijy formulavimo, susiju-
siy su optimalios atramos ir gidinés implantacijos sistemos pasirinkimu — tiek
bendrai, tiek specifinése implantavimo vietose. Remiantis tyrimo duomeni-
mis, suformuluoti sitilymai dél optimalios gido atramos ir sSDI sistemos tai-
kymo, atliekant sSDI skirtingose implantavimo srityse. Be to, tyrimo metu
taikytas implanty padéties trimatéje erdvéje vertinimo metodas, paremtas
optinio pavirSiaus skenavimo duomenimis bei 3D metrologijos programine
jranga, gali biiti vertinamas kaip tradiciniy automatizuoty matavimo siste-
my alternatyva. Tyrimo rezultatai prisideda prie jrodymais pagristo statinés
skaitmenizuotos implantacijos protokoly tobulinimo ir sudaro pagrinda tgs-
ti klinikinius tyrimus, siekiant didinti iSorinj patikimuma. Sukurtas eksperi-
mentinis tyrimo modelis ir protokolas gali biiti naudojamas ateities in vitro
tyrimams vertinti kitus jtakos sSDI tikslumui turin¢ius veiksnius.
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3. LITERATUROS APZVALGA

3.1. Dalinés adentijos paplitimas

Pasaulio sveikatos organizacijos (PSO) duomenimis, pilnos adentijos pa-
plitimas siekia 7 proc. pasaulyje, o Europos regione jis didZiausias — 12 proc.
[28]. Pilnos adentijos mastai 60 m. ir vyresniy amziaus grupés populiaci-
joje svyruoja nuo 11 proc. iki 80 proc. [29]. Lietuvoje Sis rodiklis siekia
10,1 proc., vertinant 20 m. ir vyresn¢ populiacijos dalj [30]. Dalinés adentijos
— bedantystés risies, kai truksta 1-o0 ar daugiau nuolatiniy danty, epidemio-
loginiai tyrimai néra iSsamis. Vokietijoje, 2014 m. duomenimis, 3544 m.
amziaus populiacijoje daliné adentija sieké 56,8 proc., o 65—74 m. amZiaus
populiacijoje — 96,3 proc. [31]. Vertinant 15-os Saliy duomenis, likusiy danty
vidurkis 65-74 m. amziaus populiacijose svyravo nuo 14,3 danties Estijo-
je iki 24,5 danties Svedijoje [32]. Sisteminéje apzvalgoje, vertinusioje epi-
demiologinius 7-y Europos valstybiy tyrimus, nustatyta, kad asmeny, kurie
prarado bent 1-3 nuolatinj dantj per metus, daznumas svyravo nuo 1 proc. iki
14 proc., o netekty danty vidurkis svyravo nuo 3 iki 24 danty 100-ui asmeny
per metus [29]. Kitame tyrime, kuriame tirta 55 m. ir vyresnio amZiaus popu-
liacija Sveicarijoje, nustatyta, kad ¥% asmeny buvo neteke bent vieno ne pro-
tinio nuolatinio danties [33]. PanaSus asmeny, praradusiy bent 1-g nuolatinj
dantj, kiekis (76,8 proc.) nustatytas ir kitame tyrime, kuriame vertintos 50 m.
ir vyresnio amziaus asmeny populiacijos 14-oje Europos Saliy ir Izraely-
je [34]. Aktualiy duomeny apie dalinés adentijos epidemiologija Lietuvoje
truksta. Lietuvos mastu, remiantis 2014 m. duomenimis, visus nuolatinius
dantis tur¢jo 20,8 proc. 20—64 m. amziaus asmeny [35]. Kauno mieste vykdy-
tame tyrime 2006—2008 m. laikotarpiu, nustatyta, kad prarasty danty vidurkis
45 m. ir vyresnio amziaus tiriamojoje populiacijoje buvo 13,49 + 0,3 danties
[36]. Vilniaus mieste 2017-2019 m. laikotarpiu vykdytame tyrime, kuriame
jtraukti 453 35-1y m. ir vyresni asmenys, nustatyta, kad trikstamy ne protiniy
nuolatiniy danty vidurkis sieké — 6,9 [37].

3.2. Komplikacijos, kylancios dél netaisyklingos danty implanto
padéties

Per paskutiniuosius deSimtmecius eksponentiskai iSauges danty implanty
naudojimas lémé ir didesnj jrodymais pagristy duomeny kiekj apie galimas
komplikacijas, susijusias su netinkamu implanty pozicionavimu [38]. Taisy-
klinga danty implanto padétis strélingje, skersineje ir vertikalioje kryptyse yra
svarbus veiksnys danty implanto ilgaamziSkumui ir gydymo sékmei. Kom-
plikacijas, kylanc¢ias dél netinkamo danty implanto pozicionavimo, galima
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suskirstyti i: (a) intraoperacines, (b) biomechanines-ortopedines ir (c) biolo-
gines-estetines.

Vertinant ir planuojant biisimo danties implanto padét] svarbu atsizvelgti
1 konkrecios srities anatomijg. Danty implantais arba graztais, kuriais ruo-
Siama implanto loz¢, galima paZeisti svarbias anatomines struktiras [9, 39,
40]. Remiantis jvairiy autoriy duomenimis, siekiant sumazinti jatrogeniniy
komplikacijy rizika, danties implanto jsriegimo ir lozés paruoSimo metu turi
biti laikomasi saugaus atstumo iki kritiniy anatominiy strukttry. PripaZintu
standartu laikomas 2 mm atstumas nuo implanto ar instrumento virStnés iki
atitinkamos anatominés struktiiros [10, 41, 42]. Si rekomendacija grindziama
tiek panoraminiy zandikauliy radiogramy, tiek kiiginio pluosto kompiuterinés
tomografijos (KPKT) paklaidy analize, taip pat tuo, kad didelé¢ dalis implanty
sistemy gamintojy nurodo grazty matmenis nejtraukdami jy virSiiniy, dél ko
faktinis grazto ilgis gali vir§yti nurodyta iki 1,5 mm [39-43].

Apatinio zandikaulio kanalo pazeidimai danty implantais ar osteotomijos
graztais yra dazniausi jatrogeninés kilmés apatinio alveolinio nervo pazai-
dos etiologiniai veiksniai [44]. Tokiais atvejais neurosensorinés komplika-
cijos gali buti sglygotos tiesioginés mechaninés nervinio audinio traumos,
nervo kompresijos ir pirminés iSemijos arba netiesiogiai — dél hematomos ar
biologiniy atplaiSy sukelto nervo kompresijos ir antrinés iSemijos. Pazeidi-
mo sunkumas gali varijuoti nuo lengviausios formos — neuropraksijos — iki
sunkesniy, tokiy kaip aksonotmez¢ ar neurotmeze, kurioms buidingos blogos
regeneracijos prognozeés [10]. Netikslus apatinio zandikaulio anatomijos
jvertinimas gali lemti liezuvinés Zandikaulio sienelés perforacija implantaci-
jos metu. Tai ypac svarbu apatinio Zandikaulio Soniniy danty srityje, kur gali
biiti pazeidZiamos pazandinéje duobg¢je esancios paliezuvine ir pasmakrine
arterijos. Nekontroliuojamas kraujavimas i8 §iy kraujagysliy gali sukelti he-
moragines komplikacijas, tame tarpe ir burnos dugno hematoma ar kvépavi-
mo taky obstrukcijg [9]. VirSutinio zandikaulio implantacijy metu galimos
perforacijos ] virSutinio zandikaulio antj, apating nosies landg ar kandinj ka-
nalg [9, 45]. Transmaksiliarin¢ ar transnazaliné implanto padétis gali lemti
uzdegimines komplikacijas, tokias kaip Zandinis sinusitas ar pansinusitas, taip
pat salygoti implanto neprigijima ar migracijg j minétas anatomines struktii-
ras [46-51]. Netiksliai jvertintus gretimy danty padétj galimi danty Sakny
ar apydancio pazeidimai. Dazniausiai danty implantacijos metu jatrogeniskai
pazeidziamos virSutiniy il¢iy ir apatiniy antryjy prieSkriiminiy danty Saknys
[52]. Tokios danties ir apydancio audiniy pazaidos gali lemti Saknies rezorb-
cija, danties praradimg ar implanto neprigijima [52, 53].

Taisyklinga danty implanto padétis lupos—gomurio, meziodistalingje ir
vertikalioje kryptyse bei tinkamas jo pasvirimo kampas yra esminiai veiks-
niai, uztikrinantys biomechaniskai ir estetiskai tinkamg protezinés restaura-
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cijos konstrukcija, periimplantiniy audiniy stabiluma bei tolygy kramtomojo
kriivio pasiskirstyma [54, 55]. Netinkama implanto padétis gali lemti vélyva-
sias biomechanines—ortopedines ir biologines—estetines komplikacijas.

Biomechaninés-ortopedinés komplikacijos dazniausiai susijusios su dan-
ties implanto ar protezinés restauracijos elementy liiziais. Remiantis jvairiy
autoriy duomenimis, danty implanto lizis pasitaiko pasitaiko 0,2 proc.—
1,5 proc. atvejy, dazniau — dalinés adentijos atvejais, palyginti su atvejais,
kai danty implantais atstatomas pilnas danty lankas [56]. Tokio tipo kom-
plikacijos, nors ir santykinai retos, daznai reikalauja reikSmingos intervenci-
jos — luzusio implanto pasalinimo ir pakartotinio protezavimo. Danty protezo
daliy ir fiksavimo varzty atsipalaidavimas ar liiziai pasitaiko dazniau — nuo
2 proc. iki 14 proc. atvejy [57]. Siy komplikacijy pagrindinés prieZastys yra
mechaniné perkrova dél nesubalansuoto kramtymo kriivio pasiskirstymo ir
ilgalaikés ciklinés—dinaminés apkrovos sukeltas medziagy nuovargis ir dili-
mas [57, 58]. Biomechaninio kramtymo krtivio pasiskirstyma tiesiogiai jtako-
ja implanto erdviné padétis, implanto—vainiko santykis, implanto geometrinis
dizainas ir krastinio kaulo aplink danties implantg biiklé [55-57].

Implanto pozicionavimas vertikalioje aSyje nulemia vainiko—implanto
santykj ir protezavimo erdvés dydj. Per gili implanto padétis salygoja didesn;
vainiko-implanto santykj bei didesnj biomechaninj kriivj, tenkant; implan-
to ir atramos kompleksui [56]. Moksliniy duomeny apie vainiko—implanto
santykio ir biologiniy komplikacijy priezastinguma triiksta. Dalies tyrimy
duomenimis, esant vainiko—implanto santykiui didesniam nei 2,5, didéja im-
planto luZio rizika, o virsijus 3,1 — padidéja krastinio kaulo rezorbcijos aplink
implantg tikimybé [59-61]. Kita vertus, sisteminiy mokslings literatiiros ap-
zvalgy duomenimis, esant vainiko—implanto santykiui nuo 0,86 iki 2,14, o
Soniniy danty srityje — iki 3, tiek mechaniniy, tiek biologiniy komplikacijy
pasitaikymo daZznis iSlieka zemas [62—65]. Implanto padétis vertikalioje aSyje
taip pat turi reikSmingos jtakos periimplantiniy audiniy stabilumui, ypac este-
tin¢je zonoje. Rekomenduojamas atstumas nuo vainikinio implanto krasto iki
gretimo danties dantenos krasto yra 3—4 mm, o iki cemento-emalio jungties
(CEJ) — 2-3 mm [8, 66, 67]. Implanto vertikali padétis, esanti daugiau nei
3 mm zemiau CEJ, siejama su reik§mingai didesne periimplantinio kaulo re-
zorbcija, o esant 6 mm ar didesniam atstumui Zemiau gretimo danties CEJ,
periimplantito iSsivystymo rizika padidéja 8,5 karto [68, 69]. Per sekli im-
planto padétis didina periimplantito rizika dé¢l ribotos erdvés tinkamam pro-
tezo i$nirimo profilio suformavimui ir nepakankamo vir§ implanto esanciy
minkstyjy audiniy aukscio [70, 71].

Danties implanto padétis prieangio—gomurio kryptimi ir pasvirimo kam-
pas lemia biisimg protezinés restauracijos konstrukcijg, protezavimo atramos
padét] bei periimplantiniy audiniy kiekj [8]. Remiantis rekomendacijomis,
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danties implanto padétis estetinéje zonoje turéty buti 1,5-2 mm palatinaliau
linijos iSvestos tarp greta esanciu esamy danty ar suplanuoty restauracijy kan-
damyjy kraSty [8]. Taip pat 1,5-2 mm bukalinés kaulo sienelés storis ties
implanto kakleliu laikomas kritiniu [72]. Moksliniy publikacijy duomenimis,
daugiau nei 40 proc. periimplantito atvejy danties implantas buvo pozicio-
nuotas pernelyg bukaliai [73]. Tokiu atveju, esant plonai bukalinio kaulo sie-
nelei, did¢ja avaskulinés nekrozés rizika, kas lemia audiniy recesijg, implanto
dehiscencijg ir periimplantito i$sivystyma [74]. Implanto pasvirimo kampas
lupos/zando—gomurio kryptimi taip pat turi jtakos implanto ilgaamziskumui.
Pasvirimas bukaline kryptimi reik§mingai susij¢s su padidéjusia bukalinés
gleivings recesijos, krastinio kaulo rezorbcijos ir implanto dehiscencijos ri-
zika [69, 74]. ISnirimo kampas, apibréziamas kaip kampas tarp restauracijos
kontiiro ir implanto centrinés aSies, virSijantis 30°, laikomas reik§Smingu pe-
riimplantito ir kraStinio kaulo rezorbcijos rizikos veiksniu [75—77]. Atstumai
meziodistaline kryptimi tarp implanto ir gretimo danties (I-D), taip pat tarp
dviejy greta esanciy implanty (I-I), turi reikSmingos jtakos biologiniy ir or-
topediniy komplikacijy rizikai. Esant [-D atstumui mazesniam nei 1 mm, -1
atstumui — mazesniam nei 3 mm arba pasvirimo kampui tarp implanto ir greti-
mo danties asiy virSijus 22°, reikSmingai padidéja kraStinio kaulo rezorbcijos,
danteny recesijos ir periimplanto rizika. Tokiais atvejais protezo konstrukcija
neoptimali biologiniu ir biomechaniniu pozitriu [6, 77-80].

Taigi implanto padétis yra ne tik techninis aspektas, bet ir kritinis gydymo
s¢kmés bei komplikacijy rizikos kontrolés veiksnys. Retrospektyvinis Gaeta-
Araujo ir bendraautoriy tyrimas atskleidzia netaisyklingy implanty padéciy
daznj bei su tuo susijusiy komplikacijy masta. Ivertinus 1109 danty implanty
padétis kiiginio pluosto kompiuterinése tomogramose, penktadalis implanty
buvo jsriegti per arti gretimo danties ar implanto, o tre¢dalis perforavo greti-
mas anatomines struktiiras [81]. Dazniausiai (40,1 proc.) nustatytos virSuti-
nio zandikaulio ancio perforacijos, po kuriy seké — bukalinés alveolinés sie-
nelés (33,3 proc.), nosies ertmés (13,3 proc.) ir liezuvinés alveolinés sienelés
(6,8 proc.) perforacijos [81]. Kity autoriy duomenimis, netaisyklinga danties
implanto padétis buvo eksplantacijos priezastis 7—-14 proc. atvejy ir 48 kartus
padidino periimplantito rizikg [82—84].

3.3. Skaitmenizuota danty implantacija

Skaitmenizuota danty implantacija yra skaitmeninio danty atkiirimo darbo
eigos dalis. Kompiuterizuoto projektavimo ir gamybos (angl. computer-ai-
ded design ir computer-aided manufacturing, CAD/CAM) technologijos
odontologijos praktikoje pradétos taikyti XX a. deSimtajame deSimtmetyje
[84]. Pradiniame etape Sios technologijos taikytos gaminant danty protezy
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ant implanty atramas ir karkasus. Tobuléjant technologijoms ir did¢jant jy
prieinamumui, §ios sistemos imtos taikyti vis platesniam danty implantacijos
proceso spektrui — nuo diagnostikos ir planavimo iki klinikiniy implantacijos
ir protezavimo etapy. Skaitmenizuotos implantacijos metu naudojama tech-
niné ir programiné jranga, leidzianti analizuoti danty eilés defekta, suplanuoti
implanto padét] ir naviguoti implantacijos procediirg [86]. Implanto padéties
planavimas jgavo didesng¢ reikSme, daugéjant jrodymais gristy duomeny apie
galimas intraoperacines komplikacijas bei padéties jtakg gydymo prognozei
vidutiniu ir ilguoju laikotarpiu [2]. Papildoma postiimj Sios srities plétrai su-
teikeé | protezavimg orientuota implanto padéties planavimo paradigma (angl.
prosthetically driven implant positioning), kurioje implanto padétis planuoja-
ma pagal biisimg protezing konstrukcija, o ne tik pagal anatomines salygas [2,
24]. Skaitmenizuotos danty implantacijos etapy iSpildymas yra paremtas pa-
ciento trimaciy rentgenologiniy ir optinio pavir$iaus skenavimo vaizdais, kas
sudaro prielaidas procediiros tikslumui ir Zmogiskyjy klaidy prevencijai. Kai
kuriais atvejais implanto padéties parinkimas gali padéti iSvengti papildomy
kaulo augmentacijos procediiry [86]. Tod¢l taikant skaitmenizuotos danty im-
plantacijos metodus, tikimasi pasiekti nuspé€jamus ilgalaikius gydymo rezul-
tatus, sumazinti intervencijos invazyvumg, komplikacijy rizikg ir pagerinti
paciento patirtj [3].

3.3.1. Skaitmenizuotos danty implantacijos rasys

Skaitmenizuota (arba kompiuterizuota) chirurginé intervencija — tai chi-
rurginio planavimo ir iSpildymo metodai, kuriuose naudojamos pazZangios
skaitmeninés technologijos, padedancios gydytojui tiksliau orientuotis erdve-
je, valdyti instrumentus ir geriau kontroliuoti procediiros eiga [87, 88]. Danty
implantacijos srityje Sios technologijos leidzia kontroliuoti suplanuotos im-
planto padéties perkélimg 1S virtualios planavimo aplinkos j kliniking erdve.
Tam tikslui pasiekti naudojami chirurginiai gidai, dinaminé navigacija arba
robotin¢ mechatronika [89]. Atsizvelgiant | naudojamas technologijas ir gy-
dytojo sgveikos su navigacine sistema pobiidj, iSskiriamos trys pagrindinés
skaitmenizuotos implantacijos rusys:

1. Statiné skaitmenizuota danty implantacija (sSDI; angl. static compu-

ter-assisted implant surgery)

2. Dinaminé skaitmenizuota danty implantacija (dSDI; angl. dynamic

computer-assisted impant surgery)

3. Robotin¢ skaitmenizuota danty implantacija (rSDI; angl. robotic com-

puter-assisted implant surgery)

Statinés skaitmenizuotos danty implantacijos darbo eiga susideda i$ ketu-
riy pagrindiniy etapy: diagnostikos, planavimo, gamybos ir klinikinio etapo
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(aprayti 3.3.1.1 lenteléje). Siuolaikinés programinés jrangos platformos inte-
gruoja kelias funkcijas vienoje aplinkoje: medicininiy tiiriniy (pvz., DICOM)
ir pavirSiaus (pvz., STL, PLY, OBJ, 3MF, STEP) duomeny apdorojima, gydy-
mo planavimag, trimac¢io modeliavimo priemones bei kompiuterizuotos gamy-
bos jrankius. Diagnostikos etapo metu paciento zandikauliy KPKT bei veido,
burnos minkstyjy audiniy ir danty optinio skenavimo duomenys yra jkeliami
] programing jranga, kur yra analizuojami, apdorojami ir atliekama jy supe-
rimpozicija. Planavimo etape atliekamas virtualus implanto padéties parinki-
mas, atsizvelgiant ] paciento anatomijg ir blisimos restauracijos pavaskavima.
Naudojantis programine jranga, koreguojama ir projektuojama implanto er-
dvine padétis: pasvirimo kampas, jsriegimo gylis, nuotoliai iki gretimy danty,
proteziniy ir anatominiy struktiiry. Suplanuota padétis i virtualios aplinkos
perkeliama j kliniking situacija, naudojant individualy chirurginj gida, kuris
fiksuojamas ant paciento kietyjy ir/ar minks$tyjy burnos audiniy. Chirurginia-
me gide suprojektuotas grezimo kanalas nukreipia implantacijos lozei for-
muoti skirtus graztus ir danties implanto jvedéjus virtualiai suplanuota kryp-
timi [19]. Grezimo kanalo modeliavimas yra tiesiogiai susietas suplanuotos
implanto padéties geometrinémis koordinatémis. D¢l Sios priezasties, naudo-
jant chirurginius gidus, néra galimybés keisti suplanuotos danties implanto
padéties nepazeidziant sSDI eigos [86].

3.3.1.1 lentelé. Statinés skaitmenizuotos danty implantacijos darbo srauto
etapai

Diagnostika Planavimas Gamyba Klinikinis etapas
 Skaitmenizuoty + Skaitmeninis pa- |+ Kompiuterizuota |+ Validacija

duomeny surinki- vaSkavimas gamyba « Statiné skaitmeni-

mas * Danties implanto |+ Pogamybinis zuota implantacija
* Duomeny apdoro- padéties projekta- apdirbimas * Pooperaciné

jimas vimas * Verifikacija kontrolé

* Chirurginio gido
modeliavimas

Dinamin¢ skaitmenizuota danty implantacija (dSDI) grindziama dinami-
nés navigacijos principu, kai realiuoju laiku sekama grazto ir implanto padé-
tis zandikaulyje. Instrumento padétis nuolat lyginama su suplanuota implanto
padétimi, o gydytojas operacijos metu gauna vizualing informacija apie nu-
krypimus nuo suplanuotos trajektorijos ir galutinés implanto padéties [86, 90,
91]. Dinaminés navigacijos darbo eiga galima suskirstyti j tris pagrindinius
etapus: diagnostika, planavimg ir klinikinj etapa (aprasyti 3.3.1.2 lenteléje)
[92, 93]. Kaip ir statinés skaitmenizuotos implantacijos metu, diagnostikos
ir planavimo etapai atliekami programingje jrangoje, turinioje integruotas
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tiriniy ir pavirSiaus vaizdy apdorojimo, trimacio modeliavimo bei gydymo
planavimo funkcijas [94]. Skirtingai nei sSDI atveju, chirurginiai gidai dina-
min¢je navigacijoje néra naudojami, todél instrumenty judesiai néra fiziskai
apribojami ir instrumenty padéties kontrolé uztikrinama vizualiai, o ne me-
chaniskai.

3.3.1.2 lentelé. Dinaminés skaitmenizuotos danty implantacijos darbo srauto
etapai

Diagnostika Planavimas ISpildymas
 Skaitmenizuoty duomeny | Skaitmeninis pavaska- |e Kalibravimas
surinkimas vimas * Registravimas
* Duomeny apdorojimas + Danties implanto padé- |+ Skaitmenizuota implantacija
ties projektavimas » Pooperaciné kontrolé

Klinikinis dSDI etapas pagrjstas koordinaciy sistemy registravimu, ins-
trumenty kalibravimu ir optine sekimo technologija — procediiromis, kurios
uztikrina erdvinio santykio tarp chirurginiy instrumenty, operacinio lauko ir
paciento anatomijos suderinimg [94, 95]. Koordinaciy sistemy registravimo
tikslas yra sutapatinti virtualig prieSoperacing ir realig kliniking koordinaciy
sistemas, suderinti paciento medicininius vaizdus (pvz., KPKT, IOS) su re-
alia zandikaulio anatomija [96]. Koordinaciy sistemy registravimo metodai
skirstomi ] anatominiy taSky registracija (angl. anatomical point registration,
APR) ir Zymekliy registracija (angl. marker point registration, MPR), atsi-
7velgiant j tai ar naudojami specialiis tapatinimo zymekliai [97, 98]. Zyme-
kliy registracijos metodu koordinaciy sistemos sutapatinamos, identifikavus
burnoje ir KPKT vaizduose esancius tapatinimo zymeklius — rentgenokont-
rastiSkus elementus. Tuo tarpu anatominiy tasky registracijos metodas grin-
dziamas natiiraliy anatominiy elementy, pvz., danty pavirsiy ar Zandikaulio
konttiro, sutapatinimu. Atlikus registravima, chirurginiy instrumenty padé-
tis ir jud¢jimas implantacijos metu fiksuojami optine sekimo sistema (OSS),
kuri jgalina vertinti jy atitikima suplanuotai implanto padéciai. Pagal veikimo
principa optinés sekimo sistemos skirstomos i aktyvigsias ir pasyviasias [99].
Aktyviosiose sistemose optin¢ kamera fiksuoja infraraudonyjy spinduliy
signalus, kuriuos siuncia chirurginiame instrumente esantis daviklis. Tuo tar-
pu pasyviosiose OSS chirurginiai instrumentai signalo nesiuncia, o jj atspin-
di. Optiné kamera aptinka Sviesos Saltinio skleidziamo signalo atspindj nuo
retroreflektoriniy savybiy turinCiy elementy, integruoty j chirurginj instru-
mentg [94, 100].

Wang ir bendraautoriy in vitro tyrime nustatyta, kad aktyviosios OSS ir
zymekliy registracijos metodo kombinacija lémé reikSmingai didesnj dSDI
tiksluma, palyginti su kitais metodais [100]. Kita vertus, retrospektyviniame
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klinikiniame tyrime Ma ir bendraautoriai nenustaté statistiSkai reikSmingos
jtakos implantacijos tikslumui, o vidutiniai kampiniai, vainikiniai ir virSa-
niniai nuokrypiai tarp suplanuoty ir realiy implanty padéciy sieke atitinka-
mai 3,29°, 1,29 mm ir 1,43 mm [96]. Chirurginiy instrumenty kalibravimas
atlickamas tais paciais principais kaip ir registravimas. Kai kuriose sistemose
Si procedira yra automatizuota. Al-Jarsha ir bendraautoriy tyrime, kuriame
buvo lyginamos grazto virSunés koordinates tarp pakartotiniy kalibravimy,
nustatytos vidutinés 0,6 mm paklaidos, o maksimalios sieké iki 3,7 mm [95].

Robotin¢ skaitmenizuota danty implantacija (rSDI) yra naujausia i§ skai-
tmenizuoty danty implantacijos rasiy. Pirmoji rSDI sistema JAV maisto ir
vaisty administracijos buvo patvirtinta 2017-aisiais metais [101]. Sios sis-
temos sudarytos i§ trijy pagrindiniy komponenty: robotinés rankos, optinés
sekimo sistemos ir operacines programinés jrangos. Kaip ir dinaminés navi-
gacijos atveju, robotinés implantacijos jgyvendinimui biitinos procediiros yra
koordinaciy sistemy registravimas, robotinés rankos kalibravimas ir optinis
sekimas. Operacinio lauko koordinaciy sistemy suderinimui naudojami Zy-
mekliai, anatominiai orientyrai, kompiuterinés tomografijos bei optinio pa-
virSiaus skenavimo duomenys. Robotinés rankos kalibravimui ir jos erdvinio
santykio su optinio sekimo sistema nustatymui taip pat gali biiti pasitelkia-
mi jvairiis Zymekliai, anatominiy dariniy pavirsiai ar specialios kalibravimo
plokstes.

Remiantis aktualiais Tarptautinés standartizacijos organizacijos (angl. In-
ternational Organization for Standardization; 1SO) ir Tarptautinés elektro-
technikos komisijos (angl. International Electrotechnical Commision; IEC)
standartais, chirurginis robotas apibréziamas kaip medicininé elektriné jran-
ga, turinti tam tikrag autonomijos lygj ir kompiuteriu valdoma elektromechani-
nj komponenta, skirtg chirurginio instrumento — invazinio prietaiso, galin¢io
perduoti energijg arba skverbtis j paciento kiing per audiniy pjivj ar natiira-
lias angas — valdymui, padéties nustatymui, orientavimui ir judesiy atlikimui.
Esminis skirtumas, skiriantis roboting nuo dinaminés skaitmenizuotos danty
implantacijos, yra tam tikras autonomijos lygis.

Atsizvelgiant ] tai, kad robotiné implantacija yra nauja ir besivystanti tech-
nologijos riisis, Siuo metu néra visuotinai priimtos rSDI sistemy klasifikaci-
jos. Dalis autoriy, remdamiesi ISO ir IEC standartais, chirurginiy roboty au-
tonomijos lygius skirsto i Sesias kategorijas: nuo 0 — kai autonomijos néra, iki
5 —kai robotas veikia visiSkai autonomiskai [ 102, 103]. ISsamesnis robotiniy
sistemy autonomijos lygiy apraSymas pateiktas 3.3.1.3 lentel¢je. Danty im-
plantacijai skirtos robotinés sistemos atitinka pirmajj (roboto-pagalba) arba
antrgjj (uzduoc¢iy vykdymas) autonomijos lygj. Pagal kity autoriy siiiloma
klasifikacijg, rSDI sistemos skirstomos j aktyvigsias, pasyvigsias ir pusiau
aktyvigsias [101, 104]. Aktyviosios sistemos pasizymi antruoju autonomi-
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jos lygiu — jos geba savarankiskai atlikti i§ anksto uZprogramuotas uzduotis,
tokias kaip osteotomija ar implanto jsriegimas. Pasyviosios sistemos veikia
pirmuoju autonomijos lygiu — robotinés rankos judesius visiskai kontroliuoja
gydytojas, o sistema teikia taktilinj ir vizualinj grjZztamajj rysj, padedant;] at-
likti tikslesnius chirurginius veiksmus. Pusiau aktyviosios sistemos turi tiek
pirmojo, tiek antrojo autonomijos lygio pozZymiy — jose robotin¢ ranka val-
doma gydytojo, taciau tam tikrus judesius ji gali atlikti savarankiskai pagal 18
anksto suformuluotg uzduotj ir gydymo plang, be tiesioginés gydytojo inter-
vencijos [101, 104].

3.3.1.3 lentelé. Medicininiy chirurginiy roboty autonomijos lygiy klasifika-
cija

Autonomijos lygis | ApraSymas

0 — néra autonomijos | Gydytojas pilnai planuoja, vykdo ir kontroliuoja chirurginius
veiksmus. Robotas savarankiSkai neatlieka ir nepapildo chirurginiy
veiksmy.

1 —roboto pagalba | Gydytojas pilnai kontroliuoja procediira. Robotas papildo ar apri-
boja judesiy trajektorijas, teikia taktilinj ar vizualinj grjztamajj rysi.

2 —uzduocCiy Robotas gali atlikti uzprogramuota uzduotj be gydytojo aktyvaus

vykdymas isikiSimo. Robotas negali nepriklausomai nustatyti parametry, kurti
ar koreguoti operacijos plano.

3 —salyginé Robotas geba vertinti chirurging aplinka, gali atlikti uzduotis au-

autonomija tonomiskai ir pasiiilyti kelias jgyvendinimo strategijas. Gydymo

strategijas robotas ruoSia pagal gydytojo pateiktus medicininius
duomenis ir iSkeltas salygas. Gydytojas turi patvirtinti operacijos

plana.
4 — auksto lygio Robotas gali proaktyviai sugeneruoti ir parinkti optimaly individua-
autonomija ly chirurginj plang. Operacijos metu gali autonomiskai pakoreguoti

gydymo plana. Gydytojas turi patvirtinti pasitilyta plana, prizitréti
procediirag. Gydytojas turi galimybe jsikisti.

5 — pilna autonomija | Robotas gali nepriklausomai priimti sprendimus dél chirurginés
procediiros strategijos, jskaitant ir prieSoperacinj planavima be
gydytojo patvirtinimo ir atlikti jj autonomiskai. Gydytojas turi gali-
mybe jsikisti.

Danty implanty, jsriegty taikant skaitmenizuotas implantacijos sistemas,
penkeriy mety iSlikimo rodiklis svyruoja nuo 94,5 iki 97,5 proc. [15, 105].
Sie rezultatai yra panasis j tradicinés implantacijos laisva ranka rodiklius,
kurie svyruoja nuo 94,6 iki 95,6 proc. [106—108]. Mokslinéje literatiiroje kol
kas néra konsensuso d¢l skaitmenizuoty metody jtakos implanty islikimui
[105, 108]. Vis délto tyrimai rodo, kad implanto padéties nuokrypiai nuo su-
planuotos padéties yra statistiSkai reikSmingai maZesni, kai naudojamos skai-
tmenizuotos implantacijos sistemos [105, 109-111]. Sisteminése apzvalgose
nustatyta, kad palyginti su tradicine implantacija, taikant skaitmenizuotus
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metodus vidutiniai svertiniai nuokrypiai tarp suplanuotos ir realios implanty
padéties yra statistiSkai reikSmingai mazesni — atitinkamai 1,18 mm vainiki-
nio, 1,1 mm vir$iininio ir 7,28° kampinio nuokrypio [110-112].

3.3.2. Skaitmenizuoty danty implantacijos riiSiy palyginimas

Lyginant skaitmenizuotos implantacijos risis, reikSmingy skirtumy tarp
komplikacijy daznumo, implanto islikimo rodikliy, operacijy trukmes ir paci-
ti su statine SDI, autoriai jvardija galimybe realiuoju laiku vertinti implanto
padéties tiksluma ir, esant poreikiui, koreguoti implantacijos plang operacijos
metu. Chirurginiy gidy gamyba reikalauja papildomo laiko ir specialisty jsi-
traukimo, dél ko dinaminés navigacijos procesas teoriSkai gali biti trumpes-
nis. Be to, dinaminés sistemos yra maziau jautrios tokiems apribojimams,
kaip ribotas paciento iSsiziojimas ir operacinio lauko matomumas ar chirur-
ginio plano pakeitimai dél chirurginio gido lizio [113]. Vis délto dinamine
implantacija reikalauja papildomos jrangos ir pasizymi labiau iSreiksta mo-
kymosi kreive. Tyrimai rodo, kad dSDI tikslumas labiau priklauso nuo ope-
ruojancio gydytojo patirties, palyginti su sSDI [91, 114]. Robotiné skaitmeni-
zuota implantacijos sistema gali apjungti tiek statinés, tiek dinamingés sistemy
privalumus. Stabilus ir tikslus robotinés rankos veikimas padeda sumaZinti
klaidy rizika bei pasalinti dalj veiksniy, susijusiy su gydytojo ergonomika,
ribotu matomumu, fiziniu nuovargiu ar ranky drebéjimu. Tuo pat metu optiné
sekimo sistema, integruota su specializuota programine jranga, leidzia tiksliai
vizualizuoti chirurginiy instrumenty ar implanto padétj ir jos atitikimg im-
plantacijos planui [91, 115]. Taciau dél robotiniy sistemy kompleksiSkumo,
brangios jrangos, gydytojo jsikiSimo biitinybés esant Zemam autonomijos ly-
giui ir panaSaus tikslumo, palyginti su kitomis skaitmenizuotomis sistemo-
mis, jy taikymas klinikinéje praktikoje iSlieka ribotas [91, 114, 116].

Sisteminése moksliniy tyrimy apzvalgose, kuriose lyginami nuokrypiai
tarp realios ir suplanuotos danty implanty padéties, nustatytas panasus stati-
nés ir dinaminés navigacijos tikslumas. Lenteléje 3.3.2.1 pateikti sisteminiy
apzvalgy duomenys apie skirtingy SDI metody padéties nuokrypius, o lente-
l¢je 3.3.2.2 — metaanaliziy, kuriose lygintos statinés, dinaminés ir robotinés
SDI sistemy tikslumas, vidutinés svertinés vertés. Vidutinis danty implanty
padéties nuokrypis naudojant statines sistemas svyruoja tarp 0,70-1,18 mm
ties implanto vainiku, tarp 1,02-1,96 mm ties implanto virStine, o kampi-
nis —tarp 2,09°—4,06° [18, 19, 23, 24, 27, 90, 117—121]. Atitinkami vidutiniai
nuokrypiai naudojant dinamines sistemas mokslinése publikacijose svyruoja
tarp 0,9—1,18 mm ties implanto vainiku, tarp 1,2—1,36 mm ties implanto vir-
Stne ir kampinis tarp 3,17°—4,25° [109, 114, 116, 121-123]. Metaanalizése,
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kuriose tiesiogiai lyginamas $iy skaitmenizuoty implantacijos rasiy kliniki-
nis tikslumas, statistiSkai reikSmingy skirtumy nenustatyta [110, 122-125].
Atsizvelgiant ] robotiniy sistemy naujuma, tiksluma vertinanciy moksliniy
publikacijy yra mazai. Taciau aktualiose sisteminése apzvalgose nustatyta,
kad vidutinis vainikinis nuokrypis taikant robotines sistemas svyruoja tarp
0,81-0,82 mm, virsiininis — tarp 0,77—1 mm, o kampinis — tarp 1,66°-1,71°
[114, 116]. Jain ir bendraautoriy atliktos metaanalizés duomenimis, naudo-
jant robotines sistemas, vainikinis implanto padéties nuokrypis buvo statistis-
kai reik§mingai mazesnis 0,15 mm, vir§tininis — 0,19 mm, o kampinis — 1,22°,
palyginti su dinaminémis sistemomis [125].
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3.3.2.1 lentelé. Sisteminiy mokslinés literatiiros apzvalgy skaitmenizuotos danty implantacijos tikslumo tema rezultatai

[114]

Autorius Laikotarois Imties dydis 3D vainikinis 3D virsiininis Kampinis Vertikalus
(publikacijos metai) P (n = implantai) | nuokrypis (mm) nuokrypis (mm) nuokrypis (°) | nuokrypis (mm)
Statiné skaitmenizuota danty implantacija
S"hnelde[rlllr;jt' (2009) | 19662009 155 1,16[0.92-139] | 1.96[133-2.58] |4.90 [2.24-7,55]| 0.43 [0.12-0,74]*
Jung ir kt. (2009) [90] | 1966-2007 261 112[0.82-142] | 120[0,87-1,52] d wd

Van Assche ir kt.

o1 o] 1996-2011 518 0.87[0,65-1,09] | 1,15[0,87-1,42] 3,06 [2,53-3,60] nd
Tahmas";’lllrgﬁt' @014 | 5008-2012 2355 1,04[0,85-124] | 145[1,18-1,73] | 4,06 [3,50-4,62] n/d
Tahmaseb ir kt. (2018) | 20082017 51 0,9 [0,79-1,00] 12[L11-120] | 33 [2074,63] /d

[18] 20082017 2194 1,2 [1,04—1,44] 1,41,28-1,58] | 3,5 [3,00-3,96] /d
Bover-Ramos ir kt.
ot 2005-2015 2044 1.1+ 0,09 144012 3,98+ 0,33 n/d
Slquera[llrllg]' (2020) | % 9020 321 0.89 [0,74-1,05]* | 1.2[1,02-139* |2.59[1.97-3,20]| 0,55 [0,42-0,68]*
Kasradze ir kt. (2021) | 2009-2019 /d 0.81[0,53-1,08] | 1,04[0,76-1,32] | 2,47 [2,14-2,98]| 0,44 [0,27—0,61]*
[19] 2009-2009 /d LI [0.89-134] | 134[1,11-0,76] |3,17 [2,88-3,54]| 0,23 [0,02-0,43]*
Efekhar Ashtiani ir kt.
ooy 1201 2020 2037 1,16 [0,98-124] | 135[1,11=1,59]  |3,43 [2,96-3,90] n/d
Aghaloa 1031 @92 1 1975-2022 wd 0,8 [0,6-0,9] 1.2 [1,0-1,3] 38[34-42] | 0,5[0.4-0,6]
ot e 08 1,00 [0,65-135] | 134[1,20-148] |3,18 [2,62-3,75]| 0,58 [0,37-0,79]
ourdac E’z‘;] 20231 2012-2020 1233 0,70 [0,63-0,77] | 1,02[0,90-1,15] [2,35[2,18-2,51]] 0,50 [0,19-0,83]
LIS [007-1,39] | 139[0,97-139] |2,77 [2,52-3,02]] 0,47 [0,00-0,95]
Takacs irkt. (2023) 1509, 7161 0.71[0,61-0,82* | 1,02[0,00-1,15]* |2,61 [2.27-2,95]|0.47 [0,29-0,64]*




4

3.3.2.1 lentelés tegsinys

Autorius Laikotarois Imties dydis 3D vainikinis 3D virsiininis Kampinis Vertikalus
(publikacijos metai) P (n = implantai) | nuokrypis (mm) nuokrypis (mm) nuokrypis (°) | nuokrypis (mm)
Floriani E;(lf]t' (2024) | 50182023 654 n/d n/d 2,03-4,23 0,19-2,05

Kha‘)hoeﬁllrg]“' (2024) | 2010-2023 3447 1,11 [ 1,00-1,20] 1,44 [1,34-1,54]  |3,583,33-3,83] n/d
Dinaminé skaitmenizuota danty implantacija
Peuegrmﬁ ;rzl]‘t' 202D | 5019 673 1,10[0,94-1,26]* | 1,32[1,08-1,52] |4,25[2,79-5,72]|0,73 [0,48-0,98]*
Jorba-Garcia ir kt.
2021) [123] 2010-2020 1245 1,03 [1,01-1,04] 1,34 [1,32-1,36]  |3,68 [3,61-3,74]| 0,50 [0,43-0,57]
Takacs [‘flkj] (2023) 1 5003 3106 1,00 [0,84-1,157% | 1,28[1,00-1,47]% |3,17[2,51-3,83]| 0,61 [0,48-0,73]*
Aghal"o[ frzlﬁ (2023) | 1975-2022 n/d 0,9 [0,8-1,0] 1,2 [0,8-1,5] 3,4 [3,0-3,9] n/d
Yu ir kt. (2023) [109] | 2013-2023 637 1,13 [0,99-1,27] 137 [1,17-1,57]  |3,81[2,95-4,66] n/d
Kha"h"eﬁ f;]“' 024 1 5010-2023 354 LIS[1,02-134] | 136[1.18-1,54] |3,51 [2.90-4,12] n/d
Robotiné skaitmenizuota danty implantacija
Takacs [‘{lkj] (2023) 1 503 281 0,82 [0,64-1,007* | 1,00[0,75-125]* |1,66 [0,76-2,55]|0,38 [0,23-0,53]*
Khao}loeﬁ‘fgf- (20291 20102023 44 0.81[037-125] | 0.77[043-1,11] [1,71[0.04-338] wd

Pastaba: nurodyti implanty padéciy nuokrypiy vidurkiai ir 95 proc. pasikliautinojo intervalo vertés. *ne visi jtraukti tyrimai j sisteming apzval-
g3 pateiké duomenis; n/d — néra duomeny.




9T

3.3.2.2 lentelé. Klinikiniy tyrimy metaanaliziy, lyginanciy SDI rusiy tikslumg, rezultatai

[125]

AUt.m‘luf Itraukty Lyginamos ITt.ls 3D vainikinis 3D virSiininis Kampinis Vertikalus
(publikacijos tyrimy tipas | SDI rasys (n = im- nuokrypis (mm) | nuokrypis (mm) nuokrypis (°) nuokrypis (mm)
metai) plantai)
Pellegrino ir kt. | Klinikiniai ir
(2021 [122] i vitro dSDI vs. sSDI| 1200 | 0,06 [-0,06-0,19] | 0,00 [-0,09-0,06] | 0,69 [-0,61-1,99] | 0,07 [-0,21-0,34]
Wang ir kt. (2021) | Klinikiniai ir | jopyr oo sopr|  n/d | 0,24 [20,03-0,51] | 0,11 [-0,16-0,38] | 0,15 [-0.42-0,12] n/d
[110] in vitro
Jorba-Garciairkt. | .. ... .. -0,52 [-1,58—
(2021) [123] Klinikiniai |dSDIvs.sSDI| n/d n/d n/d 0,54] n/d
Marques-Guasch | Klinikiniai ir
ir kt. (2023) [124] in vitro dSDI vs.sSDI| n/d 0,02 [-0,27-0,31] | 0,08 [-0,11-0,26] | —0,62 —1,33-0,09] n/d
Jainirkt. (2024) |\ . .0 |dSDIvs.tSDI| 270 | 0,15 [0.07-0,24]% | 0,19 [0.10-0.27] | 1,22 [1,06-1,39]* n/d

Pastaba: Pateiktos vidutinés svertinés vertés; *statistiskai reikSmingi skirtumai; n/d — néra duomeny




3.4. Statinés skaitmenizuotos danty implantacijos tiksluma lemiantys
veiksniai

Placigja prasme analizés metodo tikslumas — tai tyrimo rezultato ir priim-
tinos pamatinés vertés panaSumas, kuris nustatomas jvertinus teisinguma ir
preciziskumag. Teisingumas — tai tyrimy rezultaty vidurkio panasumas j pri-
imting pamating verte, kuris paprastai iSreiSkiamas nuokrypiu — skirtumu tarp
tyrimy rezultato ir priimtinos pamatinés vertés. PreciziSkumas — tai nepri-
klausomy tyrimy rezultaty, gauty pagal i§ anksto nustatytas salygas, pana-
Sumas tarpusavyje, kuris dazniausiai iSreiSkiamas netikslumu ir apskaiciuo-
jamas kaip tyrimo rezultato standartinis nuokrypis [126]. Siaurgja prasme
danty implantacijos tikslumas gali biti iSreikStas tiek rezultaty teisingumu,
kuris apibrézia kiek reali jsriegto implanto padétis atitinka suplanuotg padétj,
tiek preciziSkumu, kuris nurodo rezultaty pakartojamumo lygj ir yra iSreiskia-
mas vienodomis salygomis atlikty implantacijy nuokrypiy nuo suplanuotos
padéties sklaida [127]. PreciziSkumo vertinimas svarbus lyginant skirtingas
gidinés danty implantacijos sistemas arba vienos sistemos metodikas. Tuo
tarpu daugumoje publikacijy, analizuojanciy klinikiniy, anatominiy ar tech-
niniy veiksniy jtakg statinés gidinés implantacijos tikslumui, vertinamas re-
zultaty teisingumas.

Danty implanty nuokrypiai nuo suplanuotos padéties atliekant stating skai-
tmenizuotg danty implantacijg yra paklaidy, susidaranciy visuose skaitmeni-
zuoto gydymo darbo eigos etapuose, suminiai rezultatai [18]. Atsizvelgiant
1 juy kilme, veiksniai, lemiantys paklaidy atsiradima, gali biiti skirstomi i (a)
techninius-mechaninius ir (b) klinikinius-anatominius. Techniniy-mechani-
niy veiksniy grupei priskiriamos paklaidos, kylanc¢ios medicininiy duomeny
surinkimo ir apdorojimo, chirurginio gido gamybos etapuose, taip pat paklai-
dos, susijusios su chirurginio gido mechaniniais komponentais ir naudojamais
instrumentais. Klinikiniy-anatominiy veiksniy grupei priskiriami su pacientu
susije fiziologiniai veiksniai bei anatominés zandikauliy, danty ir sgkandzio
ypatybés.

3.4.1. Kuaginio pluosto kompiuterinés tomografijos vaizduy kokybés ir
tikslumo aspektai

Trimaciy radiologiniy technologijy vystymasis ir panaudojimas odonto-
logijoje tapo reikSmingu Zingsniu diagnozuojant patologijas ir planuojant
gydyma. Iki tol radiologinis paciento iStyrimas rémési projekcinémis radio-
gramomis. Nors Sios radiogramos ir toliau seékmingai taikomos klinikingje
praktikoje, jy esminiai trukumai iSlieka aktualiis. Dvimatése radiogramose
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deél vaizdo projekcijos pobiidzio klinikiné anatomija atsispindi nepakankamai
tiksliai, todél jy taikymas danty implantacijos planavime yra ribotas [128].

Didesnis daugiasluoksnés kompiuterinés tomografijos (DKT) diagnostinis
tikslumas, palyginti su dvimaciais radiologiniais vaizdais, buvo pademons-
truotas ankstyvuoju Sios technologijos taikymo etapu odontologijoje [129,
130]. Taciau dél didelés radiacinés spinduliuotés, jrangos gabarity ir aukstos
kainos DKT taikymas odontologijoje buvo ribotas. Situacija i§ esmes pasikei-
te atsiradus kiiginio pluoSto kompiuterinés tomografijos (KPKT) technologi-
jai, kuri sujungé projekciniy ir trimatés vaizdavimo technologijy privalumus
— mazesng paciento radiacing apsvitg ir aukstos raiskos trimatj anatominiy
struktiiry vaizdavima. Vidutiné KPKT efektiné apSvitos doze¢ zandikauliy sri-
tyje svyruoja nuo 84 iki 212 pSv, priklausomai nuo apsvitos lauko dydzio ir
vaizdo raiskos nustatymy [131]. Ivairiy autoriy duomenimis, KPKT efekti-
né dozeé gali biti iki 90 karty mazesné nei taikant tradicing daugiasluoksne
kompiutering tomografija veido ir Zandikauliy srityje [132]. Pazymétina, kad
tiesioginis Siy metody palyginimas ne visada yra reprezentatyvus dél naudo-
jamy skirtingy apsvitos lauky. Vis délto tyrimuose, santykinai standartizavus
apSvitos laukus, autoriai nustaté 10—15 karty mazesnes efektines dozes nau-
dojant KPKT [133].

DKT ir KPKT veikimo principai skiriasi rentgeno spinduliy pluosto for-
ma, vaizdy fiksavimo metodika ir rekonstrukcijos algoritmais. Daugiasluoks-
nés KT metu rentgeno vamzdis skleidzia siaurg rentgeno spinduliy pluosta,
kuris sukasi aplink objekta, fiksuodamas atskirus aSinius pjiivius arba spira-
liskai judédamas asinéje plokstumoje. Sie lygiagretis dvimadiai pjiviai ve-
liau sujungiami ] trimatj vaizda, taikant matematinj Radono transformacijos
metoda [134]. Kuginio pluosto KT pavadinimas atspindi veikimo principa
— naudojamas kiigio formos rentgeno spinduliy pluostas, apimantis visg ti-
riamajg sritj vieno rentgeno vamzdzio ir detektoriaus apsisukimo metu. Keli
Simtai registruoty dvimaciy projekcijy rekonstruojamos j trimatj vaizda, tai-
kant Feldkamp—Davis—Kress (FDK) algoritma, kuris pagrjstas atvirkstine Ra-
dono transformacija ir yra pritaikytas kiiginio pluoSto geometrijai [135]. To-
kio tipo KPKT taikoma trimaté rekonstrukcija tik apytiksliai atkuria linijinius
integralus ir pateikia ne tiksliai analitiSkai apskaiciuotus atstumus, o jy apy-
tiksles reikSmes. Nors KPKT pasizymi mazesne apsvitos doze, trumpesniu
skenavimo laiku ir auksta kauliniy struktiiry vaizdavimo raiska, dél specifiniy
vaizdy surinkimo ir rekonstrukcijos ypatumy ji yra jautresné vaizdo kokybe
mazinantiems veiksniams [136].

Mokslingje literatiiroje KPKT metu susidarantys artefaktai skirstomi i fi-
zikinius, su pacientu susijusius ir su tomografu susijusius artefaktus. Gali-
my artefakty klasifikacija ir jy aprasymas pateiktas 3.4.1.1 lentel¢je. Kiiginio
pluosto KT vaizdy kokybe mazina rentgeno fotony sklaida ir radiologinis
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triukSmas. Pastarieji, artefaktus lemiantys veiksniai, bidami tiesiogiai susije
su pacios KPKT technologijos veikimo principais, kai kuriy autoriy vadi-
nami vidiniais arba sistemai budingais [137]. Rentgeno fotony iSsisklaidy-
mas vyksta jiems susidiirus su medziagomis, dél ko dalis jy nukrypsta nuo
pirminés trajektorijos. Kompiuterinio tomografo detektoriai fiksuoja ir Siuos
i§sisklaidziusius fotonus, o tai lemia vaizdy kokybés suprastéjimg. Radiolo-
ginis triukSmas pasireiSkia nepastovaus rySkumo pilkumo reik§mémis ir su-
prastéjusiu kontrastu radiologiniuose vaizduose. Tai ypa¢ pastebima KPKT
vaizduose, nes didesné fotony sklaida ir silpnesnis rentgeno pluostas lemia
mazesnj signalo ir triukSmo santykj nei DKT.

3.4.1.1 lentelé. Kiiginio pluosto kompiuterinés tomografijos artefakty klasi-

fikacija

rekonstruoti

Artefakty grupé | Artefakty tipas | PrieZastis ISraiSka
Fizikiniai Spinduliy su- |Ivairaus energetinio dydzio | Tamsios juostos arba

kietinimo rentgeno fotonai yra absor- | dryziai. Netolygus
buojami tiriamyjy objekty. | pilkyjy atspalviy pa-
Kuo tankesnis objektas, tuo | siskirstymas
didesné fotony dalis yra ab-
sorbuojama, dél ko sustipré-
ja vidutiné spindulio energija

Moiro D¢l mazo naudojamy pro- Banguotos linijos
artefaktai jekeijy kiekio 3D vaizdams | iSsiskirian¢ios nuo

vaizdo centro link
periferijos

Dalinio tirio
artefaktai

Vokselio dydis yra didesnis
uZ tiriamojo objekto kontras-
tisSkuma, dél ko objektui pri-
skiriama vidutiné reik§mé

Susilieje¢ skirtingy
audiniy konturai, ne-
tikslus tankis

Kiginio pluosto

Dél rentgeno spinduliy iSsis-

,, V¢ formos vaizdo

artefaktai kyrimo ir skirtingo kampo | iSkraipymas, vaizdo
projekcijy sutapatinimo iSsiliejimas perife-
rijoje, radiologinis
triukSmas
Susije su pacientu Judesio Paciento, spinduliy $altinio | Vaizdy susidubliavi-
artefaktai ar detektoriaus judesys eks- | mas. NerySkus, de-
pozicijos metu formuotas vaizdas
Metalo Dél spinduliy sklaidos, su- | Priklausomai nuo
artefaktai kietinimo ar dalininio tirio |metalo tankio, balti
efekty fotonams sklindant ir tamsus dryZiai apie
per metala metalines strukttiras
Susije su Ziediniai Detektoriaus defektai, netin- | Apskriti, Sviesiis ar
tomografu artefaktai kamas kalibravimas tamsiis koncentriniai
artefaktai apie suki-
mosi as]
Sujungimo | Susidaro dél netikslumy su- | Tamsios linijos, susi-
artefaktai jungiant tiirinius vaizdus dubliaves vaizdas
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D¢l ribotos rentgeno spinduliuotés dozés, mazesnio fotony srauto, trum-
pesnio skenavimo laiko ir apytikslio vaizdo rekonstrukcijos metodo KPKT
vaizdy tikslumas ir kokyb¢ yra prastesni nei DKT, o pati sistema — jautresne
artefakty susidarymui. Skenavimo parametry nustatymais galima kontroliuo-
ti dalies artefakty intensyvuma. Tyrimuose nustatyta, kad didinant apSvitos
lauka arba rentgeno srovés stiprj, artefakty intensyvumas yra mazesnis. Ta-
¢iau nors radiologiniy vaizdy kokybé yra aukStesné, ji ne visada pateisina
didesne apSvitos dozg [138]. Artefakty intensyvumas taip pat mazéja didinant
rentgeno spinduliuotés jtampg ir mazinant vaizdo raiska [139]. Vis délto tai
mazina audiniy vaizdy kontrastiSkuma ir detaluma, dél ko prastéja tomogra-
my kokyb¢ ir diagnostinis tikslumas. Vokseliy dydis yra tiesiogiai susij¢s su
vaizdo raiSka — maz¢jant vokselio dydziui, vaizdo detalumas didéja, taciau
kartu didéja ir apSvitos dozé. Tod¢l vokseliy dydis turéty biiti parenkamas
atsizvelgiant | optimaly balansg tarp minimalios apSvitos dozes, diagnostinio
tikslumo ir artefakty kontrolés. Dalies autoriy nuomone, diagnostinis danty
Sakny rezorbcijos tikslumas uztikrinamas, kai vokseliy dydis yra mazesnis
nei 0,2 mm [140, 141]. Kituose tyrimuose nustatyta, kad vokseliy dydis nuo
0,125 mm iki 0,4 mm netur¢jo reikSmingos jtakos diagnostiniam tikslumui
[142, 143]. NevienareikSmiai rezultatai stebimi tyrimuose, kuriuose vertintas
alveolinés keteros aukstis ir plotis. Kai kuriuose 1§ jy nenustatyta reikSmingy
skirtumy tarp 0,2 mm, 0,3 mm ir 0,4 mm vokseliy dydziy, o kituose alveoli-
nés keteros matmenys buvo reik§mingai tiksliau nustatyti, kai vokseliy dydis
sieké 0,25 mm, palyginti su 0,4 mm [144-146]. Li ir bendraautoriy atliktoje
metaanalizéje nenustatyta statistiSkai reikSmingy skirtumy vertinant alveo-
linés keteros matmeny tiksluma tarp skirtingy kompiuterinés tomografijos
technologijy. Analizuojant 28 klinikinius tyrimus, nustatyta, kad vidutinis
neatitikimas tarp radiologiSkai atkurty ir faktiniy alveolinés keteros matmeny
sieké 0,03 mm vertinant keteros aukstj ir 0,11 mm — jos plotj [ 147]. Nepaisant
galimy artefakty ir mazesnés vaizdy kokybés, palyginti su DKT, KPKT islie-
ka pagrindiniu diagnostikos ir chirurginio gydymo planavimo jrankiu odon-
tologijoje, nes pasiZymi mazesne¢ apSvitos doze, kartu iSlaikant pakankamg
diagnostinj tiksluma.

3.4.2. Intraoralinio optinio pavirSiaus skenavimo tikslumas:

Intraoralinis optinis pavirSiaus skenavimas (IOS) odontologijoje pradétas
taikyti XX a. pabaigoje, kai rinkoje pasirodé pirmosios odontologijai pritai-
kytos optinio pavirSiaus skenavimo sistemos. Pirmasis placiai zinomas in-
traoralinis skeneris — ,,CEREC* sistema — buvo pristatytas 1987-aisiais me-
tais [148]. Optinio pavirSiaus skenavimo metu gautas skaitmeninis atspaudas
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integruojamas su kompiuterinés tomografijos duomenimis, taip uztikrinant
peréjima prie tolimesniy skaitmenizuotos danty implantacijos etapy. Per
pastaruosius du deSimtmecius Sios technologijos populiarumas sparciai augo
dél reikSmingos technologinés pazangos, didé¢jancio klinikinio patikimumo
ir vis labiau plétojamos skaitmeninés odontologijos [149]. Atsizvelgiant ]
pagrindinius intraoralinio skenavimo pranasumus, palyginti su tradiciniais
atspaudais — tokius kaip greitesnis duomeny surinkimas ir tiesioginis jy skai-
tmeninimas — iSlieka esminis mokslinés diskusijos klausimas: ar Sie metodai
uztikrina pakankama tiksluma klinikiniam taikymui? Taip pat svarstoma, ar
galimos skenavimo paklaidos ir nuokrypiai gali sukelti reikSmingos neigia-
mos jtakos gydymo eigai bei galutiniams rezultatams.

Intraoraliniy skeneriy tikslumas plac¢iai analizuojamas Siuolaikinéje moks-
lingje literatiiroje. Daugelis tyrimy rodo, kad skaitmeniniy ir tradiciniy at-
spaudy tikslumo lygis daznai yra panaSus. Vis délto esant pilnos adentijos
atvejams, skaitmeniniai atspaudai neretai pasizymi didesniu tikslumu, paly-
ginti su tradiciniais metodais [150, 151]. Tuo tarpu Papaspyridakos ir bendra-
autoriy atliktoje sisteminéje mokslinés literatiiros apzvalgoje nustatyta, kad
dalinés adentijos salygomis skaitmeniniai atspaudai gali biiti maziau tikslis
— vidutiniai linijiniai nuokrypiai Siais atvejais sieke 52,31 pm ir buvo didesni
nei tradiciniy atspaudy [152]. Kita vertus, tyrime, kuriame buvo lyginamas
sSDI tikslumas, naudojant skaitmeninius ir tradicinius atspaudus, nustatyta,
kad skaitmeniniai atspaudai lémé didesnj implantacijos tiksluma daliniuose
danty eiliy defektuose [153]. Todél vertinant atspaudy émimo metodikas, jy
tiksluma ir kliniking reikSme, svarbu atsizvelgti i specifing kliniking situacija
ir atspaudo paskirtj.

Nepaisant mokslo Saltiniuose apraSomy nuokrypiy, skaitmeniniy atspaudy
linijinés paklaidos dazniausiai nevir$ija 100200 pm ribos, kuri laikoma kli-
niskai priimtina paklaida [154, 156]. Vertinant intraoralinio skenavimo tiks-
luma, vidutiniai linijiniai nuokrypiai dalinés adentijos atvejais svyruoja nuo
85 iki 160 um, o pilnos adentijos atvejais — nuo 9,48 iki 283 um [151, 154].
Nors skaitmeniniy atspaudy nuokrypiai, vertinami atskirai, dazniausiai ne-
turi esminés klinikinés reikSmés, jie gali kauptis viso skaitmenizuotos danty
implantacijos darbo eigos metu ir lemti reikSmingus suminius netikslumus
[156]. Be to, vertinant paklaidy pasiskirstyma restauracijy ant danty ar danty
implanty gamybos procese, nustatyta, kad intraoralinio skenavimo metu su-
sidarancios paklaidos yra didesnés nei kituose duomeny apdorojimo ar kom-
piuterizuoto projektavimo etapuose [156, 157].

Skaitmeninio atspaudo tikslumui jtakos turintys veiksniai gali biiti skirs-
tomi  dvi grupes: su pacientu susijusius veiksnius, kurie apima anatominius
ir klinikinius ypatumus, ir su gydytoju susijusius veiksnius, kurie apima pro-
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cedurinius bei technologinius aspektus, kuriuos specialistas gali tiesiogiai ar
netiesiogiai kontroliuoti.

Specialisto patirtis dirbant su pavirSiaus skenavimo sistemomis turi reiks-
mingos jtakos tiek atspaudy tikslumui, tiek procediiros greic¢iui [158]. Dalj su
programine ir technine jranga susijusiy veiksniy galima valdyti ir standarti-
zuoti [158]. Optinio skenavimo tikslumg bei greitj gali lemti naudojama IOS
jranga ir jos veikimo technologija. Optinio pavirSiaus skenavimo veikimas
yra pagristas Sviesos projekcija j objekto pavirSiy ir atspindétos Sviesos re-
gistracija detektoriaus pagalba. Gautas Sviesos signalas apdorojamas algorit-
miskai, kad biity atkurta objekto pavirSiaus trimaté geometrija. DidZioji dalis
komerciSkai prieinamy intraoraliniy optinio pavirSiaus skeneriy naudoja Sias
technologijas trimaciams objektams formuoti: konfokalinio atvaizdavimo
(angl. confocal imaging), trianguliacijos, struktiirizuotos Sviesos (angl. struc-
tured light), aktyvaus bangy méginiy émimo (angl. active wavefront sam-
pling, AWS) bei stereofotogrametrijos. Trianguliacijos technologija gristos
IOS sistemos pasizymi didziausiomis paklaidomis, vertinant atspaudy, skirty
pilno danty lanko atktirimui fiksuotais protezais ant implanty, tiksluma [159].
Tuo tarpu tyrimy, nagrin€¢janciy konfokalinés, struktiirizuotos Sviesos, AWS
ar kombinuoty technologijy tiksluma, rezultatai iSsiskiria ir néra nuosekliis
[160—-162]. D¢l Sios priezasties pavienius tyrimy rezultatus reikéty vertinti
kritiskai, ypa¢ atsizvelgiant | tai, kad daznai tyrimy objektas néra veikimo
technologija, o IOS technologijy raida ir diegimas klinikingje praktikoje yra
itin dinamiski [163].

Irangos kalibravimas bei programinés jrangos atnaujinimai turi reikSmin-
gos itakos skaitmeninio atspaudo tikslumui [164]. Schmalz ir bendraautoriy
tyrime nustatyta, kad net naudojant senesnés kartos techning¢ jranga, taciau
su atnaujinta programine jranga, skaitmeninio atspaudo tikslumas prilygo
naujausios kartos sistemai [165]. Skenavimo trajektorija ir skenuojamo pa-
virSiaus plotas taip pat jtakoja atspaudo tikslumg. Nustatyta, kad viso danty
lanko atspaudai yra maziau tiksliis nei segmentiniai [166]. Statinés skaitme-
nizuotos implantacijos procese atspaudo apimtj lemia atspaudo paskirtis, kli-
nikinés indikacijos ir atraminiy danty skaicius [167]. Skenavimo trajektori-
ja — tai skenavimo kameros judéjimo kryptis danty lanko atzvilgiu. Daugu-
ma skenavimo sistemy gamintojy pateikia specifines skenavimo trajektorijos,
atstumo iki skenuojamo pavirsiaus ir pasvirimo kampo rekomendacijas. Siy
rekomendacijy laikymasis gali reik§mingai sumazinti paklaidas [168, 169].
Galiausiai, operacinio lauko apSvietimas taip pat gali jtakoti skaitmeninio
atspaudo paklaidas. Revilla-Leon ir bedraautoriy sistemingje apzvalgoje nu-
statyta, kad esant nepakankamam darbo lauko apSvietimui, skaitmeniniy at-
spaudy teisingumas gali sumazéti nuo 20 iki 250 pm, o preciziSkumas — nuo
10 iki 110 um [170].
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Klinikiniai veiksniai, susij¢ su pacientu ir turintys jtakos skaitmeninio
atspaudo tikslumui, yra adentijos tipas, esamos danty restauracijos ir ske-
nuojamo pavirSiaus drégnumas. Tyrimai rodo, kad pavirSiaus skenavimas
yra maziau tikslus visiSkai bedanc¢iuose zandikauliuose, palyginti su dalinés
adentijos atvejais, dél anatominiy orientyry stokos, biitinos tiksliai duomeny
registracijai, ir gleivinés paslankumo [171, 172]. Skenuojamo danty lanko
vieta taip pat gali turéti jtakos atspaudo tikslumui — galiniy danty srityje ske-
navimo klaidos pasitaiko dazniau dél sudétingesnés prieigos, riboto mato-
mumo ir kriiminiy danty pavir§iaus morfologijos ypatybiy [173, 174]. Be to,
danty ir restauracijy pavirsiai $viesg atspindi nevienodai, todél skenavimo
tikslumas taip pat gali skirtis. Pavyzdziui, poliruoti metaliniai pavir$iai arba
cirkonio dioksido restauracijos daznai sukelia Sviesos sklaidg ir artefaktus,
mazinancius duomeny tikslumg [175]. Tuo tarpu natiiralus emalis ar kom-
pozitinés restauracijos Sviesg sugeria ir sklaido tolygiau, kas lemia didesn;j
skenavimo tiksluma [176]. Kitas svarbus veiksnys — burnos ertmes drégme.
D¢l seiliy ar vandens susidarantys drégni pavirsiai sutrikdo Sviesos atspindzio
vientisumg, lemia artefaktus ir sumazina skenuojamo pavirSiaus detalumg
[177, 178]. Tyrimai parodé, kad pavirSiaus drégnumas mazina tiek nattra-
liy danty, tiek restauracijy atspaudy tiksluma, ypa¢ naudojant struktiirizuotos
Sviesos skenavimo technologija [179].

3.4.3. KPKT ir IOS duomeny apdorojimo tikslumas

Kiginio pluosto KT ir IOS registravimas reiskia $iy dviejy vaizdy sutapa-
tinima, pasitelkiant anatominius arba dirbtinius orientyrus. Tikslus suplanuo-
tos danty implanto padéties perkélimas i kliniking aplinkg jmanomas tik tuo
atveju, kai paciento medicininiai vaizdai yra sutapatinti bendroje koordinaciy
sistemoje [180]. Registravimo procesas leidzia integruoti KPKT uzfiksuota
anatoming informacijg su pavirSiaus duomenimis, gautais optinio pavirsiaus
skenavimu, taip sukuriant erdviskai tiksly ir vieninga trimatj modelj. Sis eta-
pas yra kritiSkai svarbus visame skaitmenizuotos danty implantacijos darbo
procese — nuo diagnostikos ir planavimo iki chirurginiy gidy projektavimo ir
gamybos. Registravimo tikslumas tiesiogiai lemia kompiuterizuoto projek-
tavimo ir gamybos kokybe — netikslus vaizdy sutapatinimas gali neigiamai
paveikti chirurginio gido kokybe, stabilumg ir implantacijos tikslumg. Regis-
travimo procesg galima suskirstyti j atskirus etapus: KPKT ir IOS duomeny
surinkima, jy segmentavima bei suliejima [181].

KPKT vaizdy segmentavimas — tai procesas, kurio metu KPKT vaizduose
tarpusavyje atskiriamos anatominés strukttiros, pavyzdziui, dantys nuo alveo-
linio kaulo ir minkstyjy audiniy. Sis Zingsnis yra svarbus vaizdy registravimo
procese, nes uztikrina tiksly anatominiy struktiiry atvaizdavima, biiting sau-
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giam ir optimaliam implanto padéties planavimui [182]. Vis délto sudétinga
danty anatomija, ribotas audiniy kontrastiSkumas, neaiskios ribos ir KPKT
artefaktai apsunkina procesg ir gali sumazinti jo tiksluma [183].

Segmentavimo metodai skirstomi j rankinius, pusiau automatinius ir au-
tomatinius. Segmentavimo kokybé dazniausiai vertinama Sorensen-Dice
panaSumo koeficientu (DPK), kurio verté, virSijanti 0,7, paprastai laikoma
kliniSkai priimtina [184]. Rankinio segmentavimo metu specialistas Zymi
anatomines ribas skirtinguose KPKT pjiiviuose. Nors rankinis segmentavi-
mas daznai laikomas klinikiniu standartu, jo tikslumas priklauso nuo specia-
listo patirties ir jgiidziy — vidutinis DPK tikslumo koeficientas tarp specialisty
svyravo nuo 0,90 iki 0,95 [185]. Taciau Sis segmentavimo metodas reikalauja
laiko sgnaudy, tod¢l esant dideléms duomeny apimtims jo taikymas gali biiti
ribotas [186].

Pusiau automatiniai metodai, atsirad¢ XX a. pabaigoje dél medicininiy
vaizdy analizés technologijy pazangos, veikia regiony auginimo (angl. regi-
on growing), globalaus slenkscCio parinkimo (angl. global thresholding), riby
detektavimo ir vandenskyros (angl. watershed) analizés algoritmy pagrindu
[187]. Nors Sie metodai palengvina segmentavima, daugeliu atvejy vis dar
bitinas reikSmingas specialisto jsikiSimas j procesa, ypac esant mazam audi-
niy kontrastiSkumui ar sudétingai anatomijai [188].

Pastaraisiais metais sukurti automatizuoti segmentavimo metodai, paremti
masininio ir giluminio mokymosi algoritmais. Ankstyvieji automatizuoti me-
todai rémési klasikiniais vaizdy apdorojimo principais — slenks¢io nustatymu,
riby detektavimu, regiony auginimu, klasterine analize ir ,,vandenskyros* al-
goritmais. Vis délto §iy metody tikslumo ribotumas paskatino taikyti dirbtinio
intelekto (DI) ir konvoliuciniy neuroniniy tinkly (KNT) technologijas [187].
Eksperimentiniai tyrimy rezultatai rodo, kad DI ir KNT grjsti giluminio mo-
kymosi metodai geba atpazinti sudétingas anatomines strukturas, pavyzdziui,
ribas tarp danty ir kaulo, ir kompensuoti artefaktus, susidarancius dél metali-
niy restauracijy [ 188]. Be to, automatizuotai veikiantys algoritmai reikSmingai
sutrumpina segmentavimo laikg. Xiang ir bendraautoriy atliktoje sistemingje
apzvalgoje nustatyta, kad DI pagrindu veikianciy sistemy segmentavimo lai-
kas svyruoja nuo 0,126 sekundés iki 5 minuciy, tuo tarpu analogisky duome-
ny rankinis segmentavimas vidutiniskai truko apie 15 minuciy [184]. Nepai-
sant eksperimentiniuose tyrimuose pasiektos aukstos segmentavimo kokybés
(0,86—0,99 DPK), DI pagrijstas segmentavimas klinikin¢je praktikoje kol kas
néra taikomas [184]. Siuo metu dauguma komerciniy sistemy vis dar remiasi
pusiau automatiniais arba rankiniais segmentavimo metodais, 1§ dalies del
to, kad DI segmentavimo tikslumas reikSmingai varijuoja, priklausomai nuo
anatominiy struktiiry tipo. Tyrimuose nustatyta, kad vidutinés DPK reikSmés
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segmentuojant apatinj zandikaulj sieké 0,94, apatinio zandikaulio kanalg —
nuo 0,55 iki 0,694, virSutinj zandikaulj — 0,907, o dantis — 0,925 [188, 189].

Duomeny suliejimas (superimpozicija) — tai vaizdy registravimo proceso
dalis, kurios metu geometriskai sutapatinami IOS ir KPKT duomenys. Moks-
lin¢je literatiiroje iSskiriami trys pagrindiniai superimpozicijos metodai: 1)
orientyrais grjstas, 2) pavirSiaus savybémis grjstas ir 3) reikSmiy intensyvu-
mo metodas. IOS ir KPKT superimpozicija dazniausiai atlickama naudojant
pirmuosius du metodus arba jy kombinacijg [190, 191]. PavirSiaus savybémis
gristas metodas suderina specialisto pazymétus atitinkamus pavirSiaus plotus
skirtinguose vaizduose, o orientyrais gristas metodas - pazymétus taskinius
orientyrus. Siy metody veikimas pagristas Besl ir McKay pristatytu matema-
tiniu iteraciniu artimiausiy tasky (angl. iterative closest point, ICP) algorit-
mu, skirtu minimizuoti atstumus tarp dviejy tasky rinkiniy trimatéje erdveje
[192].

Esant pilnai bendanc¢iam Zandikauliui ar dideliam restauracijy skaiciui,
superimpozicijos tikslumas gali reikSmingai sumazeéti dél netiksliy orientyry
ar artefakty KPKT vaizduose. Tokiais atvejais naudojami dirbtiniai zyme-
kliai (rentgenokontrastiSkos kapos, sferiniai Zymekliai), taciau jie apsunkina
procediirg ir gali padidinti klaidy rizikg [192]. Remiantis Kim ir bendraau-
toriy eksperimentinio tyrimo duomenimis, superimpozicijos nuokrypiai tarp
zymekliy svyravo nuo 0,1 mm iki 0,4 mm [192]. Visgi visiSkai bedanciy
zandikauliy atvejais Zymekliy nenaudojimas kelia i$Siikiy, nes tokiais atve-
jais registruojami minkstyjy audiniy pavirsiai, kurie KPKT vaizduose daznai
sunkiai identifikuojami. Deferm ir bendraautoriy tyrime pasiiilyta alternatyvi
metodika, kai be Zymekliy buvo bandoma minks$tuosius audinius atpaZinti
pagal individualizuotus pilkumo intensyvumo lygius. Taikant §; metoda, uz-
fiksuoti vidutiniai nuokrypiai sieké 0,49 mm [193].

Esant palankioms klinikinéms salygoms, duomeny superimpozicijai daz-
niausiai naudojami natiiraliy danty pavirSiai ar taSkiniai orientyrai [191].
Naudojant danty pavirSius superimpozicijai, tikslumg jtakoja danty morfolo-
gijos detalumas, KPKT vaizdy raiSka, artefakty buvimas bei specialisto pa-
tirtis [192]. Net ir idealiomis eksperimentinémis saglygomis nuokrypiai yra
neiSvengiami — pavyzdziui, Kim ir bendraautoriy tyrime su kadaverinémis
kaukolémis, esant pilnam danty lankui be restauracijy, superimpozicijos
paklaidos sieké 0,2 mm [192]. Esant neoptimaliai KPKT vaizdy kokybei,
superimpozicijos tiksluma galima pagerinti, pasirenkant daugiau nei 10 ati-
tinkamy anatominiy ar dirbtiniy orientyry [194].

Kaip ir duomeny segmentavimo procese, DI metody taikymas superim-
pozicijai turi potencialo ateityje. Nors Siuo metu klinikinéje praktikoje domi-
nuoja pusiau automatiniai metodai, eksperimentiniy tyrimy rezultatai parode¢,
kad automatinés dirbtinio intelekto (DI) pagrindu sukurtos superimpozicijos
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technologijos pasizymi didesniu tikslumu — jy nuokrypiy vidurkiai buvo ma-
zesni (0,12-0,21 mm) nei pusiau automatiniy metody [190, 195, 196]. Dar
vienas svarbus DI pagristy metody pranaSumas — reik§mingai sutrumpintas
superimpozicijos atlikimo laikas [190, 191]. Be to, Elgabra ir bendraautoriy
tyrime nustatytas aukstesnis DI sistemy tarpklasinis koreliacijos koeficientas,
palyginti su pusiau automatiniais metodais — atitinkamai 1,00 ir 0,96, kas
rodo didesn;j suliejimo proceso patikimuma [190].

3.4.4. Chirurginiy implantacijos gidu gamybos metodai

Chirurginius implantacijos gidus galima klasifikuoti pagal jy gamybos
buda ir taikomas technologijas. Odontologijoje naudojamos kompiuteri-
zuotos gamybos technologijos skirstomos i adityvigsias (AGT) ir subtrak-
tyvigsias (SGT). Subtraktyviosios gamybos technologijos remiasi selektyviu
medZiagos pasalinimu i§ Zaliavos bloko. Placiausiai naudojama SGT riisis —
frezavimas kompiuterinio valdymo (angl. computer numerical control; CNC)
staklémis. Nors tai yra ypac tiksli technologija, dél riboty galimybiy atkurti
sudétingas geometrines detales, chirurginiy gidy gamyboje praktiskai nenau-
dojama. Dazniausiai naudojamos adityviosios technologijos, kurios leidzia
kurti sudétingas trimates formas sluoksnis po sluoksnio. Gidy gamybai daz-
niausiai taikomi Sie 3D spausdinimo metodai [197-299]:

1. Talpos fotopolimerizacijos (angl. vat photopolymerisation; VPP): stere-
olitografija (SLA), skatmeninio Sviesos apdorojimas (angl. digital light
processing; DLP), nuolatinés skystosios sgsajos gamyba (angl. conti-
nuous liquid interface production; CLIP) ir skystakristalio monitoriaus
technologija (angl. liquid crystal display; LCD)

2. Medziagos iSpurskimo (angl. material jetting; MJT)

3. Miltelinio sluoksnio lydymo (angl. powder bed fusion; PBF): selekty-
vus lazerinis sukepinimas (angl. selective laser sintering; SLS)

4. Medziagos ekstruzijos (angl. material extrusion; MEX): lydZiojo nusé-
dinimo modeliavimas (angl. fused deposition modeling; FDM)

Pradéjus taikyti 3D spausdinimg danty implantologijoje, placiausiai nau-
dota technologija buvo SLA. D¢l Sios priezasties dalyje mokslinés literattiros
statiniai chirurginiai gidai vadinami stereolitografiniais gidais. Sios ir kity
VPP technologijy procesy metu spausdinimas vyksta UV spinduliuote pa-
sluoksniui sukietinant skystus fotopolimerus. Stereolitografijoje UV spindu-
livotés Saltinis yra lazeris, dél ko §i technologija pasizymi didziausiu tikslu-
mu, taciau ilgesne spausdinimo trukme. Kitos VPP rtsys naudoja skirtingus
UV spinduliuotés Saltinius: DLP — UV projektoriy, LCD — skystyjy kristaly
monitorius, dél ko spausdinimas yra greitesnis, o tikslumas — mazesnis. D¢l
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CLIP technologijoje naudojamo deguoniui laidaus UV projektoriaus, gali-
ma pasiekti didelj gamybos greitj, nes spausdinimas vyksta be pertrauky tarp
sluoksniy. Tarp skirtingy VPP technologijy statistiSkai reikSmingy skirtu-
my spausdinimo tikslumo atzvilgiu nenustatyta [197]. VPP technologijomis
spausdinami chirurginiai gidai daZniausiai gaminami i§ polimetakrilatiniy
dervy. Naudojamy medziagy fizinés savybeés — ypac elastingumas — gali turéti
jtakos gido atsparumui mechaninei apkrovai [200].

Medziagos iSpurskimo technologija veikiantys trimaciai spausdintuvai yra
re¢iau naudojami odontologijoje dél mazesnio tikslumo, palyginti su VPP
spausdintuvais, ir didesniy gamybos kasty [198, 201, 202]. Skirtingai nei
VPP proceso metu, MJT veikimo principas grindziamas skystos polimerinés
medziagos iSpurskimu ant spausdinimo platformos, kuri véliau yra sukietina-
ma UV lempa.

PBF ir MEX technologijomis grjsti trimaciai spausdintuvai reik§mingai
nusileidZia VPP ir MJT technologijoms chirurginiy implantacijos gidy spaus-
dinimo tikslumu, dél ko yra naudojami reciausiai [197, 201]. Tac¢iau dél mazy
kasty ir paprastesnio pogamybinio apdorojimo susidoméjimas jy potencialiu
panaudojimu islieka [203]. Tiek PBF, tieck MEX procesy metu naudojamos
kietos konsistencijos medZziagos, skirtingai nei anks¢iau minétose technolo-
gijose [198]. PBF procese naudojami milteliai, kurie yra pasluoksniui suke-
pinami veikiant Sviesolaidiniam lazeriui, 0 MEX proceso metu, medziagos
blokas yra pirmiausiai iSlydomas ir véliau iSpurSkiamas sluoksniais [204].

Remiantis tyrimy, kuriuose buvo lyginamas skirtingomis 3D spausdinimo
technologijomis pagaminty chirurginiy gidy tikslumas, duomenimis, nustaty-
ta, kad DLP technologija pagaminti gidai pasiZyméjo panaSiu arba didesniu
tikslumu nei SLA btidu spausdinti gidai [197, 205]. Be to, DLP technologija
spausdinto chirurginio gido dydis neturéjo reikSmingos jtakos tikslumui, o
SLA ir MIT technologijomis pagaminty gidy tikslumas neigiamai koreliavo
su spausdinamo gido dydziu [197]. Kessler ir bendraautoriy tyrimas nustaty-
ta, kad SLA technologija spausdinti chirurginiai gidai lém¢ statistiSkai reiks-
mingai didesnius kampinius ir linijinius implanto padéties nuokrypius, paly-
ginti su DLP gidais, kai buvo naudojama ta pati spausdinimo medziaga [206].

Galiausiai chirurginio gido medziagy savybes ir tikslumg gali paveikti
pogamybiniai procesai: valymas, kietinimas, poliravimas ir sterilizavimas.
Perteklinis valymas alkoholiais, mechaninis valymas arba kietinimas neiner-
tinémis salygomis reik§mingai sumazina chirurginio gido erdvinj tiksluma
[207-209]. Taip pat siekiant iSlaikyti chirurginio gido matmeny stabiluma,
biitina uztikrinti optimalias sandéliavimo salygas ir laikytis tinkamos laikymo
trukmés [210]. Ntovas ir bendraautoriy tyrimas parod¢, kad tiesioginiy saulés
spinduliy poveikis ar padidéjusi aplinkos drégmé — ypac per pirmas 4 sandé-
liavimo savaites, lemia didesnius gido matmeny pakitimus [211].
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3.4.5. Chirurginiy implantacijos giduy konstrukciniai ypatumai

Statinés skaitmenizuotos danty implantacijos sistemas ir naudojamus chi-
rurginius gidus galima klasifikuoti pagal kelis kriterijus: gamybos skaitmeni-
zavimo lygj, gamybos buida, instrumenty navigacijos lygi, grazty navigavimo
mechanizma, kreipiamosios jvorés ir grezimo kanalo tipg ir gido atramos po-
budj. Klasifikacija pateikta 3.4.5.1 paveiksle.
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3.4.5.1 pav. Chirurginiy implantacijos gidy klasifikacija, atsizvelgiant j konstrukciniy elementy ir gamybos skirtumus



Pagal gamybos skaitmenizavimo lygj chirurginiai gidai skirstomi j skai-
tmenizuotus ir neskaitmenizuotus (laboratorinius). Neskaitmenizuoti gidai
gaminami remiantis diagnostiniu danty pavaskavimu arba suformavus nori-
ma implantacijos krypt;j atitinkant] gr¢Zimo kanalg paciento iSimamuose dan-
ty protezuose [212]. Nors tokie gidai gali biiti naudojami tiek osteotomijoms,
tiek implanto jsriegimui, greZimo kanalas su néra tiesiogiai susietas su su-
planuota implanto padétim[213]. Skaitmenizuoti gidai gaminami naudojant
skaitmenines gydymo planavimo platformas, kurios remiasi prieSoperaciniais
KPKT ir IOS duomenimis. Tokiu buidu suprojektuota grezimo kanalo padétis
ir kryptis yra tiesiogiai geometriskai susieta su suplanuota implanto padétimi
[86].

Skaitmenizuoti chirurginiai gidai skiriasi konstrukcijos ypatumais. At-
sizvelgiant | grezimo kanalo vientisuma, jie skirstomi j atvirus ir uzdarus.
Atviri grezimo kanalai yra ,,C* formos ir turi i§pjova, kuri leidzia vizualiai
kontroliuoti osteotomijos procesa bei uztikrinti ausinimg [213-215]. Uzdari
kanalai yra vientiso cilindro formos ir pilnai apgaubia osteotomijos grazta.

Chirurginio gido grezimo kanalo ir gragzto skersmeny atitikimui gali biiti
naudojamos kreipiamosios jvorés ir grezimo kreipiklis (3.4.5.2 paveikslas).
Priklausomai nuo to, ar grazto ir grezimo kanalo skersmeny geometriniam
atitikimui uZtikrinti reikalinga papildoma kreipiamoji jvore, gidai skirstomi }
sistemas su jvorémis ir be jy. Kreipiamoji jvoré — tai cilindro formos metaliné
arba polimerin¢ detalé, jtvirtinama grezimo kanale. Jos iSorinis skersmuo ati-
tinka grezimo kanalo skersmenj, o vidinis — grazto [216]. Sistemos, kuriose
grazto ir kanalo skersmenys atitinka be papildomos jvorés, laikomos bejvore-
mis sistemomis (angl. sleeveless) [216, 217]. Ivorés buvimas chirurginio gido
konstrukcijoje lemia papildomo tolerancijos tarpo atsiradimg (tarp jvorés ir
grezimo kanalo).

Pagal grazty navigavimo mechanizmag galima iSskirti sistemas su krei-
pikliais, be kreipikliy ir miSrias [218]. Naudojami grezimo kreipikliai — tai
cilindro formos detalés, kuriy iSorinis skersmuo atitinka grezimo kanalo ar
jvorés vidinj skersmenj, o vidinis — osteotomijos grazto skersmenj. Sie kreipi-
kliai gali biiti uzmaunami ant graZto arba pateikiami kaip atskiri instrumentai
su rankenélémis [219]. Gidinés implantacijos sistemose be kreipikliy instru-
menty vainikinés dalies skersmuo atitinka grezimo kanalo ar jvorés vidinj
skersmenj, todél kreipikliai nereikalingi [23]. MiSriose sistemose derinami
abu principai — pavyzdZiui, osteotomijos graztams naudojamas kreipiklis, o
implanto jvedéjo skersmuo atitinka grezimo kanalo skersmen;j be kreipiklio
[218].
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3.4.5.2 pav. Chirurginio implantacijos gido konstrukcijos elementai
A — kreipiamoji jvoré (metaliné), B — grezimo kreipiklis (su rankenéle).

Tolerancijos tarpai tarp chirurginio gido konstrukcijos elementy ir naudo-
jamy instrumenty turi biiti optimaliis: pakankamai laisvi, kad instrumentai
buty jvedami be kliti¢iy, bet pakankamai tamprs, kad biity iSvengta grezimo
nuokrypiy. Chirurginiame gide tolerancijos tarpy skaicius gali kisti nuo vie-
no — tarp grezimo kanalo ir grazto — iki trijy: tarp grezimo kanalo ir jvores,
tarp jvores ir grezimo kreipiklio bei tarp kreipiklio ir grazto. Tyrimai rodo,
kad didesni tolerancijos tarpai tarp jvorés ir grazto ar grezimo kreipiklio kore-
liuoja su didesniais gre¢Zimo nuokrypiais. Autoriai sitilo mazinti $iy tarpy dydj
arba didinti jvorés aukstj, siekiant geresnés grazty Soniniy judesiy kontrolés
[220]. Lyginant atvirus grezimo kanalus su uzdarais, didesni nuokrypiai nu-
statyti naudojant atvirg grezimo kanalg [215]. Tuo tarpu lyginant uzdarus ir
atvirus grezimo kanalus be metaliniy jvoriy, statistiSkai reikSmingy skirtumy
nenustatyta [221]. Tac¢iau metaliniy jvoriy jtaka sSDI tikslumui néra sistema-
tiskai jvertinta — dalis tyrimy rodo neigiamg poveikj implantacijos tikslumui,
kiti — statistiSkai reikSmingos jtakos nenustaté [217, 222, 223]. Tyrimy, ly-
ginan¢iy su kreipikliu ir be kreipiklio sSDI sistemas, rezultatai taip pat yra
priestaringi [23, 218, 219].

Itakos tikslumui gali turéti ir jvorés padétis chirurginiame gide. Laisvo gre-
Zimo atstumas — tai atstumas nuo jvores apacios iki osteotomijos virsinés. Jis
zymi grazto judéjimo keliag, kai §is jau nebéra naviguojamas grezimo kanale.
Dalyje gidiniy sistemy $j atstuma galima koreguoti. El Kholy ir bendraautoriy
tyrime, kuriame naudotos sSDI sistemos su greZimo kreipikliais ir metaliné-
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mis jvorémis, laisvo grezimo atstumas tiesiogiai koreliavo su didesniais nuo-
krypiais [224]. Panasi tendencija stebéta ir Guentsch bei bendraautoriy tyri-
me — lyginant atvirus ir uzdarus grezimo kanalus, skirtumai tarp sistemy tapo
statistiSkai nebereikSmingi sumazinus laisvo grezimo atstumag [215]. Svarbu
pazymeéti, kad minéti jtakos turintys veiksniai gali sgveikauti tieck kumulia-
tyviai, tiek interaktyviai [223]. Tod¢l vertinant arba lyginant skirtingas gidi-
nes implantacijos sistemas biitina j tai atsizvelgti. Norint objektyviai jvertinti
konkretaus veiksnio poveikj, bitini standartizuoti eksperimentiniai tyrimai,
kuriuose eliminuoti kiti potencialiis jtakos turintys veiksniai.

Gido navigacijos lygis — tai terminas, apibiidinantis kokia gidinés implan-
tacijos etapy dalis atlickama naudojant gida, o kokia — laisva ranka. Pagal tai
galima i8skirti: pilotinés navigacijos lygj, kai gidas naudojamas tik pirminiam
(pilotiniam) osteotomijos graztui; dalinés navigacijos lygi, kai osteotomijos
atliekamos per gida, o implanto jsriegimas vyksta laisva ranka; ir pilnos na-
vigacijos, kai visi implantacijos etapai atliekami naudojant gida [111]. Sis-
teminiy apzvalgy duomenimis, pilnos navigacijos sistemos buvo statistiSkai
reikSmingai tikslesnés tiek uz pilotinés, tiek uz dalinés navigacijos sistemas
[18, 111].

3.4.6. Klinikiniai-anatominiai jtakos turintys veiksniai

Klinikiniai—anatominiai veiksniai, turintys jtakos statinés gidinés implan-
tacijos tikslumui, apima platy kintamyjy spektra, i§ kuriy kiekvienas atskirai
arba sgveikoje gali lemti sSDI tiksluma. Dalis jy susij¢ su paciento fiziologi-
ja, kiti — su danty ir alveolinés keteros anatomija.

Vienas pagrindiniy fiziologiniy veiksniy, ribojanciy statinés skaitmeni-
zuotos implantacijos taikyma, yra nepakankama paciento i$siziojimo ampli-
tude [119]. Lyginant su implantacija laisva ranka, gidinei implantacijai reikia
papildomos intraoralinés erdvés dél chirurginio gido matmeny ir ilgesniy os-
teotomijos grazty. Minimalus i$siziojimo dydis, reikalingas gidinéms osteo-
tomijoms atlikti, svyruoja nuo 36 iki 41 mm, priklausomai nuo naudojamos
implantacijos sistemos [225]. Ribotg i$siziojimg gali lemti paciento amzius,
lytis, ankstyvas danty netekimas ir smilkininio apatinio Zandikaulio sgnario
ar kramtymo raumeny funkcijos sutrikimai [226, 227]. Kai iSsiziojimas yra
nepakankamas, statiné skaitmenizuota implantacija gali biti jgyvendinama
tik i§ dalies — pavyzdziui, atliekant osteotomijas per gida, o implantg jsrie-
giant laisva ranka, arba jos gali biiti visiSkai atsisakoma. Gargallo-Albiol ir
bendraautoriy mokslinés literatiiros apZvalgoje nustatyta, kad kriminiy danty
srityje dél nepakankamo i8siziojimo pilna gidiné¢ implantacija negaléjo buti
atlikta nuo 34,4 proc. iki 76,7 proc. atvejy, priklausomai nuo naudotos im-
plantacijos sistemos [225].
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Priklausomai nuo klinikinés situacijos ir pasirinktos chirurginés taktikos,
gido atramai gali buti naudojami dantys, gleiviné arba kaulas [228]. Galimy-
bé naudoti dantis kaip atrama priklauso nuo likusiy danty skaiciaus, jy buklés,
vainiky morfologijos ir paslankumo. Danty atrama taikoma esant daliniams
danty eiliy defektams, kai likusiy danty kiekis ir stabilumas yra pakankamas
[229]. Danty atrama uztikrina optimaly gido pasyvy nusédimg ir stabilumg
procediiros metu, todél laikoma patikimiausiu atramos tipu [230]. Tyrimuo-
se nustatyta, kad naudojant danty atramg pasiekiamas didziausias sSDI tiks-
lumas, palyginti su kaulo ir gleivinés atrama [228, 231]. Gleiviné atramai
naudojama pilnos adentijos atvejais, kai implantacija atlieckama be gleivinés—
antkaulio lopo pakélimo. Kai kuriais atvejais, pavyzdziui, esant dideliems
ribotiems ar neribotiems defektams, gali biiti naudojama kombinuota danty
ir gleivines atrama [232]. Visgi gleivine paremti gidai yra maziau stabiliis dél
minkstyjy audiniy elastingumo ir mobilumo [233]. Pilnos adentijos atvejais,
kai implantacija atliekama su pilno storio gleivinés—antkaulio lopo pakélimu,
chirurginis gidas remiamas j kaulg [229, 234]. Naudojant kaulo atramg nusta-
planuoty padéciy, palyginti su kitais atramos tipais [229]. Didesni nuokrypiai
siegjami su sudétingesniu gido stabilizavimu, nes gleivinés—antkaulio lopas
gali trukdyti tiksliam gido pozicionavimui, taip pat su galimais netikslumais
rekonstruojant alveolinés keteros pavirSiy KPKT vaizduose, kurie naudojami
gido modeliavimui. VisiSkai bedanc¢io zandikaulio ar neriboty galiniy defekty
atvejais, kai chirurginis gidas remiasi | gleiving ar kaulg, rekomenduojama
papildoma gido fiksacija [229]. Tyrimai rodo, kad gido fiksavimas 3—4 titani-
némis vinimis ar mikrosraigtais reik§mingai sumazina implanty vainikinius,
vir§iininius ir kampinius nuokrypius [232, 235].

Atraminiy danty skaiCiaus jtaka statinés skaitmenizuotos implantacijos
tikslumui kol kas lieka nepakankamai istirta. Eksperimentiniy tyrimy Sia tema
yra nedaug, o standartizuoty klinikiniy tyrimy néra. Iki Siol néra mokslinio su-
tarimo dé¢l optimalaus atraminiy danty skaiciaus ar jy i§sidéstymo skirtingose
implantacijos vietose. Arisan ir bendraautoriai nurode¢, kad norint uztikrinti
chirurginio gido stabilumg, reikalinga bent dviejy nepaslankiy danty atrama
[236]. Nguyen ir bendraautoriy tyrimas parodé, kad 6 danty atrama uztikrino
reikSmingai didesnj implantacijos tiksluma nei 4 danty atrama pavienio prie-
kinio defekto srityje, simuliuojant vienmomente¢ implantacijg iSrauto danties
alveol¢je [237]. El Kholy ir bendraautoriy eksperimentinis tyrimas parodeé,
kad dviejy danty atrama salygojo didziausius implanty padéties nuokrypius,
palyginti su trimis, keturiais ar visu danty lanku paremtais gidais [238]. Ta-
¢iau didesnis atraminiy danty kiekis nebiitinai lemia didesn; tikslumg. Nega-
na to, viso lanko chirurginiy gidy panaudojima gali riboti paciento i$siZioji-
mas, o jy gamybos kastai didesni nei trumpesniy gidy [239-241]. El Kholy
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ir bendraautoriy tyrime nustatyta, kad keturiy danty atrama uztikrino panasy
tikslumg kaip ir viso lanko atrama [238]. Tyrimo autoriai taip pat akcentavo
atraminiy danty morfologijos svarba — pavyzdziui, kubo formos kriiminiai
dantys gali suteikti stabilesn¢ atrama nei piramidés formos priekiniai dantys.
Remiantis Matsumura ir bendraautoriy tyrimu, implantacijos tikslumas tie-
siogiai koreliavo su atraminiy danty skai¢iaus did¢jimu iki deSimties, taciau
virSijus §ig ribg buvo pastebétas vainikiniy ir virStniniy implanty padéties
nuokrypiy padid¢jimas [22]. Wu ir bendraautoriy tyrime 4-iy danty atramos
gidai lémé reikSmingai didesni tiksluma, palyginti su ilgesniais gidais pavie-
niy danty defektuose [242]. Visgi $iy tyrimy ribotuma lemia tai, kad daugeliu
atvejy buvo vertinamos pavienés implantacijos sritys, neatsizvelgta | atra-
miniy danty iSsidéstyma arba buvo naudota tik viena implantacijos sistema.
Potenciali atraminiy danty i$sidéstymo jtaka gidinés implantacijos tikslumui
atsispindi tyrimy, kuriuose vertintas tikslumas galiniuose neribotuose defek-
tuose, rezultatuose. Didesnés implanty padéties paklaidos implantuojant neri-
botuose galiniuose defektuose siejamos su galima gido deformacija dél vien-
pusio atraminiy danty iSsidéstymo [243]. D¢l Sios priezasties, dalis autoriy
akcentuoja gido fizikiniy savybiy svarbg ir rekomenduoja naudoti standesnius
chirurginius gidus, kiti — papildomus fiksavimo elementus gido stabilumui
uztikrinti [200, 244, 245]. Wu ir bendraautoriai esant galiniams neribotiems
defektams pasiiilé gerinti gido retencija, iSnaudojant danty pavirSiaus anato-
mijg gido projektavimo metu [239]. Tyrime sumazinta 3D spausdinimo kom-
pensacijos verté¢ nuo 0,15 mm iki 0,05 mm, lémé didesnj implantacijos tikslu-
mg galiniame neribotame defekte [241]. Taciau spausdinimo kompensacijos
vertés mazesnés nei 0,1 mm siejamos su blogesniu pasyviu nusédimu [245].
Neriboty danty eiliy defekty atvejais svarbus ir implantacijos vietos nuotolis
iki atraminio danties. Kuo implantacijos vieta labiau nutolusi nuo atraminio
danties, tuo didesnés implanto padéties paklaidos dél stipresnio sverto efekto,
lemiancio gido deformacijg ir judéjima greZzimo metu [246].

Projektuojant chirurginio implantacijos gido apimtis svarbu atsizvelg-
ti 1 galimas paklaidas susijusias su pavirSiaus skenavimu, 3D spausdinimu,
medziagy savybémis ir pasyviu nusédimu. Kernen ir bendraautoriy tyrime
nustatyta, kad viso lanko intraoraliniai skenavimai pasizymi didesnémis pa-
klaidomis palyginti su trumpesniais skenavimais [247]. Panasus désningumas
pastebétas ir tyrimuose, kuriuose palygintos skirtingos skenavimo technikos.
Nustatyta, kad skenuojant trumpesniais intervalais ar tankesne trajektorija,
galima pasiekti didesnj tiksluma [170, 248]. Katsoulis ir bendraautoriy tyrime
taip pat nustatyta, kad skaitmeniniy atspaudy pagrindu pagaminty tiltiniy res-
tauracijy ant implanty pasyvaus nusédimo preciziSkumas yra didesnis esant
trumpesnéms restauracijoms [249]. L*Alzit ir bendraautoriy tyrime, kuriame
buvo vertintas chirurginiy gidy, spausdinty skirtingomis trimacio spausdini-
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mo technologijomis, tikslumas, nustatyta, kad ilgesni gidai pasizyméjo dides-
némis spausdinimo paklaidomis, palyginti su trumpesniais [197]. AnalogiSky
iSvady prieita Wu ir bendraautoriy tyrime, kuriame ne tik nustatytas didesnis
trumpesniy chirurginiy gidy tikslumas, palyginti su viso lanko gidais, bet ir
mazesnés deformacijos dél medziagy susitraukimo po 1-3 ménesiy sandélia-
vimo [250].

Statinés SDI tikslumui jtakos turi ir alveolinés keteros anatomija. Nustaty-
ti statistiSkai reikSmingi skirtumai vertinant danty implanty padétis skirtingos
morfologijos danty alveolése [217]. Danty implantai, jsriegti j iSrauto danties
piniais nuokrypiais, palyginti su implantais, jsriegtais j sugijusia alveoling
ketera [217, 238]. Raabe ir bendraautoriy tyrime, be kita ko, buvo palygintos
skirtingy tipy poekstrakcinés alveolés. Simuliuojant vienmomente implanta-
cija, nustatyti didesni implanty nuokrypiai, palyginti su atidéta implantacija |
sugijusia keterg [251]. DidZiausi nuokrypiai fiksuoti triSakniy danty alveoliy
atveju, tuo tarpu vienos Saknies alveoliy modeliuose didziausi implanty pa-
déties nuokrypiai stebéti bukaline kryptimi — maziausio pasiprieSinimo ke-
liu. Esant sugijusiai alveolinei keterai, kaulo plotis bukolingvaline kryptimi
gali biiti papildomas rizikos veiksnys, lemiantis didesnius nuokrypius. Jei al-
veolin¢ ketera yra siaura, osteotomijos grazto trajektorija gali nukrypti nuo
suplanuotos padéties, o tai lemti nuokrypius tolimesniy implantacijos etapy
metu [252]. Tam jtakos gali turéti ir kortikalinio kaulo pasiprieSinimas. Cas-
setta ir bendraautoriy tyrime nustatyta reikSminga koreliacija tarp vertikaliy
implanto padéties nuokrypiy ir kaulo tankio (p <0,001), o vidutin¢ 777,30
Haunsfildo vienety verté buvo susijusi su seklesne implanto padétimi [253].
Kita vertus, Putra ir bendraautoriy tyrime nustatyta neigiama koreliacija tarp
alveolinés keteros kaulo tankio ir implantacijos tikslumo — didZiausi vainiki-
niai ir kampiniai nuokrypiai buvo fiksuoti tais atvejais, kai kaulo tankis buvo
mazesnis nei 500 Haunsfildo vienety. Taciau implantacijos tikslumas varija-
vo ir vertinant kitus nepriklausomus kintamuosius — alveolinés keteros plotj
bei kortikalinio sluoksnio storj [252].

Taigi skaitmenizuotos implantacijos tikslumui daliniuose danty eiliy defek-
tuose reikSmingg jtaka turi danty atramos ypatumai, nuo kuriy priklauso chi-
rurginio gido stabilumas, o alveolinés keteros anatomija gali lemti chirurginiy
grazty bei implanty nukrypimus nuo suplanuotos grezimo trajektorijos. Todél
siekiant optimizuoti statinés skaitmenizuotos implantacijos tiksluma, biitina
ivertinti defekto vieta, atraminiy danty iSsidéstyma, tipa ir bukle, alveolinés
keteros morfologija bei minkstyjy audiniy savybes. Siuo metu néra vieningos
klasifikacijos sistemos, kuri apimty visus §iuos kintamuosius. Placiausiai tai-
koma dalinés adentijos klasifikavimo sistema islieka Kennedy klasifikacija
[254]. Ji buvo sukurta siekiant palengvinti komunikacijg tarp burnos sveika-
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tos priezitiros specialisty ir padéti sisteminti gydymo planavimg. Kennedy
klasifikacija buvo sukurta XX a. pirmoje puséje, kai endoosaliné¢ implanta-
cija dar nebuvo taikoma, todél ji rémeési gydymo iSimamais danty protezais
principais. Vélesnése Amerikos odontology ortopedy kolegijos klasifikaci-
joje ir Kennedy klasifikacijos modifikacijoje (IC; angl. implant-corrected)
atsizvelgiama j galimus danty implantus danty lanke [255, 256]. Papildomai,
kaip atskiri diagnostiniai instrumentai $iuo metu taikomos $ios klasifikacijos:
Seiberto [257], Cawood ir Howell [258], Urbano [259] bedantés alveolinés
keteros ir minkStyjy audiniy klasifikacijos, Millerio danty paslankumo klasi-
fikacija [260], Misch alveolinés keteros tankio klasifikacija [261].

3.5. Literatiiros apzvalgos apibendrinimas

Pagrindinis statinés skaitmenizuotos danty implantacijos sitilomas priva-
lumas — didesnis tikslumas pernesant suplanuotg implanto padétj j klinikine
aplinka, palyginti su implantacija laisva ranka. Nepaisant spartaus techno-
logijy vystymosi, vidutinés erdvinés paklaidos tarp realios ir suplanuotos
implanto padéciy siekia 2 mm, o maksimalios iki 7 mm [27]. Tokio dydzZio
paklaidos gali lemti ankstyvasias ar vélyvasias komplikacijas.

Remiantis literatiiros apzvalgos duomenimis, statinés skaitmenizuotos
implantacijos tiksluma gali lemti vir§ 20 techniniy ir klinikiniy kintamyjy.
Absoliutus tikslumg jtakojanciy veiksniy eliminavimas kliniSkai nejmano-
mas, nes dalis jy yra susij¢ su naudojama technine ir programine jranga bei
medZziagy savybemis. Vis délto identifikavus ir optimizavus jtakos turin¢ius
veiksnius, galima nuosekliau pritaikyti gidinés implantacijos protokolus in-
dividualioms klinikinéms saglygoms. Moksliniuose dalinés bedantystés sSDI
tikslumo tyrimuose tikslumas néra vertinamas kompleksiskai, atsizvelgiant j
implantacijos vieta, gido atramos tipg ar navigavimo mechanizma. D¢l Sios
priezasties néra jrodymais pagristy rekomendacijy chirurginio gido atrami-
niy danty skai€iaus ir navigavimo mechanizmo parinkimui skirtingy daliniy
danty eiliy defekty sSDI atvejais. Atsizvelgus ] paklaidy Saltiniy kiekj, atski-
ry jtakos turincius veiksniy vertinimas turéty buti atlickamas standartizuotu
eksperimentiniu biidu. Taigi norint jvertinti gidinés implantacijos sistemos ar
atraminiy danty skaiCiaus jtakg implantacijos tikslumui reikalinga standarti-
zuoti morfologinius ir anatominius danty eiliy defekto, alveolinés keteros bei
techninius chirurginio gido dizaino aspektus.
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4. TYRIMO MEDZIAGA IR METODAI

4.1. Eksperimentiniy modeliy projektavimas ir gamyba

Anonimizuoti virSutinio Zandikaulio su pilnu danty lanku kiiginio pluos-
to kompiuterinés tomografijos (DICOM, Orthoplos SL 3D, Dentsply Sirona
Inc) ir optinio pavirSiaus skenavimo (STL, 3Shape E3, 3Shape A/S) duome-
nys importuoti  vaizdy segmentavimo ir trimatés rekonstrukcijos programi-
n¢ jranga (3D Slicer 5.3.0). Atliktus danty segmentavima, dalis jy pasalinta
sukuriant tyrimui aktualius danty eiliy defektus. Suprojektuoti prototipiniai
virSutinio zandikaulio modeliai: pirmame pasSalinti 15, 16, 17, 21 ir 26 dantys,
antrame — 11, 12, 21, 22 ir 15 dantys pagal Tarptautinés odontology federaci-
jos (pranc. Federation Dentaire Internationale, FDI) numeracija.

4.1.1 pav. Virsutinio zandikaulio modeliy prototipai

Zandikaulio modelio Nr. 1 prototipas su pasalintais FDI 15, 16, 17, 21 ir 26 dantimis.
Zandikaulio modelio Nr. 2 prototipas su pasalintais FDI 11, 12, 15, 21, 22 dantimis.

Viso atspausdinta 120 vienety (po 60 abiejy modeliy) Zandikaulio mode-
liy selektyvaus lazerinio sukepinimo sistema EOS P 396, naudojant polia-
mido-12 (PA2200, EOS) miltelius. Selektyvus sukepinimas vykdytas 70 W
CO2 lazeriu, 6 m/s spindulio judéjimo greiciu ir spausdinant 0,08 mm storio
sluoksniais. Poliamidas-12 pasizymi 1700 MPa tampros (Jango) moduliu,
48 MPa tempiamuoju stipriu ir 75-80 pavirsiaus kietumu Soro D skaléje.
Po spausdinimo atliktas pogamybinis modeliy apdirbimas — 12h atvésinimas,
milteliy Salinimas oro kompresoriumi ir EOS IPCM sistema bei sméliavi-
mas. Modeliai supakuoti sandariose plastikinése pakuotése. Pirmas zandikau-
lio modelis atitiko Kennedy II-os kalsés, 2-3 modifikacijg, antras — Kennedy
III-ios klasés, 1-3 modifikacijg ir apéme pavienius ir istestinius danty eiliy
defektus priekiniame ir galiniame danty lanko segmentuose.
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4.2. Implanty padéties planavimas ir chirurginiy gidy projektavimas

Atliktos kiiginio pluosto kompiuterinés tomografijos (Orthoplos SL 3D,
Densply Sirona Inc) modelius pozicionavus apzvalgos lauko centre ant poliu-
retano bloko. Nustatytas 11 x 10 cm apzvalgos laukas, 80 um vokseliy dydis,
85 kV rentgeno spinduliy jtampa, 6 mA srovés stipris ir 14,4 s skenavimo tru-
kmé. Optinio pavirSiaus skenavimas atliktas Medit 1700 intraoraliniu skene-
riu (Medit Corporation). Skaitmeniniai DICOM ir STL duomenys importuoti
1 virtualaus gydymo planavimo programing jrangg (exoplan Rijeka 3.1, Exo-
cad GmbH) skaitmeniniam pavaSkavimui ir implanty padéties projektavimui.
Suplanuotos implantacijos vietos:

« Zandikaulio modelis Nr. 1:

o Pavienis priekinis defektas (FDI 21)
o Pavienis kriiminis defektas (FDI 26)
o Prieskriiminio ir kriminio danty vietos neribotame galiniame defek-
te (FDI 15 ir FDI 17)
« Zandikaulio modelis Nr. 2:
o Pavienis prieskriminis defektas (FDI 15)
o Ribotas priekinis defektas (FDI 12 ir FDI 22)

Suplanuoty implanty padétys projektuotos pagal skaitmeninj pavaska-
vimg, 1 mm Zemiau alveolinés keteros, implanto asj projektuojant kandziy
cingulum srityje arba prieSkriiminiy ir kriiminiy vainiky centre, i$laikant ma-
Ziausiai 2 mm atstuma iki artimiausio danties ir alveolinés keteros krasto prie-
angio-burnos kryptimi.

Tiriamosios grupés buvo suskirstytos j du pogrupius pagal navigavimo
mechanizmg — su kreipikliu ir be kreipiklio (4.2.1 pav.). Atsizvelgiant j atra-
miniy danty skaiciy (viso lanko atrama, dviejy danty atrama, keturiy danty
atrama), kiekviena grupé buvo toliau suskirstyta  tris pogrupius (4.2.2 pav.).
Taigi kiekvienai implantacijos vietai buvo suprojektuoti SeSi individualiis
danty implantacijos gidai.
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4.2.1 pav. Tyrime naudoty gidinés implantacijos sistemy navigavimo
mechanizmy schematinis atvaizdavimas

Kair¢je puséje be kreipiklio navigavimo mechanizmas, desinéje— su kreipikliu.
A — graztas, B — jvoré, C — kreipiklis.

Viso lanko
atrama

2 danty
atrama

4 danty
atrama

4.2.2 pav. Implantacijos gidy su skirtingomis atramomis (2, 4 danty ir viso
lanko) projekty schemos kiekvienai tiriamajai implantacijos sriciai

Kair¢je pus¢je — zandikaulio modelis Nr. 1 su implantacijos vietomis: 15, 17, 21 ir 26,
desinéje — zandikaulio modelis Nr. 2 su implantacijos vietomis: 12, 22 ir 15.

Su kreipikliu gidinei implantacijai naudota Straumann BLT implantacijos
sistema, o be kreipiklio — Megagen Anyridge. Gr¢Zimo kanalo standartizavi-
mui naudotos atitinkamy gamintojy originalios metalinés jvorés. Laisvo gre-
Zimo atstumas Megagen sistemoje buvo fiksuotas 17 mm dydis, Straumann
grup¢je parinktas 14 mm atstumas. Nustatyti spausdinimo kompensacijos
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dydziai: grezimo kanalo — 0,025 mm, chirurginio gido dugno — 0,1 mm ir
chirurginio gido medziagos storis — 3 mm. Chirurginiy gidy krastinis konta-
ras baigési 1-1,5 mm auksc¢iau danties kaklelio linijos. Retencijai uztikrin-
ti gidas apémé danty vainiky ekvatorius ir jdubimus iki 0,1 mm pagal pro-
graming€s jrangos nustatytas reikSmes. Gidy retencija, pasyvus nusédimas ir
Soninis, vertikalus stabilumas jvertinti ant Zandikauliy modeliy. Chirurginiy
gidy krasStiniai kontiirai palyginti su STL modeliais programinéje jrangoje.
IS viso atspausdinta 240 individualiy statiniy chirurginiy gidy — kiekvienai
implantacijos sriciai su trimis skirtingomis atramomis ir dviem skirtingomis
implantacijos sistemomis. Chirurginiai gidai spausdinti skaitmeninio §viesos
apdorojimo (DLP) technologija Asiga Max UV (Asiga) trimaciu spausdintu-
vu naudojant chirurginiam gidams gaminti skirta fotopolimerine metakrilaty
pagrindo derva (DentgaGuide, Asiga). Pogamybinis chirurginiy gidy apdir-
bimas buvo atliktas pagal gamintojo rekomendacijas — valymas izopropilo
alkoholyje 3 min., sausinimas oru, kietinimas 405 nm UV §viesoje, atraminiy
struktiiry pasalinimas ir poliravimas. Originalios gamintojy metalinés jvorés
jverztos ] atitinkamus grezimo kanalus (R2SS50 ir 0.34053V4).

4.3. Danty implanty jsriegimas

SSDI atlikta naudojant naujus osteotomijos grazty komplektus ir laikantis
gamintojo rekomenduojamo grezimo protokolo, skirto didelio kaulo tankio
atvejams.

Be kreipiklio (Megagen) sistemos grezimo protokolas:

Pradinis graztas (R2ID2601) — Antras graztas (R2SD2505) — Universa-
lus graztas 2,0 x 7,0 mm (AGSD2007) — Universalus graztas 2,0 x 8,5 mm
(AGSD2008) — Universalus graztas 2,0 x 10,0 mm (AGSD2010) — Uni-
versalus graztas 2,5 x 10 mm (AGSD2510) — Universalus graztas 2,8 x
10 mm (AGSD2810) — Profiliavimo graztas 4,0 mm (AGBP40) — Kortika-
linio kaulo graztas 3,3 x 10 mm (ARSD3310) — Kortikalinio kaulo graztas
3,8 x 10 mm (ARSD3810).

Su kreipikliu sistemos (Straumann) protokolas:

Keteros graztas (034.415) — Pradinis graztas 2,2 x 20 mm (034.258) —
2,8 x 20 mm graztas (034.261) — 3,5 x 20 mm graztas (034.264) — Profi-
liavimo graztas (034.270) +,,C* formos raktas (034.751) — Sriegimo graztas
(034.273) +,,C* formos raktas (034.751)

Su kreipikliu implantacijos sistemos (Straumann) grezimo protokolas at-
liktas naudojant 1 mm auksc¢io rakta. Laikantis pilnos navigacijos protokolo
jsriegti atitinkami kiigio formos implantai — 4,0 X 10 mm Megagen Anyr-
dige ir 4,1 x 10 mm Straumann BLT. Implanty vertikali padétis kontroliuo-
ta vizualiniais zymekliais ant atitinkamy implanty jvedéjy. IS viso jsriegta
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420 implanty — po 10 implanty i kiekvieng implantacijos vieta, atsizvelgiant |
skirtingg gido atraminiy danty skai€iy ir navigavimo mechanizma.

4.4. Realios implanty padéties nustatymas ir tikslumo vertinimas

Realioms implanty padétims nustatyti taikytas skaitmeninio registravimo
metodas naudojant optinio pavirSiaus skenavimo duomenis. Ant kiekvieno
isriegto implanto 15Ncm jéga uzsukti atitinkami skenavimo kiinai — Strau-
mann CrossFit RC (025.0079) ir Megagen AR 4,0 x 13 mm (AANISR4013T).
Optinio pavirSiaus skenavimo duomenys jkelti i skaitmeninio gydymo pla-
navimo programing jrangg (Exocad Rijeka 3.1) virtualiy implanty analogy
ekstrapoliacijai. Skaitmeniniai STL duomenys su suplanuotomis ir realiomis
implanty padétimis importuotos | 3D metrologijos programing jranga Zeiss
Inspect Optical 3D (Carl Zeiss, Jena, Vokietija) ir atlikta jy superimpozicija.
Skaitmeniniy vaizdy sutapatinimas atliktas automatiniu geriausio pavirSiaus
atitikimo metodu, veikianciu iteraciniu artimiausiy tasky algoritmu, naudo-
jant danty okliuzinius pavirSius kaip atskaitos taskus. Suplanuoty ir realiy
implanty padéciy palyginimui vertinti kampinis, vertikalus linijinis nuokry-
piai ir erdviniai nuokrypiai tarp implanty vainiky ir virSiniy (4.4.1 paveiks-
las). Matavimams atlikti programinéje jrangoje automatiniu biidu nustatyti
implanty erdving formg geriausiai atitinkantys ktigiai, vainikinés ir vir$iini-
nés plokStumos bei centrinés aSys (4.4.2 paveikslas). Sankirtos taSkai tarp
centriniy asiy ir vainikiniy bei vir§iininiy plok§tumy buvo laikomi virtualiy

vir§lininiais nuokrypiais. Kampiniu nuokrypiu buvo laikomas kampas tarp
atitinkamy suplanuoty ir realiy implanty centriniy asiy. Linijiniu vertika-
liu nuokrypiu laikomas statmens, iSvesto i§ suplanuoto implanto vainikinés
plokStumos ir lygiagrecios jai plokStumos, einancios per realaus implanto
centrinj taska, ilgis. Vertinant sSDI sistemy preciziSkuma, atsizvelgta j nuo-
krypiy verciy sklaida, iSreiksStg standartiniu nuokrypiu. Didesnis standartinis
nuokrypis reiské mazesnj preciziSkuma.
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3D vainikinis nuokrypis

Vertikalus I
linijinis

nuokrypis

Suplanuota

padétis Reali

padétis

3D virStninis nuokrypis

Kampinis nuokrypis

4.4.1 pav. Vertinty implanty padéciy nuokrypiy schema
Vertikalus linijinis — statmuo i$vestas i§ suplanuoto implanto vainikinés plokstumos ir lygia-
grecios jai plok§tumos, einancios per realaus implanto centrinj taska, 3D vainikinis — atstu-
mas tarp centriniy vainikiniy tasky, 3D virStininis — atstumas tarp centriniy vir$tininiy tasky,
kampinis — kampas tarp susikertanciy centriniy asiy.

Vertikalus nuokrypis

3D vainikinis nuokrypis

Kampinis nuokrypis

3D vir§tninis nuokrypis

4.4.2 pav. Erdviniy formy ir nuokrypiy nustatymas metrologinéje
programinéje jrangoje
Kair¢je puséje — metrologinéje programinéje jrangoje nustatytos geriausiai implanto erdving
forma atitinkantis kiigis, vainikiné plokStuma ir centriniai vainikinis ir vir§iininis taSkai. De-
Sin¢je — suplanuotos ir realios implanty padéciy superimpozicija su nurodytais vertinamais
nuokrypiai.
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4.5. Statistiné analizé

Nuokrypiy duomenys buvo vedami ir kaupiami ,,Microsoft Excel* pro-
gramoje. Statistiné analiz¢ atlikta naudojant IBM SPSS programinés jrangos
paketo 29.0 versija (SPSS Inc., Cikaga, JAV). Apibendrintoje aprasomojoje
tirlamyjy grupiy statistikoje jtraukti vidurkis, standartinis nuokrypis, medi-
ana, minimalios ir maksimalios vertés, 25-0ji ir 75-ji procentilés. Duome-
ny skirstinio normalumas vertintas naudojant histogramas, Q-Q grafikus,
Sapiro—Vilko ir Kolmogorovo—Smirnovo testus. Priklausomai nuo kintamy-
ju pasiskristymo pagal normalyjj Gauso skirstinj buvo taikyti parametriniai
arba neparametriniai statistiniai testai. Dviem nepriklausomoms imtims pa-
lyginti taikytas neparametrinis Mano—Vitnio U testas netenkinus kintamyjy
skirstinio normalumo sglygy arba parametrinis Stjudento t testas esant nor-
maliajam skirstiniui. Atitinkamai Kruskalo—Voliso H testas ir vienfaktorine
dispersin¢ analiz¢ (ANOVA) — esant daugiau nei dviems nepriklausomoms
imtims. Daugkartiniam palyginimui taikytas Dano arba Tjuko HSD testai su
Bonferoni statistinio reikSmingumo korekcija. Kintamyjy koreliaciné analize
remiantis Spirmeno ranginés koreliacijos koeficientu, nesant visy kintamyjy
skirstiniy normalumui. Atitinkamai, esant normaliajam kintamyjy skirstiniui
rezultatuose pateikiami vidurkiai ir standartiniai nuokrypiai, o netenkinus
normalumo salygy — mediana ir tarpkvartilinis plotis. Tarpgrupinis disper-
sijos vienodumas vertintas Livyno testu. Statistinio reikSmingumo lygmuo
tikrinant hipotezes pasirinktas o < 0,05. Imties ttirio nustatymas atliktas nau-
dojant G*Power 3.1.9.7 paketa Neter apskai¢iavimo metodu, esant 95 proc.
efekto galiai ir a < 0,05. Remiantis ankstesniy tyrimy 3D vainikiniy ir kam-
piniy nuokrypiy reikSmémis, kiekvienam pogrupiui reikalingas imties dydis
nustatytas n =9.
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5. REZULTATAI

5.1. Statinés skaitmenizuotos danty implantacijos tikslumas

realiy ir suplanuoty implanty padéciy sieké 0,69 = 0,26 mm, 3D virSiininiai
— 1,03 £ 0,43 mm, kampiniai 2,76 + 1,48°, vertikalis — 0,43 + 0,28 mm.
Maksimalios 3D vainikiniy, 3D virSiininiy ir vertikaliy nuokrypiy vertes svy-
ravo tarp 1,53-2,36 mm. Auksciausia kampinio nuokrypio reikSmé nustatyta
7,78° (5.1.1 lentelé).

5.1.1 lentelé. Aprasomoji priklausomy kintamyjy (implanty padéciy nuokry-
piy) statistika

. Vidurkis + we .
Kintamasis (n = 420) Mediana [25°75 | 0 4o rtinis | . MaZiausia-
procentiliai] . didZiausia reik§mé
nuokrypis
3D vainikinis nuokrypis (mm) | 0,67 [0,51-0,87] 0,69 + 0,26 0,11-1,72
3D virSaininis nuokrypis (mm) | 0,99 [0,72-1,27] 1,03 +£0,43 0,19-2,36
Kampinis nuokrypis (°) 2,50 [1,69-3,72] 2,76 + 1,48 0,21-7,78
Vertikalus nuokrypis (mm) 0,40 [0,21-0,58] 0,43 +£0,28 0,00-1,53

Daugkartinio palyginimo koreliacijos tarp nuokrypiy kintamyjy buvo tie-
siogings ir reikSmingos, i§skyrus tarp kampinio ir vertikalaus nuokrypiy. Tarp
kampinio ir 3D virStninio nuokrypiy nustatyta stipri koreliacija (p = 0,803),
tarp kampinio ir 3D vainikinio — vidutiné (p = 0,455). Tarp 3D vir§iininio ir
vainikinio nuokrypiy nustatyta stipri koreliacija (p = 0,828). Vertikalus li-
nijinis nuokrypis pasizymeéjo stipria koreliacija su 3D vainikiniu nuokrypiu
(p=0,611) ir silpna koreliacija su 3D virStininiu nuokrypiu (p = 0,278) (5.1.2
lentele)

5.1.2 lentelé. Kintamyjy koreliaciné analizé

3D virsiininis Kampinis Vertikalus

nuokrypis nuokrypis nuokrypis

3D vainikinis nuokrypis p=0,828; p=0,455; p=0,611;
p <0,001 p <0,001 p <0,001

3D virsiininis nuokrypis p=0,803; p=0,278;
p <0,001 p <0,001

Kampinis nuokrypis p=-0,016;
p=0,751

p — Spirmeno koreliacijos koeficientas.
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Vidutiniai implanty padéciy nuokrypiai tarp su kreipikliu ir be kreipiklio
gidiniy implantacijy sistemy skyrési statistiSkai reikSmingai. Naudojant im-
plantacijos sistema be kreipiklio nustatyta 3D vainikinio nuokrypio mediana
buvo 0,71 mm [0,52—0,89], 3D virsiininio nuokrypio — 1,06 mm [0,82—1,37],
o kampinio nuokrypio — 2,83° [2,00—4,03]. Atitinkami nuokrypiai naudojant
gidinés implantacijos sistemg su kreipikliu buvo mazesni — 0,64 mm [0,47—
0,82], 0,91 mm [0,62—1,18] ir 2,19° [1,40-3,49] atitinkamai. Linijinio verti-
kalaus implanty nuokrypio tarp realios ir suplanuotos padéciy mediana buvo
didesné naudojant sistema su kreipikliu (0,46 mm [0,25-0,65]), palyginti su
sistema be kreipiklio (0,36 mm [0,18-0,51]) (5.1.3 lentel¢).

5.1.3 lentelé. Aprasomoji gidinés implantacijos sistemy grupiy nuokrypiy
statistika

Navigavimo mechanizmas

Su kreipikliu Be kreipiklio
Kintamasis (n=210) (n=210) P
reikSmé

Mediana [25-75 procentiliai] arba

vidurkis + standartinis nuokrypis*

3D vainikinis nuokrypis (mm) 0,64 [0,47-0,82] 0,71 [0,52 - 0,89] 0,019

3D virSaininis nuokrypis (mm) 0,94 £ 0,41 1,11 +£0,43 < 0,001
Kampinis nuokrypis (°) 2,19 [1,40-3,49] 2,83 [2,00 —4,03] < 0,001
Vertikalus nuokrypis (mm) 0,46 [0,25-0,65] 0,36 [0,18 —0,51] <0,001

Pastaba: *p reik§mé, remiantis neparametriniu Mano—Vitnio U testu arba parametriniu Stju-
dento t testu dviem nepriklausomoms imtims. Pateiktos medianos ir tarpkvartilinis plotis
arba vidurkiai ir standartinis nuokrypis priklausomai nuo skirstinio normalumo vertinimo
Kolmogorovo—Smirnovo testu ir naudoto statistinio testo.

Atlikus ROC (angl. Receiver operating characteristic) testa, nustatytos 3D
vainikinio nuokrypio, 3D virStininio nuokrypio, kampinio nuokrypio slenks-
tinés vertes, atsizvelgiant | gidinés implantacijos sistemg — 0,715 mm, 0,905
mm ir 2,435°, atitinkamai (5.1.1 pav. ir 5.1.4 lentel¢). Sansy santykis gauti
didesnes nei slenkstinés 3D vainikinio, 3D vir§tininio ir kampinio nuokry-
piy vertés, naudojant gidinés implantacijos sistema be kreipiklio sieke 1,5,
1,8 ir 2,49 atitinkamai. Naudojant gidinés implantacijos sistemg su kreipikliu
nustatytas 2,08 Sansy santykis gauti didesn¢ nei 0,455 mm slenksting verte,
palyginti su gidinés implantacijos sistema be kreipiklio.
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Kintamyjy kreiveés
=== 3D virstininis nuokrypis
== Kampinis nuokrypis
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5.1.1 pav. ROC kreivés slenkstinéems 3D vainikinio, 3D virsuninio ir
kampinio nuokrypio vertéms prognozuoti, atsizvelgiant j navigavimo
mechanizmq

5.1.4 lentelé. 3D vainikinio, 3D virsuninio, kampinio bei vertikalus nuokry-
pio ROC testo prognozuojamy reikSmiy ir jy charakteristiky pasiskirstymas,
atsizvelgiant | navigavimo mechanizmq

Kintamasis/ Plotas po Jautrumas/ | Su kreipikliu/ p 5
Slenkstiné verte ROC kreive | SpecifiSkumas | Be kreipiklio reikimé SS [95% PI]
(%) (%) (%)
3D vainikinis 1.503
nuokrypis 56,6 50,0/61,0 39,0/49,0 0,039 ’
<0715 mm [1,02-2,214]
3D vir§iininis 1.803
nuokrypis 61,7 64,8/50,0 50,5/64,8 0,003 )
<0,905 mm [1,219-2,667]
Kampinis nuo- 2493
krypis 61,8 63,8/58,6 41,4/63,8 <0,001 [ 68&—3 693]
<2,435° > ’
Vertikalus nuo- 2083
krypis 60,4 67,1/50,0 49,5/67,1 <0,001 ;
0,455 mm [1,403-3,092]

Pastaba: SS — $ansy santykis; PI — pasikliautinas intervalas, remiantis Pirsono 2 kriterijumi.
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Gidiniy implantacijos sistemy preciziSkumui vertinti nustatyta implan-
ty padéciy nuokrypiy sklaida (5.1.5 lentel¢). Didelis variacijos koeficientas
(>30 proc.) rodo placig implanty nuokrypiy verciy sklaidg. Statistiskai reiks-
mingy skirtumy tarp nuokrypiy verc¢iy sklaidos nenustatyta, iSskyrus verti-
nant vertikaly linijinj nuokrypj (5.1.2 paveikslas). Be kreipiklio gidinés im-
plantacijos sistema pasizyméjo aukStesniu preciziSkumu, palyginti su sistema
naudojant kreipiklj, vertinant vertikalius implanty padéciy nuokrypius.

5.1.5 lentelé. Implanty padéciy nuokrypiy rezultaty sklaidos palyginimas

) ) Gidinésﬂ Vidurkis Standartil-lis Varia.cijos F p
Nuokrypis 1mp!antac1jos (mm) nuokrypis | koeficientas (1, 418)* [reiksmé
sistema (mm) (%) i
3D vainiki- Su kreipikliu 0,65 0,25 38,37 024 0.62
nis (mm) Be kreipiklio 0,72 0,27 36,82 ’ ’
3D virstni- | Su kreipikliu 0,94 0,41 43,55 0.29 0.59
nis (mm) Be kreipiklio 1,11 0,43 38,50 ’ ’
.. .| Sukreipikliu 2,50 1,52 60,80
Kampinis (°) 5 kreiiiklio 3,02 1,39 46,10 1,38 1 0.24
Vertikalus Su kreipikliu 0,47 0,29 60,24 479 0.03
(mm) Be kreipiklio 0,38 0,26 68,70 ’ ’
Pastaba: * — F reik§mé, remiantis Livyno kriterijumi dviejy im¢iy dispersijoms lyginti, esant

laisvés laipsniy skaiciui tarp grupiy — 1, grupiy viduje — 418.

80 Navigavimo

mechanizmas
70 B sukeeipikliu
B Be keeipiklio
60

50

0 II II II II

Vertikalus
nuokrypis*

4

w
o o

Variacijos koeficientas (%)
NG
o

1

o

Kampinis

nuokrypis

vir§tininis

nuokrypis

valnlklms
nuokrypis

5.1.2 pav. 3D vainikinio, 3D virsuninio ir kampinio nuokrypiy variacijos
koeficientai, atsizvelgiant j gidinés implantacijos sistemq

*statistiskai reikSmingas skirtumas.
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5.2. Grezimo navigavimo mechanizmo jtaka sSDI tikslumui

Vertinant grezimo navigavimo mechanizmo jtaka implantacijos tikslumui
skirtingose implantacijos vietose, statistiSkai reikSmingi skirtumai tarp nuo-
krypiy nustatyti visuose danty eiliy defekty grupése, iSskyrus pavienio prie-
kinio danties defekto sritj.

Riboto priekinio defekto srityje, naudojant sSDI sistema be kreipiklio, nu-
statyti statistiSkai reikSmingai didesni vidutiniai 3D vainikinis, 3D virStninis
ir kampinis nuokrypiai, palyginti su sistema su kreipikliu. Analogiskai, sta-
tistiSkai reikSmingai didesnis vidutinis 3D vainikinis nuokrypis be kreipiklio
sistemos grupéje, palyginti su sistema su kreipikliu, nustatytas pavienio pries-
kriiminio defekto srityje (0,97 mm vs. 0,72 mm; p = 0,013). Pavienio kriimi-
nio danties defekto srityje be kreipiklio sistemos tikslumas buvo statistiSkai
reikSmingai (p < 0,001) didesnis, palyginti su sistema su kreipikliu, vertinant
visus nuokrypius: 3D vainikinis — 0,84 mm vs. 1,10 mm; 3D virStninis —
1,05 mm vs. 1,62 mm; kampinis — 2,36° vs. 6,06°; ir vertikalus — 0,73 mm
vs. 1,01 mm. Statistiskai reikSmingi didesni nuokrypiai naudojant sistema su
kreipikliu, palyginti su be kreipiklio, nustatyti tiek galinio neriboto defekto
prieskriiminio danties srityje — vertikalus nuokrypis (0,65 mm vs. 0,20 mm;
p = 0,019), tiek kriminio danties srityje — 3D virStninis (1,55 mm vs.
1,05 mm, p = 0,007) ir kampinis (4,23° vs. 2,63°, p = 0,007) (5.2.1 lentel¢).

58



6S

5.2.1 lentelé. Implanty padéciy nuokrypiy aprasomoji statistika, atsizvelgiant j navigavimo mechanizmgq ir implanta-

cijos vietq

Danty eiliy
defektas

Nuokrypis

Navigavimo mechanizmas

vidurkis + sn arba mediana [Q1-Q3]

Su kreipikliu

Be kreipiklio

Statistinis Kriterijus

Reik§mé

3D vainikinis (mm)

0,37 [0,32-0,51]

0,89 [0,64-1,03]

Mano—Vitnio U

p <0,001, U=371,z=4,628, r = 0,731

Vertikalus (mm)

0,05 [ 0,01-0,08]

0,33 [0,17-0,62]

Mano—Vitnio U

Ribotas (3D virSaninis (mm)| 0,58 [0,39-0,68] | 1,54 [1,24-1,86] Mano—Vitnio U | p <0,001, U =388, z=5,087, r = 0,804
priekinis* Kampinis (°) 1,02 + 0,73 4,37 +1,10 Stjudento t p < 0,001, F = 85,997, 12 = 0,694
Vertikalus (mm) | 0,17 [0,06-0,34] | 0,29 [0,18-0,39] | Mano—VitnioU |p=0,113, U=258,5,z=1,584,r=0,25
3D vainikinis (mm)| 0,83 [0,66-0,87] | 0,95 [0,74—1,26] Stjudento t p=0,076, F = 3,537, 12 = 0,164
Pavienis 3D virStninis (mm) 1,07 £0,27 1,50 +£0,43 Stjudento t p=0,087, F=3277,1*=0,154
priekinis Kampinis (°) 2,69 + 0,89 2,65+ 0,67 Stjudento t p=0,913, F=0,012, n2 = 0,001
Vertikalus (mm) | 0,62 [0,55-0,73] | 0,55 [0,49—1,00] Mano—Vitnio U p=0,496,U=41,z=-0,681,r=0,152
~ |3D vainikinis (mm)| 0,70 + 0,13 0,96 + 0,26 Stjudento t p=0,013, F=7,657, 4 = 0,298
Pavienis - 35 Virggininis (mm)| 1,21 +0,31 1,56 + 0,48 Stjudento t p=0,064, F = 3,884, 1> =0,1777
p“eflli‘;llm" Kampinis (°) 3,56+ 1,18 426+ 1,71 Stjudento t p=0,296, F = 1,157, 7 = 0,06
Vertikalus (mm) 0,46 £ 0,13 0,48 £ 0,22 Stjudento t p=0,799, F = 0,067, n? = 0,004
3D vainikinis (mm)| 1,10 [0,99-1,13] | 0,84 [0,68-0,95] | Mano—Vitnio U | p=0,008, U =15, z=-2,646, r = 0,592
Pavienis 3D virSininis (mm)| 1,57 + 0,28 1,03 £ 0,21 Stjudento t p <0,001, F = 24,837, n* = 0,58
kriminis* Kampinis (°) 5,92 + 0,98 2,56 + 0,87 Stjudento t p < 0,001, F = 66,035, n* = 0,786
Vertikalus (mm) | 1,01 [0,89-1,04] | 0,73 [0,61-0,82] Mano—Vitnio U | p=10,004, U=12,z=-2,875, r = 0,643
Neribotas | 3D vainikinis (mm)| 0,87 £0,18 0,73+ 0,17 Stjudento t p=0,093, F = 3,146, 12 = 0,149
galinis 3D virStninis (mm) 1,05+ 0,26 1,04 £0,31 Stjudento t p=0,945, F = 0,005, n*>=0,0001
(prieskriimi- Kampinis (°) 2,02+ 1,06 2,97+ 1,32 Stjudento t p=0,092, F=3,167,1>= 0,150
nis)* Vertikalus (mm) | 0,65 [0,50—-0,80] | 0,20 [0,12-0,60] | Mano—Vitnio U |p=0,019, U= 19,5, z=-2,308, r = 0,516
) 3D vainikinis (mm) 0,75+0,15 0,75 +0,30 Stjudento t p=0,941, F=0,006, n? = 0,0001
Neﬂl'?".tas 3D vir§iininis (mm)| 1,49 + 0,32 1,06 + 0,31 Stjudento t p = 0,008, F = 8,864, 12 = 0,330
" r%?nlinn‘iss)* Kampinis (°) 3,99 + 1,04 2,43+ 1,24 Stjudento t p = 0,007, F= 9,395, 1 = 0,343

p <0,001, U=93,5,z=3,293, r =0,736




Navigavimo
mechanizmas

w < 0,001 =0,013 =0,008 -
pﬁ ]:_I llj_l B Su kreipikliu

1 v

8

3D vainikinis nuokrypis (mm)
8

Ribotas Pavienis Pavienis Pavienis Neribotas galinis Neribotas galinis
priekinis priekinis prieskriminis kriiminis (prieskriminis) (kriminis)
Danty eilés defektas

5.2.1 pav. 3D vainikinio nuokrypio pasiskirstymo staciakampé diagrama
skirtingose implantacijos vietose, atsizvelgiant | navigavimo mechanizmg
Diagramoje pateiktos minimalios, pirmojo kvartilio, medianos, tre¢iojo kvartilio ir maksima-
lios reikSmés. Lauztiniais skliaustais pazymeti statistiSkai reik§mingi skirtumai tarp grupiy.
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50

Ribotas Pavienis Pavienis Pavienis Neribotas galinis Neribotas galinis
priekinis priekinis prieskriminis kriiminis (prieskriiminis) (kriminis)
Danty eilés defektas

5.2.2 pav. 3D virsininio nuokrypio pasiskirstymo staciakampé diagrama
skirtingose implantacijos vietose, atsizvelgiant | navigavimo mechanizmgq

Diagramoje pateiktos minimalios, pirmojo kvartilio, medianos, trec¢iojo kvartilio ir maksima-
lios reik§més. Lauztiniais skliaustais pazymeéti statistiskai reik§mingi skirtumai tarp grupiy.
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Navigavimo
p <0,001 p'<_0,0=) 1 mechanizmas
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M 200
Ribotas Pavienis Pavienis Pavienis Neribotas galinis Neribotas galinis
priekinis priekinis prieskriminis kriiminis (prieskriminis) (kriminis)

Danty eilés defektas

5.2.3 pav. Kampinio nuokrypio pasiskirstymo staciakampé diagrama
skirtingose implantacijos vietose, atsizvelgiant j navigavimo mechanizmgq
Diagramoje pateiktos minimalios, pirmojo kvartilio, medianos, trec¢iojo kvartilio ir maksima-
lios reikSmés. Lauztiniais skliaustais pazymeti statistiSkai reikSmingi skirtumai tarp grupiy.

Navigavimo
1% mechanizmas
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* @ Be kreipiklio

Vertikalus nuokrypis (mm)
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Ribotas Pavienis Pavienis Pavienis Neribotas galinis Neribotas galinis
priekinis priekinis prieskriminis kriiminis (prieskriminis) (kraminis)

Danty eilés defektas

5.2.4 pav. Vertikalaus linijinio nuokrypio pasiskirstymo staciakampé
diagrama skirtingose implantacijos vietose, atsizvelgiant j navigavimo
mechanizmgq
Diagramoje pateiktos minimalios, pirmojo kvartilio, medianos, trec¢iojo kvartilio ir maksima-
lios reikSmés. LauZtiniais skliaustais pazymeti statistiSkai reikSmingi skirtumai tarp grupiy.
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5.3. Chirurginio gido atraminiy danty skaic¢iaus sSDI tikslumui

Atraminiy danty skaiCiaus jtaka implantacijos tikslumui buvo vertinta ats-
kirai tarp gidinés implantacijos sistemy grupiy (5.3.1 lentel¢).

5.3.1 lentelé. Implanty padéciy nuokrypiy medianos ir 25, 75 procentiliy
reiksmés, atsizvelgiant j implantacijos gido atraminiy danty skaiciy naudo-
Jjant navigavimo mechanizmgq su kreipikliu

Atraminiy danty skaicius
. . 2 4 Visas lankas R
Kintamasis (n = 70) (n =170) (n = 70) p reikSmé
Mediana [25-75 procentiliai]
321&“11“;5“5 0,66 0,55 0,72 ¥ =70967,1ls=2,
(| [0.54-081] | [0.37-0.80]" | [0.52-0.89]" | p=0.019;"p<0.05
3211212‘_‘“1;8“5 0.93 0.71 113 2= 17,247, lls =2,
(mnylf [0,71-1,14]" | [0,47—1,05]""* | [0,70-1,45]"* | p <0,001; ****p < 0,05
Kampinis 2,29 1,65 2,58 > =20,429, lls =2,
nuokrypis (°) | [1,61-3,511"" | [0,96-2,46]"*"* | [1,69-4,33]" | p <0,001;"**"*p < 0,05
Vertikalus 0,52 0,39 0.45 2 =4394 1ls =2,
(m‘"ng’ [0,39-0,64] [0,22-0,63] | [0,13-0,67] p=0,111

Pastaba: * - p reik§més, remiantis neparametriniu Kruskalo—Voliso H testu nepriklausomoms
imtim ir Dano testu daugkartiniam palyginimui; lls — laisvés laipsniy skaicius

Naudojant sSDI sistema su kreipikliu ir 2-jy danty atrama vidutinis 3D
vainikinis implanty padéciy nuokrypis sieke 0,66 mm [0,54-0,81], vidutinis
3D virsaninis — 0,93 mm [0,71-1,14], kampinis — 2,29° [1,61-3,51], o verti-
kalus — 0,52 mm [0,39-0,64]. Tiriamojoje grupéje su 4-iy danty gido atrama,
vidutinis 3D vainikinis nuokrypis sieké 0,55 mm [0,37-0,80], 3D virStninis
—0,71 mm [0,47-1,05], kampinis — 1,65° [0,96-2,46] ir vertikalus — 0,39 mm
[0,22-0,63]. Atitinkamai, viso lanko atramos grupéje vidutinis 3D vainikinis
nuokrypis nustatytas 0,72 mm [0,52-0,89], 3D virStninis 1,13 mm [0,70—
1,45], kampinis — 2,58° [1,69—4,33], o vertikalus — 0,45 mm [0,13-0,67].

3D vainikinis ir vir§iininis bei kampinis nuokrypiai, atsizvelgiant j atrami-
niy danty skaiCiy, reikSmingai skyrési. Vertikalus nuokrypis, atsizvelgiant |
atraminiy danty skai¢iy, reikSmingai nesiskyré (y* =4,394,lls=2,p=0,111).
Jei atraminiy danty skaicius buvo 4, 3D vainikinis nuokrypis buvo reik§Smin-
gal mazesnis nei esant viso danty lanko atramai. Jei atraminiy danty skaicius
buvo 4, 3D virsiininis nuokrypis bei kampinis nuokrypiai buvo reikSmingai
mazesnis nei esant 2-jy danty ar viso lanko atramai (5.3.1 pav.).
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5.3.1 pav. 3D vainikinio, 3D virsaninio, kampinio ir vertikalaus nuokrypiy
staciakampé diagrama, atsizvelgiant | atraminiy danty skaiciy, naudojant
navigavimo mechanizmq su kreipikliu
Diagramoje pateiktos minimalios, pirmojo kvartilio, medianos, tre¢iojo kvartilio ir
maksimalios reik§més. *p < 0,05, remiantis Dano testu.

Naudojant be kreipiklio sSDI sistema su dviejy danty atrama vidutinis 3D
vainikinis implanty padéciy nuokrypis sieké 0,62 mm [0,45-0,84], vidutinis
3D virstininis — 0,92 mm [0,69-1,25], kampinis — 2,61° [1,71-3,75], o ver-
tikalus — 0,32 mm [0,15-0,44]. Tiriamojoje grupéje su keturiy danty gido
atrama vidutinis 3D vainikinis nuokrypis sieké 0,65 mm [0,52-0,81], 3D
virStninis — 1,01 mm [0,80-1,26], kampinis — 2,68° [2,03-3,41] ir vertika-
lus — 0,35 mm [0,18-0,49]. Atitinkamai, viso lanko gido atramos grupé¢je
vidutinis 3D vainikinis nuokrypis nustatytas 0,86 mm [0,63-0,98], 3D vir-
Stninis 1,26 mm [0,98-1,52], kampinis — 3,22° [2,25-4,41], o vertikalus —
0,46 mm [0,24-0,62].
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5.3.2 lentele. Implanty padéciy nuokrypiy medianos ir 25, 75 procentiliy
reiksmes, atsizvelgiant j implantacijos gido atraminiy danty skaiciy naudo-

Jjant navigavimo mechanizmq be kreipiklio

Atraminiy danty skaicius
. . 2 4 Pilnas lankas e
Kintamasis (n =170) (n =170) (n = 70) p reikSmé
Mediana [25-75 procentiliai]
D vamkinis | g.6 0,65 0,86 ©=21,636, lls =2,
(mrn%’ [0,45-0,84]" | [0,52-0,81]" | [0,63-0,98]** | p<0,001; “**p < 0,001
D Vllr(sr‘;mims 0,92 1,01 1,26 2 =17,682, lls =2,
u(omm? S 110,69-1,25]" | [0,80-1,26] " | [0,98-1,52]*"*|  p <0,001;"**p < 0,01
Kampinis 2,61 2,68 3,22 ¥ =6,923,1s=2,
nuokrypis (°) | [1,71-3,75]" | [2,03-3,41] | [2.25-4,41]" p=0,031;"p <0,05
ngﬁal‘i 032 0,35 0,46 2= 9,824, 1ls =2,
(mn-g’ [0,15-0,44]" | [0,18-0,49] | [0,24-0,62]" p =0,007; "p < 0,01

Pastaba: *p reikSmés, remiantis neparametriniu Kruskalo—Voliso H testu nepriklausomoms
imtim ir Dano testu daugkartiniam palyginimui; lls — laisvés laipsniy skaicius

Naudojant be kreipiklio gidinés implantacijos sistema 3D vainikinis ir vir-
Stninis nuokrypis, kampinis ir vertikalus nuokrypiai, atsizvelgiant j atraminiy
danty skaiciy, reikSmingai skyrési. Jei atraminiy danty skai¢ius buvo 2 arba
4, 3D vainikinis ir vir§iininis nuokrypiai buvo reik§mingai maZesnis nei esant
viso lanko atramai. Jei atraminiy danty skai¢ius buvo 2, kampinis ir vertika-
lus nuokrypiai buvo reikSmingai mazesni nei esant viso lanko atramai (5.3.2

pav.).
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5.3.2 pav. 3D vainikinio, 3D virsuninio, kampinio ir vertikalaus nuokrypiy
staciakampé diagrama, atsizvelgiant j atraminiy danty skaiciy, naudojant
navigavimo mechanizmgq be kreipiklio
Diagramoje pateiktos minimalios, pirmojo kvartilio, medianos, tre¢iojo kvartilio ir
maksimalios reik§més. *p < 0,05, remiantis Dano testu.

Vertinant atraminiy danty skaiiaus jtaka sSDI tikslumui atskirose im-
plantacijos srityse, statistiSkai reikSmingi 3D vainikinio nuokrypiy skirtumai
tarp grupiy nustatyti riboto priekinio (p = 0,011, F = 4,910, n? = 0,147), pa-
vienio priekinio (p = 0,028, F = 4,108, n? = 0,233), pavienio prieSkriiminio
(p <0,001, F=19,175,1*>= 0,587), pavienio kriminio (p = 0,056, F = 3,204,
n? = 0,192) ir neriboto galinio defekto prieSkriiminio danties (p < 0,001,
F=11,661,n?=0,463) srityse. Naudojant viso lanko atramg didesni 3D vai-
nikiniai nuokrypiai, palyginti su 2 danty atrama nustatyti riboto priekinio
defekto grupe¢je (0,84 £ 0,26 mm pries 0,64 £ 0,18 mm, p = 0,012), pavie-
nio prieskriminio defekto grupéje (0,96 + 0,26 mm prie§ 0,45 + 0,16 mm,
p = 0,042), pavienio kriiminio defekto grupé¢je (0,80 = 0,17 mm pries 0,61 +
0,20 mm, p < 0,001) ir neriboto galinio defekto prieskriiminio danties srityje
(0,73 = 0,17 mm pries 0,41 £ 0,19, p < 0,001). Pavienio priekinio danties
atramos gidus, lyginant su 4 danty atrama (0,96 + 0,29 mm pries§ 0,71 £ 0,14
mm, p = 0,042) (5.3.3 paveikslas). StatistiSkai reikSmingi 3D virStininiy nuo-
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krypiy skirtumai tarp gido atramos grupiy nustatyti riboto priekinio defekto
srityje (p < 0,001, F = 14,212, n*> = 0,333), pavienio priekinio defekto srityje
(p < 0,001, F = 11,958, n*> = 0,47), pavienio prieSkriminio defekto srityje
(p <0,001, F = 17,715, n*> = 0,568) ir neriboto galinio defekto prieSkrimi-
nio danties srityje (p = 0,033, F = 3,866, n* = 0,223). Didesni vidutiniai 3D
virStininiai nuokrypiai viso lanko atramos grupé¢je, palyginti su 2 atraminiy
danty grupe nustatyti riboto priekinio (1,50 &+ 0,43 mm pries 0,87 £ 0,26 mm,
p < 0,001), pavienio prieskriminio (1,56 £ 0,48mm prie§ 0,67 + 0,25 mm,
p < 0,001) ir galinio neriboto defekto prieskriiminio danties srityse (1,04 +
0,31 mm pries 0,70 = 0,38 mm, p = 0,044). PrieSingai, pavienio priekinio
danties defekto srityje didesni 3D virStininiai nuokrypiai nustatyti 2 danty
atramos grupéje, lyginant su tiek su 4 danty atrama viso lanko atrama (1,62 +
0,40 mm, 1,00 £ 0,17 mm ir 1,27 + 0.23 mm atitinkamai, p < 0,001) (5.3.4
paveikslas).

Atraminiy danty skai¢ius
[ ) danty atrama M - danty atrama M Viso lanko atrama
p=0,042 p <0,001

i p=0bos

p=0,012 i
p <0,001
1

S

p=0,003
—i

°
3

3D vainikinis nuokrypis (mm)

Ribotas priekinis Pavienis priekinis Pavienis Pavienis Neribotas galinis ~ Neribotas galinis
prieskraminis kriiminis (prieskriiminis) (kriminis)
Danty eilés defektas

5.3.3 pav. 3D vainikinio nuokrypio stulpeliné diagrama, atsizvelgiant j
atraminiy danty skaiciy, skirtingose implantacijos vietose

Diagramoje pateikti vidurkiai su standartiniais nuokrypiais. LauZtiniai skliausteliai zymi sta-
tistiskai reikSmingus skirtumus tarp atramos grupiy, p reikSmeés remiantis Tjuko HSD korek-
cija poriniams palyginimams.
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Atraminiy danty skai¢ius

B 2dantyatrama [l 4 dantyatrama ] Viso lanko atrama

p=0,025 p<0,001
— 1 — 1

200 p <0,001 p <0,001 p=0,004
’ 1 1 [

3D vir§tininis nuokrypis (mm)

050

Ribotas priekinis Pavienis priekinis Pavienis Pavienis Neribotas galinis  Neribotas galinis
prieskriminis kriiminis (prieskruminis) (kriminis)

Danty eilés defektas

5.3.4 pav. 3D virsuninio nuokrypio stulpeliné diagrama, atsizvelgiant j
atraminiy danty skaiciy, skirtingose implantacijos vietose
Diagramoje pateikti vidurkiai su standartiniais nuokrypiais. LauZtiniai skliausteliai zymi sta-

tistiskai reikSmingus skirtumus tarp atramos grupiy, p reikSmeés remiantis Tjuko HSD korek-
cija poriniams palyginimams.

Vidutiniai kampiniai nuokrypiai statistiSkai reikSmingai tarp gido atra-
mos grupiy skyrési riboto priekinio defekto srityje (p < 0,001, F = 26,979,
n*> = 0,486), pavienio priekinio defekto srityje (p < 0,001, F = 17,237,
n? = 0,561), pavienio prieskriiminio defekto srityje (p < 0,001, F = 9,634,
n*> = 0,416) ir galinio neriboto defekto kriminio danties srityje (p = 0,02,
F = 4,562, n* = 0,253). Riboto priekinio defekto srityje vidutiniai kampi-
niai nuokrypiai buvo statistiSkai reikSmingai mazesni 2 danty atramos
grupéje (2,04 £ 0,92°), lyginant su 4 atraminiy danty grupe (4,13 = 1,26°,
p <0,001) ir viso lanko atramos grupe (4,37 = 1,10°, p < 0,001). Naudojant
viso lanko atramg didesni vidutiniai kampiniai nuokrypiai nustatyti pavienio
prieskriminio defekto srityje lyginant su kitomis dviem grupémis (4,26 +
1,71°, 2,78 £ 0,94° ir 1,94 £+ 0,72°, p < 0,05). PrieSingai, statistiSkai reiks-
mingai didesni vidutiniai kampiniai nuokrypiai pavienio priekinio defekto
(p < 0,001) ir neriboto galinio defekto kriminio danties (p = 0,02) srityse
buvo 2 atramos danty grupéje (4,49 £+ 1,32° ir 3,97 + 1,41° atitinkamai), pa-
lyginti su viso lanko atramos grupe (2,65 + 0,67° ir 2,43 + 1,24° atitinkamai)
(5.3.5 paveikslas).
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Atraminiy danty skai¢ius

B 2dantyatrama [l 4 dantyatrama ]  Viso lanko atrama

p <0001 p<0,001
T 1 LI 1
p <0,001 p=0,027

6.00

p <0,001
1 =0,02
p <0,001 r—
500 (]

g

300

Kampinis nuokrypis (°)

8

000

Ribotas priekinis Pavienis priekinis Pavienis Pavienis Neribotas galinis  Neribotas galinis
prieskriiminis kriiminis (prieskriminis) (kriminis)
Danty eilés defektas

5.3.5 pav. Kampinio nuokrypio stulpeliné diagrama, atsizvelgiant j
atraminiy danty skaiciy, skirtingose implantacijos vietose (vidurkis,
standartinis nuokrypis)

Diagramoje pateikti vidurkiai su standartiniais nuokrypiais. LauZztiniai skliausteliai Zymi sta-

tistiskai reikSmingus skirtumus tarp atramos grupiy, p reikSmés remiantis Tjuko HSD korek-
cija poriniams palyginimams.

Vidutiniai linijiniai vertikaliis nuokrypiai statistiS8kai reikSmingai skyreési
riboto priekinio defekto (p = 0,002, F = 6,813, n? = 0,193, pavienio prieki-
nio defekto (p < 0,001, F = 13,428, n* = 0,499), pavienio kriminio defekto
(p <0,001, F =21,760, n* = 0,617) ir neriboto galinio defekto prieskriiminio
danties srityse (p = 0,028, F = 4,082, n> = 0,232). Naudojant viso lanko atra-
ma, statistiSkai reikSmingai didesni vertikaltis nuokrypiai nustatyti pavienio
priekinio, pavienio kriminio ir neriboto galinio defekto prieskriiminio dan-
ties srityse, palyginti su 2 danty atrama. PrieSingai, riboto priekinio defekto
sritye, danty implanty padétis, vertikalaus nuokrypio prasme, tikslesnés buvo
naudojant 4 arba viso lanko atrama, palyginti su 2 danty atrama Diagramoje
pateikti vidurkiai su standartiniais nuokrypiais (5.3.6 paveikslas).
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Atraminiy danty skaicius

. 2 danty atrama . 4 danty atrama . Viso lanko atrama
p <0,001 p <0,001
1 — 1
p=0,039 = 0,002
p = 0,008 1 "
‘ p=0,005 p=0,041 p=0,026 p=0,043
[ [N

Vertikalus nuokrypis (mm)

Ribotas priekinis Pavienis priekinis Pavienis Pavienis Neribotas galinis  Neribotas galinis
prie$kriminis kriiminis (prieskriminis) (kriminis)
Danty eilés defektas

5.3.6 pav. Vertikalaus nuokrypio stulpeliné diagrama, atsizvelgiant j
atraminiy danty skaiciy, skirtingose implantacijos vietose (vidurkis,
standartinis nuokrypis)

Diagramoje pateikti vidurkiai su standartiniais nuokrypiais. LauZtiniai skliausteliai zymi sta-
tistiskai reik§mingus skirtumus tarp atramos grupiy, p reik§meés remiantis Tjuko HSD korek-

cija poriniams palyginimams.

5.4. Implantacijos vietos jtaka daliniy danty defekty sSDI tikslumui

Statinés SDI tikslumui vertinti skirtinguose danty eiliy defektuose, atsi-
zvelgiant | gidinés implantacijos sistemga, naudoti viso lanko atramos chirur-
giniai gidai.

5.4.1 lentel¢je pateiktos implanty padéciy nuokrypiy medianos skirtingose
danty implantacijos srityse naudojant sSDI sistemg su kreipikliu. Nustatyti
statistiSkai reik§mingi 3D vainikinio, 3D virStninio ir kampinio nuokrypiy
skirtumai tarp skirtingy implantacijos viety (p < 0,001). Daugkartinio paly-
ginimo analizé (5.4.1 paveikslas) parodé, kad 3D vainikinis implanty nuo-
krypis riboto priekinio danty eiliy defekto srityje buvo maziausias (0,37 mm
[0,32-0,51]) ir statistiSkai reikSmingai skyrési, palyginti su pavieniu prie-
kiniu defektu (0,83 mm [0,66-0,87]), pavieniu kriminiu defektu (1,10 mm
[0,99—1,13]) ir kriminio danties implantacijos vieta neribotame galiniame
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defekte (0,77 mm [0,62-0,89). Analogiskai, maziausias 3D vir§ininis nuo-
krypis nustatytas riboto priekinio defekto srityje (0,58 mm [0,39-0,68]) ir
statistiSkai reikSmingai skyrési, palyginti su pavieniu prieskriminiu defektu
(1,12 mm [0,97-1,52]), pavieniu kriminiu defektu (1,62 [1,29-1,74]) ir krt-
minio danties sritimi neribotame galiniame defekte (1,55 [1,19—1,67] mm).
Kampinis nuokrypis ribotame priekiniame defekte (1,52° [1,12-2,11]) buvo
statistiSkai reikSmingai mazZesnis nei pavienio prieSkriiminio danties (3,52°
[2,59-4,96]), pavienio kriminio danties (6,06° [5,03—6,49]) ir kriiminio dan-
ties neriboto defekto srityse (4,23° [3,09—4,75]). Pavienio kriiminio danties
srityje kampinis nuokrypis buvo didziausias ir statistiSkai reikSmingai skyré-
si, palyginti su prieSkriiminio danties sritimi neribotame galiniame defekte
(1,79° [1,37-2,60]).

5.4.1 lentelé. 3D vainikinio, 3D virsuninio ir kampinio nuokrypiy medianos
ir 25, 75 procentiliy vertés skirtingose implantacijos srityse pagal danty eiliy
defekto riusj, naudojant navigavimo mechanizmgq su kreipikliu

3D virSuninis
nuokrypis (mm)*
Mediana [25-75]

3D vainikinis
nuokrypis (mm)*

Kampinis

Danty eiliy nuokrypis (°)*

defektas

Ribotas priekinis

(n=20)

0,37 [0,32-0,51]

0,58 [0,39-0,68]

1,52 [1,12-2,11]

Pavienis priekinis
(n=10)

0,83 [0,66-0,87]

1,13 [0,79-1,26]

2,63 [2,13-3,41]

Pavienis prieskru-
minis (n = 10)

0,72 [0,58-0,79]

1,12 [0,97-1,52]

3,52 [2,59-4,96]

Pavienis kriiminis
(n=10)

1,10 [0,99-1,13]

1,62 [1,29-1,74]

6,06 [5,03-6,49]

Neribotas galinis
(prieskriiminis)
(n=10)

0,86 [0,72-0,98]

1,09 [0,80-1,22]

1,79 [1,37-2,60]

Neribotas galinis
(krtiminis) (n = 10)

0,77 [0,62-0,89]

1,55 [1,19-1,67]

4,23 [3,09-4,75]

*p < 0,001,

w?=43,553,1ls=5

¥ =44,498,1lls=5

*p < 0,001,

*p <0,001,
?=46,577,1Is=5

Pastaba: *p reikSmés, remiantis neparametriniu Kruskalo—Voliso H testu nepriklausomoms

imtim ir Dano testu daugkartiniam palyginimui; lls — laisvés laipsniy skaicius.
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3D vainikinis nuokrypis 3D vir$tininis nuokrypis Kampinis nuokrypis
Pavienis Pavienis Pavienis Pavienis Pavienis Pavienis

prieskriminig kriiminis prieskriminig kriiminis prieskriminis kriiminis

Ribotas
prickinis

Ribotas
prickinis

Ribotas
prickinis

- Neribotas - Neribotas . Neribotas
Pavienis Pavienis . Pavienis e
galinis galinis

vienis galinis vienis viens
priekinis (riiminis) priekinis (kriiminis) prickinis (riiminis)

5.4.1 pav. Daugkartinio palyginimo tinklo diagrama tarp skirtingy
implantacijos sriciy naudojant navigavimo mechanizmq su kreipikliu

Raudona spalva sujungtos implantacijos sritys, kuriy nuokrypiy vertés statistiskai reikSmin-
gai skyrési remiantis Dano testu daugkartiniam palyginimui. Statistiskai reik§mingi skirtu-
mai laikyti, kai p reik§mé su Bonferoni korekcija buvo < 0,05.

Atitinkamy nuokrypiy medianos ir tarpkvartiliniai tarpai naudojant be
kreipiklio sSDI sistema nurodyti 5.4.2 lentel¢je, o daugkartinio palyginimo
analiz¢ vizualizuota 5.4.2 paveiksle. Nustatyti statistiSkai reikSmingi 3D vir-
Stninio ir kampinio nuokrypiy skirtumai tarp skirtingy implantacijos sriciy
(p < 0,001), 3D kampinis nuokrypis tarp danty eiliy defekty grupiy reiks-
mingai nesiskyré. PrieSingai nei su kreipikliu sSDI sistema, riboto prie-
kinio defekto srityje 3D virStininis nuokrypis buvo statistiSkai reikSmingai
didesnis lyginant su pavieniu kriminiu defektu (1,54 mm [1,23-1,86] ir
1,05 mm [0,85-1,22]). Kampinis nuokrypis ribotame priekiniame defekte
(4,33° [3,70-5,44]) buvo statistiskai reikSmingai didesnis nei pavienio prie-
kinio danties (2,71° [2,25-3,18]), pavienio kriiminio danties (2,36° [1,88—
3,30]) ir kriiminio danties neriboto defekto srityse (2,63° [1,59-3,41]).

5.4.2 lentelé. 3D vainikinio, 3D virsiuninio ir kampinio nuokrypiy medianos
ir 25, 75 procentiliy vertés skirtingose implantacijos srityse pagal danty eiliy
defekto riusj, naudojant navigavimo mechanizmgq be kreipiklio

D iliu defek 3D vainikinis 3D virsiininis Kampinis
anty etlalsq efek- nuokrypis nuokrypis* nuokrypis*
Mediana [25-75]
R‘bo(tgszp;})e)kmls 0,89 [0,64-1,03] 1,54 [1,23-1,86] 4,33 [3,70-5,44]
Pav1e(11111s:plr(1)§k1nls 0,95 [0,74—1,26] 1,32 [1,13-1,44] 2,71 [2,25-3,18]
Pavienis prieSkrl- | = o7 1 g0 1 15] 1,59 [1,11-1,86] 4,68 [2,91-5,44]
minis (n = 10) ’ ’ ’ ’ ’ ’ . . ’
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5.4.2 lentelés tesinys

Danty eiliy defek-

3D vainikinis
nuokrypis

3D virSininis
nuokrypis*

Kampinis
nuokrypis*

tas

Mediana [25-75]

Pavienis kruminis
(n=10)

0,84 [0,68-0,95]

1,05 [0,85-1,22]

2,36 [1,88-3,30]

Neribotas galinis
(prieskriiminis) (n
=10)

0,77 [0,57-0,86]

1,03 [0,82-1,30]

2,64 [1,81-4,22]

Neribotas galinis
(krtiminis) (n = 10)

0,66 [0,51-0,98]

1,05 [0,92-1,34]

2,63 [1,59-3,41]

¥=17916,11s=5

*p < 0,001,
¥ =19,376,1lls=5

*p < 0,001,
¥ =24306,1ls=5

Pastaba: *p reikSmés, remiantis neparametriniu Kruskalo—Voliso H testu nepriklausomoms
imtim ir Dano testu daugkartiniam palyginimui; lls — laisvés laipsniy skaicius

3D vainikinis nuokrypis 3D vir§tininis nuokrypis Kampinis nuokrypis
/" Pavienis Pavienis | Pavienis Pavienis Pavienis | Pavienis
\prieskriminis kriiminis prieskriminis, kriiminis priekriminis leriiminis
A
Ribotas Neribotas Ribotas \ T Neriboas \ [ piboms \ T N Neribotas
- .. galinis »  galinis U e | galinis
-‘pneknms sekeriminis) pnekmxs_ (prieskraminiz} kpnekmxs {etkrimi
/ ~
= Neribotas sqzses g / Neribotas g Neribotas '\
Pavienis Pavienis Pavienis
2 2 galinis galinis galinis |
prickinis (kriminis) prickinis prickinis (kriminis)

bminis),

5.4.2 pav. Daugkartinio palyginimo tinklo diagrama tarp skirtingy
implantacijos sriciy naudojant navigavimo mechanizmgq be kreipiklio

Raudona spalva sujungtos implantacijos sritys, kuriy nuokrypiy vertés statistiskai reikSmin-
gai skyrési remiantis Dano testu daugkartiniam palyginimui. StatistiSkai reikSmingi skirtu-
mai laikyti, kai p reik§mé su Bonferoni korekcija buvo < 0,05.

Lyginant sSDI tikslumg priekiniy ir Soniniy pavieniy danty eiliy defek-
ty srityse jtraukti pavienio priekinio, prieSkriminio ir kriiminio danty sriciy
implanty nuokrypiy duomenys. 5.4.3 lenteléje pateikti statistinés analizés
rezultatai, o 5.4.3 paveiksle staciakampés implanty nuokrypiy diagramos,
atsizvelgiant | pavienio defekto vieta. Statinés SDI tikslumas lyginant pa-
vienio priekinio ir pavienio Soninio defekto sritis reikSmingai skyrési.
Naudojant 2 ir 4 atraminiy danty implantacijos gidus, reik§mingai didesni
vidutiniai 3D vainikinis ir kampiniai nuokrypiai nustatyti pavienio prie-
kinio danties defekto srityje. Linijinis vertikalus ir 3D virSiininis nuokry-
piai tarp grupiy statistiSkai reik§mingai nesiskyré. Soninio pavienio dan-
ties srityje vidutiniai 3D vainikinis ir kampiniai nuokrypiai buvo mazesni
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(0,66 = 0.23 mm, 2.08° + 1.00), palyginti su pavienio priekinio danties sritimi
(0.76 £0.24 mm, 2.69° + 1.50).

5.4.3 lentelé. Implanty padéciy nuokrypiy statistinés analizés rezultatai tarp
pavieniy danty eiliy defekty grupiy

Danty eilés | Vidurkis + SN arba | Statistinis | Kriterijaus p
defektas mediana [Q1-Q3] | kriterijus reik§mé | reik§mé
Prie.kin.is 0.76 + 0.24
3D vainikinis | pavienis N Stjudento t | 2,377 0,02
nuokrypis (mm) Soninis 0.66 4 0.23 K >
pavienis
N Priekinis | o7 1) 7851 40
virsninis pavienis Mar}o— 1265 0.06
nuokrypis (mm) Sor}ini_s 0.92 [0.70-1.12] Vitnio U >
pavienis
Priekinis 2.69 = 1.50
Kampinis | pavienis Stjudento t| 2,62 0,01
nuokrypis () | Soninis 2.08 = 1.00 ’ ’
pavienis
Priekinis | 4510.195-0.635]
Vertilfalus pavienis Mapo— 1706.5 0.55
nuokrypis (mm) Soqini.s 0.45 [0.33-0.67] Vitnio U ’ ’
pavienis

Pastaba: Pateiktos aktualios aprasomosios statistikos reikSmes, atsizvelgiant j naudota sta-
tistin] kriterijy.
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Nuokrypis (mm)

o

- .

Priekinis pavienis  Priekinis $oninis | Priekinis pavienis  Priekinis Soninis | Priekinis pavienis  Priekinis $oninis

0

3D vainikinis nuokrypis 3D virstninis nuokrypis Vertikalus nuokrypis

6
P
L
w 2
a
g
=
= 3
]
.
S 2
=
<
Mo

0

Priekinis pavienis Priekinis Soninis

5.4.3 pav. 3D vainikinio, 3D virsuninio, kampinio ir vertikalaus nuokrypio
staciakampeés diagramos, atsizvelgiant j pavienio danty eiliy defekto grupe
Diagramoje pateiktos minimalios, pirmojo kvartilio, medianos, tre¢iojo kvartilio ir
maksimalios reikSmés.

Vertinant neriboto galinio defekto sSDI tiksluma, statistiSkai reik§mingi
skirtumai nustatyti tarp vidutiniy nuokrypiy skirtingose implantacijos srityse.
StatistiSkai reikSmingai didesni 3D virStininis ir kampinis nuokrypiai nusta-
tyti prieskriiminio danties srityje (0.94 = 0.38 mm, 2,55° + 1,42), palyginti
su kriminio danties sritimi (1,18 £+ 0.44 mm, 3,37° = 1,27). 3D vainikinis ir
vertikalus linijinis nuokrypiai statistiSkai reikSmingai tarp grupiy nesiskyre.
5.4.4 lenteléje pateikti statistinés analizés rezultatai, o 5.4.4 paveiksle stacia-
kampés implanty nuokrypiy diagramos pagal implantacijos sritj neribotame
galiniame defekte.
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5.4.4 lentelé. Implanty padéciy nuokrypiy statistinés analizés rezultatai gali-
nio neriboto defekto implantacijos srityse

Implantaci- | Vidurkis £ SN arba | Statistinis | Kriterijaus p
jos sritis mediana [Q1-Q3] | kriterijus reikSmé | reik§mé
3D vainikinis |PrieSkriminis 0,66 + 0,23 .
nuokrypis (mm)|  Kriminis 0712031 Stjudento t -1,05 0,3
3D vir§tninis |PrieSkriminis 0.94+0.38 .
. -3,1 2
nuokrypis (mm)|  Kriminis 118044 | ouudentot) 3,19 0,00
Kamp1plso Pnesl_cru.m'lms 2.31[1.56-3.57] Mal.lo_ 0441 0,001
nuokrypis (°) | Kriiminis 3.35[2.36-4.28] | VitnioU
Vertikalus nuo- |Prieskriiminis| 0.37 [0.12—-0.59] Mano— 1502 0.12
krypis (mm) | Kriiminis | 0.25[0.09-0.43] | Vitnio U ’

Pastaba: Pateiktos aktualios aprasomosios statistikos reik§meés, atsizvelgiant j naudota sta-

tistin] kriterijy

n

Nuokrypis (mm)

-

2 .

Kampinis nuokrypis (°)

0.5
0
Prieskraminis (15) Kraminis (17) Prieskriminis (15) Kraminis (17) Prieskraminis (15) Kraminis (17)
3D vainikinis nuokrypis 3D virstininis nuokrypis Vertikalus nuokrypis
Implantacijos sritis galiniame neribotame defekte

6 —_—
5
4
3 —
2
1
g —

Prieskriminis (15)

Kraminis (17)

Implantacijos sritis galiniame neribotame defekte

5.4.4 pav. 3D vainikinio, 3D virsininio, kampinio ir vertikalaus nuokrypio
staciakampeés diagramos, atsizvelgiant | implantacijos sritj galiniame
neribotame defekte

Diagramoje pateiktos minimalios, pirmojo kvartilio, medianos, tre¢iojo kvartilio ir
maksimalios reikSmés.
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Vertinant danty atramos pasiskirstymo jtakg sSDI tikslumui, jtraukti pries-
kriminiy ir kriiminiy danty sri¢iy implanty nuokrypiy duomenys. Lyginant
vienpusio ir abipusio danty atramos pasiskirstymo grupes statistiskai reiks-
mingai skyrési tik vidutinés vertikalios paklaidos. Naudojant vienpuse atramag
vertikaliy linijiniy nuokrypiy medianos (0,31 mm [0,1-0,55]) buvo reik§min-
gal mazesnés, palyginti su abipuse atrama prieskriiminiy ir kriiminiy danty
srityse (0,5 [0,37-0,72]). Statistinés analizés rezultatai pateikti 5.4.5 lenteléje
ir 5.4.5 paveiksle.

5.4.5 lentelé. Implanty padéciy nuokrypiy statistinés analizés rezultatai tarp

atraminiy danty pasiskirstymo grupiy

Atraminiy dan-|Vidurkis = SN arba| Statistinis | Kriterijaus P
ty iSsidéstymas | mediana [Q1-Q3] | kriterijus | reikSmé | reik§mé
. Abipusi 102
3D vainikinis bipusis 0732025 |giudentot| 1261 0,21
nuokrypis (mm) Vienpusis 0,69 +£0,28
3D vir§ininis Abipusis 1[0,79-1,22] Mano—
. - - . 7355 0,773
nuokrypis (mm)|  Vienpusis 1,02 [0,74-1,33] | VitnioU
Kampinis nuo- Abipusis 2,47[1,63-3,51] Mano— 8151 0.08
krypis (°) Vienpusis 2,88 [1,85-4,01] | VitnioU ’
Vertikalus nuo-|  Abipusis 0,5 [0,37-0,72] Mano—
. e 41 < 1
krypis (mm) Vienpusis 0,31 [0,1-0,55] Vitnio U 39,3 0,00
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Nuokrypis (mm)

e
«

-t

Abipusis Vienpusis ’ Abipusis Vienpusis Abipusis Vienpusis

3D vainikinis nuokrypis 3D vir§uninis nuokrypis Vertikalus nuokrypis

Atraminiy dantq pasiskirstymas

7
6
4
3
2
1

Vienpusis Abipusis
Atraminiy danty pasiskirstymas

Kampinis nuokrypis (°)

5.4.5 pav. 3D vainikinio, 3D virsSininio, kampinio ir vertikalaus nuokrypio
staciakampés diagramos, atsizvelgiant j atraminiy danty pasiskirstymgq
Diagramoje pateiktos minimalios, pirmojo kvartilio, medianos, treciojo kvartilio ir
maksimalios reikSmés.
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6. DARBO REZULTATU APTARIMAS

Siame tyrime vertintas statinés gidinés implantacijos tikslumas naudojant
dvi skirtingas gidinés implantacijos sistemas, atsizvelgiant ] grezimo naviga-
vimo mechanizmg. Tikslumas vertintas skirtingose dalinés bedantystés im-
plantacijos srityse, atsizvelgiant j gido atraminiy danty skaiciy ir pasiskirsty-
mga danty eiliy defekto atzvilgiu. Vertinant tyrimo rezultatus ir juos lyginant su
kity autoriy rezultatais, svarbu atsizvelgti j galimus jtakos turin¢ius veiksnius,
susijusius su skirtumais tarp gidinés implantacijos sistemy instrumentarijy,
chirurginiy gidy makrodizaino bei tyrimo metodologijy, aptarty literattiros
apzvalgoje. Siame tyrime palygintos dvi pagrindinés gidinés implantacijos
sistemy rasys — su grezimo kreipkliu ir be grezimo kreipiklio, trys atramos
variacijos — 2 danty, 4 danty ir viso lanko, SeSios implantacijos sritys danty
lanko priekyje ir gale. Implanty padéties tikslumas vertintas taikant optinio
pavirSiaus skenavimu pagrjsta metodika.

Tyrimo rezultatai parodé, kad statiné implantavimo navigacija pasizymi
dideliu tikslumu. Ivertinus visg imtj, nustatyti vidutiniai 3D vainikinis ir 3D
vir§iininis nuokrypiai sieke atitinkamai 0,69 mm ir 1,03 mm, kampinis nuo-
krypis — 2,76°, o vertikaliis linijinis nuokrypis — 0,43 mm. Implanty padéties
menduojamo 2 mm saugaus atstumo planuojant giding implantacijg ir nesieke
kritinés 5,9-16,7° kampinés paklaidos [24, 262, 263]. Sisteminiy klinikiniy
tyrimy apzvalgy duomenimis vidutinés 3D vainikinés implanty paklaidos
svyruoja tarp 0,49-2,39 mm, 3D vir§iinines — tarp 0,67-2,21 mm, kampi-
nés - tarp 1,89-4,90°, vertikalios — tarp 0,19-2,05 mm [18, 114]. Lyginant
publikacijy rezultatus, reikia pabrézti, kad klinikiniy ir in vitro tyrimy rezul-
taty tiesioginis palyginimas néra galimas. Nominalus gidinés implantacijos
nes jie atliekami izoliavus dalj klinikiniy, jtakos turin¢iy veiksniy [27]. Sio
tyrimo metu nustatytos nuokrypiy vertés patenka j klinikiniy tyrimy paklaidy
intervalus ir yra pana$ios | in vitro tyrimy metaanalizés rezultatus, kurioje
vidutinis kampinis nuokrypis sieké 2,39°, o vertikalus linijinis — 0,64 mm.
[27]. Vertinant gidiniy sistemy preciziSkuma, t. y. nuokrypiy veréiy sklaida,
reikSmingy skirtumy tarp sistemy nebuvo nustatyta, iSskyrus vertikaly nuo-
krypi, kur, naudojant sistema be grezimo kreipiklio nustatyta mazesné sklaida
(p = 0,03). Dideli variacijos koeficientai (> 30 proc.) rodo, kad abiem siste-
moms biidingas santykinai maZzas preciziSkumas.

Koreliaciné analizé atskleidé reikSmingas sgsajas tarp skirtingy nuokry-
piy tipy. Tarp kampinio ir vir§tninio 3D nuokrypiy nustatyta stipri teigiama
koreliacija (p = 0,803), o tarp kampinio ir vainikinio — vidutiné (p = 0,455).
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Atsizvelgiant | tai, kampinis nuokrypis gali biiti reikSmingas kity nuokrypiy
prognozés veiksnys. Kampinés implanto padéties paklaidos turi papildomos
reik§mes, nes sSDI metu kampiniy paklaidy kontrolé yra maziau efektyvi nei
erdviniy ar linijiniy nuokrypiy, palyginti su implantacija laisva ranka [20,
264]. Stipri koreliacija taip pat nustatyta tarp vainikinio ir virSiininio nuokry-
piy (p = 0,828), o vertikalus nuokrypis koreliavo su vainikiniu (p = 0,611)
ir silpnai — su virStniniu (p = 0,278). StatistiSkai reikSmingas rySys nenu-
statytas tarp kampinio ir vertikalaus nuokrypiy (p = —0,016, p > 0,05). Tai
rodo, kad linijinés vertikalios implanto paklaidos gali buti nepriklausomos
nuo implanto krypties paklaidos. Svarbu pazyméti, kad visos Siame tyrime
nustatytos vertikaliy nuokrypiy vertés buvo teigiamos. Vadinasi, planuotas
implanto gylis nebuvo pasiektas. Per sekli implanto padétis stebima ir kituose
tiek klinikiniuose, tiek in vitro gidinés implantacijos tyrimuose. Cassetta ir
bendraautoriy tyrime per sekli implanto padétis tiesiogiai koreliavo su dides-
niu kaulo tankiu implantacijos srityje [253]. Atitinkamai in vitro tyrimuose
didelis zandikauliy modeliy kietumas pateikiamas kaip vienas i$ jtakos verti-
kalioms paklaidoms turin¢iy veiksniy [265].

Implantacijos sistema su grezimo kreipikliu, palyginti su sistema be gre-
zimo kreipiklio, pasizymejo didesniu tikslumu vainikinés, vir§tininés bei
kampinés padéties atzvilgiu, tuo tarpu be kreipiklio sistema — vertikalios pa-
deéties atzvilgiu. Nors skirtumai buvo statistiSkai reikSmingi, nuokrypiai ne-
vir§ijo autoriy rekomenduojamy saugumo nuotoliy. Atliekant ROC analize
nustatytas didesnis $ansy santykis (SS 1,5-2,5) vir§yti nustatytas nuokrypiy
slenkstines vertes naudojant sistema be kreipiklio, i§skyrus vertikaly nuokry-
pi, kur didesnés paklaidos rizika nustatyta naudojant sistema su kreipikliu
(SS =2,08). Taigi vertinant bendra imtj, galima teigti, kad su kreipikliu siste-
mos elementai uztikrino geresn¢ implanto trajektorijos kontrole, bet ne isrie-
gimo gylj. Sio tyrimo rezultatai i§ dalies atitinka ankstesniy in vitro tyrimuy,
lyginusiy panasias gidines sistemas, i§vadas [218, 219]. Siame tyrime nau-
dota su kreipikliu sSDI sistema pasizyméjo trumpesniu laisvo grezimo atstu-
mu, ilgesniu grezimo kanalu, palyginti su sistema be kreipiklio. Sie veiksniai
lémé didesn; gidinés implantacijos tikslumg dalyje ankstesniy tyrimy, taciau
juose nebuvo lygintos skirtingos implantacijos sistemos [200, 220, 224]. Rei-
kia pabrezti, kad ankstesniy klinikiniy tyrimy, lyginusiy §ias ar panasSias gidi-
nés implantacijos sistemas, rezultatai yra priestaringi. Gourdache ir bendra-
autoriy atliktoje sisteminéje apzvalgoje ir metaanalizéje, nustatytos didesnés
3D vainikinés ir kampinés paklaidos naudojant sistemas su kreipikliu [23].
Autoriai didesnj be kreipikliy sistemy tikslumg aiSkina tuo, kad, palyginti su
sistemomis su krepikliu, joms biidingas mazesnis gido elementy ir toleranci-
jos tarpy skaicius, kurie gali lemti grezimo paklaidas [217]. Tuo tarpu, grazto
ir gido jvorés skersmeny atitikimas gali lemti geresne grazto Soniniy judesiy
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kontrole [217, 266, 267]. Soniniy grazto judesiy kontrolé ypatingai svarbi
pirminio gr¢zimo stadijoje, po kurios, sudétingiau koreguoti kamping trajek-
torijg [268]. Atsizvelgiant | skirtingus panasiy tyrimy rezultatus, galima kelti
hipoteze, kad tyrimuose néra atsizvelgta j kitus jtakos turin¢ius veiksnius. Sio
tyrimo metu implantacijos tikslumas vertintas atsizvelgiant j skirtingas dali-
nés adentijos implantacijos sritis. Ankstesniuose tyrimuose, galima implanta-
cijos srities ir atraminiy danty iSsidéstymo jtaka pastebéta, nustacius skirtingg
gidinés implantacijos tikslumg pavieniuose ir galiniuose danty eiliy defektuo-
se [238]. Taciau tyrimy, lyginanciy gidines implantacijos sistemas, atsizvel-
giant j danty eiliy defektus, néra. Siame tyrime, vertinant atskiry implantaci-
jos sri¢iy duomenis, gidinés implantacijos tikslumas skyrési. Riboto priekinio
ir pavienio prieSkriminio defekty srityse statistiSkai reikSmingai mazesni 3D
vainikinis, 3D virStninis ir kampinis nuokrypiai nustatyti naudojant sistema
su kreipikliu. PrieSingai, statistiSkai didesnis implantacijos tikslumas, naudo-
jant sistemg be kreipiklio, nustatytas danty lanko gale — pavienio kriiminio ir
neriboto galinio defekto srityse. Todél, lyginant gidiniy implantacijos sistemy
tikslumag, svarbu atsizvelgti j implantacijos vietg ir danty eiliy defekta.

Siam tyrimui sumodeliuoti galiniai defektai, palyginti su priekiniais, pasi-
zymejo netolygesniu atraminiy danty pasiskirstymu, o galinio neriboto defek-
to atveju ir vienpuse gido atrama. Rezultatai parodé, jog gidinés implantacijos
sistemos pasirinkimas gali jtakoti tiksluma galiniame neribotame defekte. Di-
desni implanty padéciy nuokrypiai galiniy neriboty defekty atvejais siejami
su gido destabilizacija, kuri priklauso ne tik nuo asimetrisko atraminiy danty
pasiskirstymo, bet ir nuo implantacijos vietos nuotolio iki artimiausio atra-
minio danties. Siame tyrime tai atsispindi, lyginant tiksluma galinio neriboto
defekto prieskriminio ir kriiminio danty srityse, kur statistiSkai reikSmingi
didesni 3D virStninis ir kampinis nuokrypiai nustatyti kriiminio danties im-
plantacijos srityje. Panasis rezultatai gauti ir Pessoa bei bendraautoriy in vi-
tro tyrime — didziausi implanty padéties nuokrypiai fiksuoti FDI 27 danties
srityje, palyginti su FDI 25, esant neribotam galiniam defektui. Be to, Siame
tyrime titano vinuciy naudojimas gido fiksacijai neturéjo reikSmingos jtakos
implantacijos tikslumui kriiminiy danty srityje [244]. Park ir bendraautoriy
klinikiniame tyrime nustatyta, kad implantacijos tikslumas buvo reikSmingai
mazesnis toliau nuo atramos esanc¢iose implantacijose vietose (per 3—4 nomi-
nalius dantis), palyginti su artimesnémis sritimis (nutolusiose per 1-2 dantis)
[246].

Taigi implantacijos vieta néra tik topografinis aspektas — ji tiesiogiai jtako-
ja gido stabiluma, o kartu ir galutinj implantacijos tikslumg. Danty, j kuriuos
remiasi gidas, morfologija — jy vainikinio pavirSiaus plotas, forma (pvz.,
siaura ir piramidiné kandziy ar kiiginé il¢iy, palyginti su platesne ir kubiné
kriiminiy danty vainiky forma) — lemia gido atramos patikimumg. Net esant
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pavieniam defektui, stabilumas gali skirtis — pavyzdziui, pavienio priekinio
defekto srityje, kur atrama remiasi ] siauresnius dantis, nustatyti statistiSkai
reik§mingai didesni 3D vainikinis ir kampinis nuokrypiai, lyginant su pavie-
niu Soniniu defektu. Panasus désningumas nustatytas ir EIKholy ir bendraau-
toriy tyrime, kuriame gidinés implantacijos tikslumas naudojant viso lanko
ir 3-1y Soniniy danty atramg nesiskyre, kai tuo tarpu — naudojant atitinkama
priekiniy danty atramg, implanty padéciy paklaidos buvo statistiSkai reiks-
mingai didesnés [238]. Abduo ir bendraautoriy tyrime nustatytos statistiSkai
reikSmingai didesnés vertikalaus gido nusédimo paklaidos pavienio priekinio
defekto srityje, palyginti su pavienio Soninio danties defektu. Taigi auksta ir
siaura priekiniy forma gali lemti ne tik neoptimaly stabiluma, bet ir nepakan-
kama gido pasyvy nusédima [269].

Mokslin¢je literatiiroje néra susiformavusio konsensuso dél optimalaus
atraminiy danty skaiCiaus statinei gidinei implantacijai — rekomendacijos
svyruoja nuo bent dviejy nepaslankiy danty iki keturiy ar viso danty lanko
atramos [236-238, 242]. Sio tyrimo rezultatai parod¢, kad atraminiy danty
skaicius reikSmingai jtakoja implantacijos tiksluma, taciau $i jtaka kinta pri-
klausomai nuo naudojamos gidinés sistemos (su kreipikliu ar be kreipiklio)
bei implantacijos srities. Su kreipikliu sistemos atveju, optimalus tikslumas
dazniausiai pasiektas esant keturiy atraminiy danty atramai, o viso lanko atra-
ma neretai lémé didesnius 3D vainikinius ir vir§tninius nuokrypius. Be krei-
piklio sistemos atveju, mazesni nuokrypiai nustatyti naudojant dviejy arba
keturiy danty atramas, o viso lanko atramos atveju erdviniai nuokrypiai buvo
didesni. Skirtingai nei daugelyje ankstesniy tyrimy, Siame tyrime sistemin-
gai analizuotas skirtingos gido atramos efektyvumas skirtingose implantaci-
reikSmingai skyrési tarp atramos grupiy riboto priekinio defekto, pavienio
priekinio defekto, pavienio prieSkriminio defekto, pavienio krtiminio defek-
to ir neriboto galinio defekto prieskruminio danties srityse. Pavyzdziui, ri-
boto priekinio defekto, pavienio prieSkriiminio defekto ir pavienio kriiminio
defekto srityse, naudojant viso lanko atramos gidus, buvo nustatyti statistis-

viso lanko atrama. Tuo tarpu, neriboto galinio defekto prieskriiminio danties
srityje 2 atraminiy danty grupé taip pat pasizymejo didesniu tikslumu nei viso
lanko atrama.

Apibendrinant, Sio tyrimo rezultatai rodo, kad gidinés implantacijos sis-
temos tikslumas priklauso ne tik nuo sistemos tipo, bet ir nuo implantacijos
vietos, atraminiy danty iSsidéstymo bei jy skaiciaus. Didziausia tyrimo ver-
té — gidinés implantacijos tikslumo analizé atsizvelgiant j atskiras implantaci-

81



jos vietas, kuri leidzia priimti labiau individualizuotus sprendimus. Vis délto,
biitina atkreipti démesj | tai, kad implantacijos tikslumui turi jtakos veiksniai,
kurie gali skirtis priklausomai nuo tyrimo modelio, naudojamos technologi-
jos ar klinikinés situacijos. Pavyzdziui, tyrimo metu naudoti danty implan-
tai skyrési makroskopiniu dizainu, o implantai su agresyvesniais sriegiais
gali lemti didesnj tiksluma [271, 272]. Be to, tyrimo standartizavimui abiejy
implantacijos sistemy chirurginiai gidai buvo projektuoti su jsriegiamomis
metalinémis jvorémis. Nors ankstesniy tyrimy rezultatai dél metaliniy jvoriy
itakos gidinés implantacijos tikslumui néra vienareikSmiai, jy naudojimas le-
mia papildomg tolerancijos tarpa, o didesnis tokiy tarpy skai¢ius siejamas su
didesnémis implantacijos paklaidomis [222, 223]. Taip pat svarbu atsizvelgti
1 skirtingg laisvo grezimo atstumg tarp gidinés implantacijos sistemy, kuris
negaléjo biti pilnai standartizuotas dél skirtingy projektavimo protokoly pro-
graminéje jrangoje ir skyrési 3 mm. Lyginant sistemy su kreipikliu tiksluma,
didesnis laisvo grezimo atstumas tiesiogiai koreliavo su implanty padéties
paklaidomis [224]. Be to, skirtingy tyrimy metu naudojamos gido medzia-
gos — jy elastingumas, atsparumas ir dévejimosi savybés — taip pat gali lemti
rezultaty kintamumga [200]. Taip pat, moksliniy tyrimy rezultatai rodo, jog
alveolinio kaulo tankis gali turéti jtakos gidinés implantacijos tikslumui [252,
272]. Siame tyrime naudoti poliamido modeliai pasizyméjo dideliu kietumu
ir nesimuliavo spongiozinio kaulo struktiiros.

Gidinés implantacijos tikslumo tyrimai turéty biti atliekami standartizuo-
tomis salygomis, atsizvelgiant | skirtumus tarp gidinés implantacijos siste-
my, danty implanty, gido dizainy ir medziagy savybiy. Tolesni tyrimai turéty
apimti klinikinius duomenis, siekiant sustiprinti tyrimo iSorinj patikimuma.
Sisteminéje mokslinés literatiiros apzvalgoje nustatyta, kad in vitro tyrimai
gidinés implantacijos tikslumo tematika demonstravo didesnj tiksluma nei
vimas klinikiniame kontekste [27]. Sio tyrimo nominalios implantacijos pa-
klaidy reikSmés neturéty biti tiesiogiai ekstrapoliuojamos j klinikine aplinkg
del to, kad eksperimentinio tyrimo salygos izoliavo klinikinius jtakos turin-
¢ius veiksnius. Taciau, palyginamoji analizé suteikia reikSmingy jzZvalgy apie
sSDI planavimg ir chirurginio gido projektavima.
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ISVADOS

. Tyrime, taikant stating skaitmenizuotg danty implantacijg daliniy vir-
Sutinio zandikaulio danty eiliy defekty atvejais, nustatyti vidutiniai 3D
vainikinis ir 3D virS§tininis nuokrypiai sieké atitinkamai 0,69 + 0,26 mm
ir 1,03 + 0,43 mm, kampinis nuokrypis — 2,76° £ 1,48, o vertikalus lini-
jinis nuokrypis — 0,43 = 0,28 mm.

. Skirtingose implantacijos vietose didesnis tikslumas nustatytas nau-
dojant skirtingas gidinés implantacijos sistemas: be kreipiklio sistema
buvo tikslesné neriboto galinio defekto prieSkriiminiy ir kriiminiy danty
srityse bei pavienio kriiminio danties defekte, o sistema su kreipikliu —
riboto priekinio ir pavienio prieskriiminio danties defektuose.

. Naudojant gidinés implantacijos sistema su kreipikliu, didziausias tiks-
lumas nustatytas riboto priekinio defekto srityje, o maziausias — pavie-
nio kriiminio danties srityje. Maziausi nuokrypiai fiksuoti esant 4 danty
atramai, palyginti su 2 danty ar viso lanko atramomis.

. Naudojant gidinés implantacijos sistema be kreipiklio, didziausias tiks-
lumas nustatytas pavienio kriiminio ir neriboto galinio defekto srityse,
o didziausias nuokrypis — riboto priekinio defekto srityje. Statistiskai
reikSmingai didesnis tikslumas nustatytas naudojant 2 arba 4 danty
atrama, palyginti su viso lanko atrama.

. Skirtingose implantacijos srityse atraminiy danty skai¢iaus jtaka im-
plantacijos tikslumui buvo nevienoda — didesni nuokrypiai nustatyti
naudojant viso lanko atramg riboto priekinio, pavienio prieskriminio,
pavienio kriiminio ir neriboto galinio defekto prieskriiminio danties sri-
tyse, o naudojant dviejy danty atramg — pavienio priekinio ir neriboto
galinio defekto kriiminio danties srityse.

. Esant pavieniams defektams sSDI tikslumui jtakos turéjo implantacijos
vieta — didesni nuokrypiai nustatyti priekinio danties srityje, palyginti
su Soniniais defektais.

. Esant neribotiems galiniams defektams, sSDI tikslumui jtakos turéjo
nuotolis iki atramos — prieSkriiminiy danty srityje nustatyti reikSmingai
mazesni nuokrypiai nei kriminiy danty srityje.
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PRAKTINES REKOMENDACIJOS

. Statinio implantacijos gido projektavimas turéty biiti individualizuoja-
mas, atsizvelgiant j implantacijos srit], atramos pobiidj (atraminiy danty
1Ssidéstymg ir tipg) bei pasirinkta gidinés implantacijos sistema.

. Planuojant sSDI priekiniy ir prieSkriminiy danty defektuose su abipu-
siu atraminiy danty iSsidéstymu, rekomenduojama naudoti gidinés im-
plantacijos sistema su kreipikliu, o pavieniy kriiminio danties ir galiniy
neriboty defekty atvejais — gidinés implantacijos sistemg be kreipiklio.

. Planuojant sSDI pavieniy danty eiliy defekty ar riboto priekinio defekto
srityse rekomenduojama naudoti mazesng nei viso lanko atramg. Esant
galiniam neribotam defektui rekomenduojama didesné nei 2 danty atra-
ma, o pavienio priekinio defekto atveju — 4 danty atrama.

. Atsizvelgiant ] tai, kad implantacijos tikslumui jtakos turi didelis kie-
kis kintamyjy, biisimieji tyrimai turéty biti atlickami naudojant aukstos
standartizacijos eksperimentinius modelius, siekiant objektyviai jver-
tinti techniniy veiksniy jtakg sSDI tikslumui.
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SUMMARY

1. INTRODUCTION

The application of digital technologies in dentistry over the past two
decades has transformed both clinical practice and scientific research in dental
implantology. Since the introduction of cone-beam computed tomography
(CBCT) in the late 1990s to the first robot-assisted dental implantation in
2017, digital tools have become an integral part of restorative dental workflows
[1]. In dental implantology, the digitalization of treatment workflows and
advances in tissue regeneration have prompted a paradigm shift from a tradi-
tional approach of implant positioning — guided primarily by the morphology
and anatomy of the alveolar ridge — toward a prosthetically driven planning
approach. This approach is based not only on anatomical considerations but
also in relation to the intended prosthetic restoration, considering esthetic,
functional, and biological parameters [2]. With the introduction of endosseous
dental implants, the primary objectives of treatment have been to achieve
successful outcomes from both functional and esthetic perspectives, ensuring
long-term stability of the prosthetic construction and a low risk of early and
late complications [3]. The integration of digital technologies into implant
dentistry and the adoption of a prosthetically driven planning approach have
redefined the planning process and the very notion of a successful outcome
[2]. The scope of implant therapy objectives has expanded beyond traditional
goals of osseointegration and prosthetic function. This evolution reflects not
only technological advancement but also a broader contemporary perspective,
emphasizing comprehensive planning, interdisciplinary collaboration, and
patient-centered experience [4]. Furthermore, digital workflows increasingly
aim to optimize the extent and number of surgical interventions by adhering
to the principle of minimal invasiveness — “as much as necessary, but as little
as possible”.

Based on decades of clinical and scientific experience with endosseous
implants, it is well established that correct spacing between implants and
between implants and teeth, as well as implant depth and angulation, are key
parameters of optimal occlusion, prosthetic design, occlusal load distribution,
and peri-implant tissue stability [7, 8]. Moreover, during osteotomy prepa-
ration or implant insertion, surgical instruments may cause iatrogenic damage
to anatomical structures, leading to complications such as perforation of
the lateral bony wall, maxillary sinus, or nasal cavity, as well as nerve or
vascular injuries [9, 10]. As a result, accurate transfer of the planned implant
position into the clinical setting, along with control of instrument trajectory,
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has become essential for ensuring the success and longevity of dental implant
treatment.

Static computer-assisted implant surgery (sCAIS) is a digitally driven
implantation method, in which the implant position is virtually planned using
three-dimensional diagnostic data such as cone-beam computed tomography
and intraoral surface scanning. The planned implant position is transferred
to the clinical setting using a custom surgical guide manufactured via 3D
printing technologies. Surgical guide facilitates static navigation of surgical
instruments, allowing controlled drilling with respect to implant position,
angulation, and depth based on predefined parameters. Research indicates
that while sCAIS offers greater accuracy compared to freehand implant
placement, spatial deviations in implant positioning can still occur and
may lead to complications arising from inaccurate implant placement [11-
13]. Systematic reviews report that technical and clinical complications of
varying complexity occur in up to 42 % of sCAIS cases, with guide-related
complications accounting for 7-13 % of cases [14—18]. Static computer-
assisted implant surgery is a multi-step process involving digital treatment
planning, surgical guide design, guide manufacturing, and clinical application.
Each of these stages may introduce errors that cumulatively result in deviations
between planned and actual implant positions [18]. More than twenty factors
influencing the accuracy of sCAIS have been identified in the scientific
literature. These include errors associated with digital data acquisition and
processing, the design and components of the surgical guide, inaccuracies in
guide manufacturing, and clinical variables [19, 20]. However, in the absence
of evidence-based protocols, clinical decisions regarding guide design and
guided implant system selection are often based on empirical assumptions. In
certain cases, the guide is designed without direct involvement of the clinician.
Therefore, standardized experimental research is essential to identify and
control potential sources of implant deviations.

Recent scientific literature increasingly highlights that particular technical
and clinical factors significantly affect the accuracy of static computer-
assisted implant surgery [21-23]. Currently available sCAIS systems from
various manufacturers differ in guide components, surgical instruments, and
principles of drill navigation. Based on the method of drill navigation, sCAIS
systems are categorized as drill-key or keyless systems. Drill-key systems
use specialized keys, where the inner diameter of the key corresponds to
the diameter of the drill, and the outer diameter fits into the guide sleeve.
These keys serve as intermediaries to guide the drills through the surgical
template. In contrast, keyless systems are designed so that the outer diameter
of the drill itself fits directly into the guide sleeve, eliminating the need for
drill keys. Keyless systems were developed to reduce the number of surgical
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instruments and tolerance gaps between them. However, due to the relatively
recent introduction of keyless systems, there is a lack of studies evaluating
their accuracy and comparing them with drill-key systems.

There is a lack of studies evaluating the influence of the number of
guide supporting teeth on the accuracy of static computer-assisted implant
surgery in partially edentulous cases. The optimal selection of guide support
should be based on a combination of desired accuracy, treatment costs, and
the patient’s anatomical conditions [24, 25]. Existing research in this area
remains unsystematic and methodologically heterogeneous, with conflicting
results. Established clinical practice has been largely based on the assumption
that a higher number of supporting teeth contributes to better guide stability.
However, a greater number of supporting teeth does not necessarily ensure
higher accuracy. Moreover, in partial edentulism, the nature of the guide
support may vary. The type, number, and distribution of guide supporting
teeth differ depending on the type of edentulous defect [26, 27]. These factors
may affect the passive fit of the guide, its stability, and ultimately — implant
placement accuracy. Therefore, in sCAIS, the implantation site is directly
related not only to anatomical conditions but also to the nature of surgical
guide support.

Due to the limited number of studies and their methodological
inconsistency, there is a continuing need to systematically assess the effect of
the number and distribution of supporting teeth, as well as the implant system
used, on the accuracy of sCAIS across different implantation sites in partially
edentulous arches. This is essential for the development of evidence-based
recommendations and protocols for surgical guide design in sCAIS.

2. OBJECTIVES AND TASKS OF THE STUDY
2.1. Objective of the study

To evaluate the influence of the number of supporting teeth and the guiding
concept of an individual surgical guide on the accuracy of static computer-
assisted implant surgery in various implantation sites of partially edentulous
maxilla.

2.2. Tasks of the study

1. To determine the accuracy of static computer-assisted implant surgery
in single tooth gaps, distal extension and extended anterior edentulous
areas of the maxillary arch.

2. To compare the accuracy of drill-key and keyless sCAIS systems in
partially edentulous maxillary arch.
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3. To assess the influence of the number and distribution of supporting
teeth relative to the edentulous area on the accuracy of sCAIS.

4. To evaluate the influence of the implantation site on the accuracy of
sCAIS in partially edentulous maxillary arch.

3. NOVELTY OF THE STUDY

Thenovelty of'this study lies inits comprehensive and complex experimental
model: for the first time, under standardized experimental conditions, the
accuracy of the two most commonly used sCAIS systems in clinical practice
(drill-key and keyless) was assessed across six implantation sites of partially
edentulous maxillary arch (anterior, premolar, and molar single tooth gaps
(STG); extended anterior area; and premolar and molar implantation sites
in distal extension edentulous area). Furthermore, the study evaluated the
influence of surgical guide support by comparing three different support
configurations: two-tooth support, four-tooth support, and full-arch support.

An additional subgroup analysis was conducted to examine the accuracy
of static computer-guided implant placement in relation to:

 the location of single-tooth gap implantation sites (anterior vs. poste-

rior),

* the distance from the guide support (premolar vs. molar sites in distal

extension), and

+ the distribution of supporting teeth relative to the edentulous area (uni-

lateral vs. bilateral support).

The findings contribute to the development of evidence-based guidelines
regarding the selection of optimal surgical guide support and sCAIS system.
Based on the results, recommendations are proposed for choosing appropriate
guide support and sCAIS systems for different implantation sites.

In addition, the study employed a method for assessing implant positioning
in three-dimensional space, which is based on optical surface scanning data
and 3D metrology software, and can be considered a potential alternative to
conventional automated measurement systems.

The results offer a robust foundation for future clinical investigations, for
the external validation and clinical applicability of such protocols. Moreover,
the developed experimental model and protocol provide a standardized
framework for future in vitro studies aimed at evaluating other factors
influencing the accuracy of static computer-guided implant surgery.
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4. MATERIALS AND METHODS
4.1. Design and fabrication of experimental models

Anonymized cone-beam computed tomography (CBCT) scans (DICOM,
Orthoplus SL 3D, Dentsply Sirona Inc.) and optical surface scans (STL,
3Shape E3, 3Shape) of a fully dentate maxilla were imported into 3D
reconstruction and segmentation software (3D Slicer 5.3.0). Selected teeth
were segmented and removed to create partially edentulous defects relevant
to the experimental model. Two prototype maxillary models were created: in
the first model, teeth corresponding to FDI numbering 15, 16, 17, 21, and 26
were removed; in the second model, teeth 11, 12, 15, 21, and 22 were digitally
removed (Figure 4.1.1).

Fig. 4.1.1. Prototypes of partially edentulous maxillary models

On the left — Model 1 with missing teeth at FDI 15, 16, 17, 21, and 26 sites,
on the right — Model 2 with missing teeth at FDI 11, 12, 15, 21, and 22 sites.

In total, 120 models were printed (60 of each prototype model) using
selective laser sintering system (EOS P 396) with polyamide-12 powder
(PA2200, EOS). Printing parameters included a 70 W CO: laser, beam travel
speed of 6 m/s, and a layer thickness of 0.08 mm. Polyamide-12 has a tensile
modulus of 1700 MPa, tensile strength of 48 MPa, and Shore D surface
hardness of 75-80. Post-processing included 12 hours of cooling, powder
removal using compressed air and the EOS [PCM system, and sandblasting.
Models were stored in sealed plastic containers. Model 1 corresponds to
Kennedy Class II, modification 2; Model 2 corresponds to Kennedy Class III,
modification 1, representing both single-tooth and extended edentulous area
in anterior and posterior regions.
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4.2. Implant planning and surgical guide design

CBCT imaging (Orthoplus SL 3D, Dentsply Sirona Inc.) was performed
with the models positioned in the center of the field of view on a polyurethane
foam block. Scanning parameters included an 11 x 10 cm field of view, voxel
size of 80 um, 85 kV X-ray tube voltage, 6 mA current, and 14.4 s scanning
time. Optical surface scans were performed using an intraoral scanner (Medit
1700, Medit Corp.). DICOM and STL data were imported into digital planning
software (exoplan Rijeka 3.1, Exocad GmbH) for virtual wax-up and implant
positioning.

The sites of implantation were planned as follows:

Model 1:

* Anterior single-tooth gap (at FDI 21)

* Molar single-tooth gap (at FDI 26)

* Premolar and molar implantation sites in distal extension edentulous

area (at FDI 15 and FDI 17)

Model 2:

* Premolar single-tooth gap (at FDI 15)

+ Two implantation sites in extended anterior edentulous area (at FDI 12

and FDI 22)

Implant positions were planned based on digital wax-up, | mm subcres-
tally, with the implant axis positioned in the cingulum area for the incisors or
in the center of the crown for premolars and molars. A minimum distance of
2 mm was maintained from the adjacent teeth and the buccal-lingual alveolar
crest margin.

The experimental groups were divided into two subgroups based on the
type of guiding concept of sCAIS: drill-key and keyless (Figure 4.2.1).
Considering the number of supporting teeth (full-arch support, two-tooth
support, and four-tooth support), each group was further divided into three
subgroups (Figure 4.2.2).

90



Fig. 4.2.1. Schematic representation of the drill-sleeve interface of the
guided implantation systems used in the study

On the left side is the keyless guided implantation system, and on the right is the drill-key
guided system. Legend: A — Drill, B — Sleeve, C — Drill key.

support

4-tooth
support

Fig. 4.2.2. Distribution of groups according to the number of supporting
teeth, jaw model, and implantation sites

Schematic designs of all surgical guides created for each implantation site: in the left side —
Model No.1 with implantation sites at FDI 15, 17, 21, and 26, on the right: Model No. 2 with
implantation sites at FDI 12, 22, and 15

As a result, for each implantation site, six individual surgical guides for
dental implant placement were designed, based on the guiding concept and
guide support:

* Dirill-key system:

o 2-tooth supported

91



o 4-tooth supported

o Full-arch supported
* Keyless system:

o 2-tooth supported

° 4-tooth supported

o Full-arch supported

The Straumann implant system was used for drill-key guiding concept,
while the Megagen system was used for the keyless concept. Manufactu-
rer-specific metal sleeves were used to standardize the drilling channels. The
free drilling distance (FDD) for the Megagen system was a fixed value at
17 mm, as for the Straumann group the FDD was set to 14 mm.

The surgical guide top margin was designed to end 1-1.5 mm above the
cervical line. For optimal retention, the guides were designed to engage the
equators of the crowns, allowing undercuts up to 0.1 mm. The radial sleeve
offset was set at 0.025 mm for the drilling channel and 0.1 mm offset for
the surgical guide bottom, while the thickness of the surgical guide material
was set at 3 mm. The retention, passive fit, and lateral as well as vertical
stability of the guides were evaluated on jaw models. The peripheral margins
of the surgical guides were compared to reference STL models in the
digital planning software. In total, 240 individual surgical guides were 3D
printed — one for each implantation site, incorporating three different guide
support configurations and two guiding systems. The guides were fabricated
using digital light processing (DLP) technology with the Asiga Max UV
(Asiga) 3D printer, using a compatible methacrylate-based photopolymer
resin (DentgaGuide, Asiga) for surgical guide production. Post-processing
followed the manufacturer’s protocol: a 3-minute rinse in isopropyl alcohol,
air drying, UV curing at 405 nm, removal of support structures, and final
polishing. Original manufacturer-provided metal sleeves (corresponding
references numbers: R2SS50 and 0.34053V4) were incorporated into the
guide channels. The osteotomies were performed using new drill kits in strict
accordance with the respective manufacturers’ drilling sequence for dense
bone scenarios.

The drilling sequence for the Megagen keyless system included: Initial
drill (R2ID2601) — Second drill (R2SD2505) — Universal drill 2.0 X 7.0 mm
(AGSD2007) — Universal drill 2.0 x 8.5 mm (AGSD2008) — Universal drill
2.0 x 10.0 mm (AGSD2010) — Universal drill 2.5 x 10 mm (AGSD2510) —
Universal drill 2.8 x 10 mm (AGSD2810) — Profile drill 4.0 mm (AGBP40)
— Cortical drill 3.3 x 10 mm (ARSD3310) — Cortical drill 3.8 x 10 mm
(ARSD3810).
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For the drill-key Straumann system, the protocol included: Ridge drill
(034.415) — Pilot drill 2.2 x 20 mm (034.258) — Drill 2.8 x 20 mm (034.261)
— Drill 3.5 x 20 mm (034.264) — Profile drill (034.270) with “C”-shaped
key (034.751) — Thread-forming drill (034.273) also with “C”-shaped key
(034.751).

The drilling sequence of drill-key system was executed with a 1 mm
drill-key. Following a fully guided protocols, tapered implants were placed:
4.0 x 10 mm Megagen AnyRidge and 4.1 x 10 mm Straumann BLT. Vertical
positioning of the fixtures was verified using visual depth markers on the
corresponding implant carriers. In total, 420 implants were inserted, with 10
implants placed at each implantation site, based on different guide support
and implant systems.

4.3. Determination of actual implant positions and accuracy assessment

To determine the actual positions of the implants, a digital registration
method based on optical surface scanning data was applied. On each inserted
implant, scan bodies were mounted with a torque of 15 Ncm: Straumann
CrossFit RC (025.0079) and Megagen AR 4.0 x 13 mm (AANISR4013T),
respectively. The optical surface scan data were uploaded into digital
treatment planning software (Exocad Rijeka 3.1) to extrapolate the virtual
implant analogs. The digital STL files, containing both the planned and actual
implant positions, were imported into the 3D metrology software Zeiss Inspect
Optical 3D (Carl Zeiss, Jena, Germany). Each dataset with actual implant
positions was superimposed with reference model using occlusal surfaces of
the teeth as alignment references. The digital alignment process was executed
using an automatic best-fit surface matching method based on the iterative
closest point (ICP) algorithm.

To evaluate the deviations between planned and actual implant positions
3D coronal, 3D apical, vertical linear and angular deviations were measured
(Figure 4.3.1). To conduct measurements a best-fit cones and planes on coronal
and apical surfaces were generated (Figure 4.3.2). Central axes for each cone
were generated automatically by the software. Intersections points between
central axes and apical and coronal planes were referred to as coronal and
apical points of virtual implants. Euclidean distances between corresponding
intersection points were considered as 3D apical and coronal deviations.
Vertical linear deviation was considered the perpendicular distance from
the actual implant’s coronal point to the plane of the corresponding planned
implant platform. Angular distance was a measure of angle between the
central axes of nominal and actual virtual implants. The accuracy of implants
was compared between study groups. The International Organization for
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Standardization (ISO) defines accuracy by trueness and precision [126].
Trueness refers to the closeness of agreement between the test results
and a reference value which was defined by deviations between planned
and actual implant positions. Whereas precision refers to the closeness of
agreement between the test results and is defined by a variability between the
measurements and was expressed as standard deviations of the results, where
less precision was reflected by a larder standard deviation.

3D coronal deviation

Vertical I
linear
deviation

Planned

position Actual

position

3D apical deviation

Angular deviation

Fig. 4.3.1. Schematic definition of the measured deviations between the
planned and actual implant positions

94



Vertical deviation ¥
3D coronal deviation

Angular deviation

3D apical deviation

Fig. 4.3.2. Determination of spatial shapes and deviations in metrological
software

On the left — the cone, coronal plane, and central coronal and apical points that best match
the spatial shape of the implant, as determined in the metrological software. On the right —
superimposition of the planned and actual implant positions with the evaluated deviations
indicated.

4.4. Statistical analysis

Deviation data were recorded and compiled using Microsoft Excel.
Statistical analysis was performed using IBM SPSS Statistics software,
version 29.0. Descriptive statistics for the study groups included the mean,
standard deviation, median, minimum and maximum values, and the 25th
and 75th percentiles. The normality of data distribution was assessed using
histograms, Q-Q plots, as well as the Shapiro—Wilk and Kolmogorov—
Smirnov tests. Depending on the distribution of variables according to the
normal (Gaussian) distribution, either parametric or non-parametric statistical
tests were applied. For comparisons between two independent samples, the
non-parametric Mann—Whitney U test was used when the assumption of
normality was not met, and the parametric Student’s t-test was applied when
the distribution was normal. Respectively, for comparisons involving more
than two independent groups, the Kruskal-Wallis H or One-Way ANOVA
tests were used. For multiple comparisons, Dunn’s or Tukey HSD tests with
Bonferroni correction for statistical significance were used. Correlation
analysis was based on Spearman’s rank correlation coefficient due to the non-
normal distribution of all variables. Accordingly, when variables were normally
distributed, results are presented as means with standard deviations; when
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normality was not assumed, medians and interquartile ranges are reported.
Homogeneity of variance between groups was assessed using Levene’s test.
The level of statistical significance for hypothesis testing was set at o <
0.05. Sample size estimation was performed using G*Power version 3.1.9.7,
based on Noether’s calculation method, with a statistical power of 95 % and
a < 0.05. Based on 3D coronal and angular deviation values reported in
previous studies, the required sample size for each subgroup was determined
toben=09.

5. RESULTS

5.1. Accuracy of static computer-assisted implant surgery systems

Based on the evaluation of the entire sample, the mean 3D coronal
deviation between actual and planned implant positions was 0.69 + 0.26 mm.
The mean 3D apical deviation was 1.03 + 0.43 mm. The average angular
deviation measured 2.76° + 1.48°, while the mean linear vertical deviation
was 0.43 £ 0.28 mm. The maximum values of 3D coronal, 3D apical, and
vertical deviations ranged from 1.53 to 2.36 mm. The highest observed
angular deviation was 7.78° (Table 5.1.1).

Table 5.1.1 Descriptive statistics of dependent variables (implant position
deviations)

Deviation (n = 420) Median [Q1-Q3] Mean = SD Min—Max values
3D coronal (mm) 0.67[0.51-0.87] 0.69 +0.26 0.11-1.72
3D apical (mm) 0.9910.72-1.27] 1.03+£0.43 0.19-2.36
Angular (°) 2.50 [1.69-3.72] 2.76 £ 1.48 0.21-7.78
Vertical linear (mm) 0.40 [0.21-0.58] 0.43 +£0.28 0.00-1.53

The multiple comparison analysis of correlations between deviation
variables revealed direct and statistically significant relationships, except for
the correlation between angular and vertical deviations. A strong correlation
was found between angular and 3D apical deviations (p = 0.803), while
the correlation between angular and 3D coronal deviations was moderate
(p=0.455). A strong correlation was also observed between 3D apical and 3D
coronal deviations (p = 0.828). The vertical linear deviation showed a strong
correlation with the 3D coronal deviation (p = 0.611) and a weak correlation
with the 3D apical deviation (p = 0.278) (Table 5.1.2).
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Table 5.1.2. Correlation analysis of variables

3D apical deviation

Angular deviation

Vertical deviation

3D Coronal deviation

p=0,828; p<0,001

p=0,455;p < 0,001

p=0,611;p<0,001

3D Apical deviation

p=0,803; p<0,001

p=0,278; p < 0,001

Angular deviation =-0,016; p=10,751

p — Spearman’s rank correlation coefficient.

The mean implant position deviations between the drill-key and keyless
guided implantation systems differed significantly, showing statistically
significant differences. When using the keyless implantation system, the
median 3D coronal deviation was 0.71 mm [0.52—-0.89], the median 3D apical
deviation was 1.06 mm [0.82—1.37], and the angular deviation was 2.83°
[2.00—4.03]. Corresponding deviations for the drill-key guided implantation
system were smaller — 0.64 mm [0.47-0.82], 0.91 mm [0.62—1.18], and
2.19°[1.40-3.49], respectively. The median linear vertical deviation between
actual and planned implant positions was greater when using the drill-key
system (0.46 mm [0.25-0.65]) compared to the keyless system (0.36 mm
[0.18-0.51]) (Table 5.1.3).

Table 5.1.3. Descriptive statistics of deviation variables in drill-key and key-
less guided implantation system groups

Guiding system
Variable Drill-key (n = 210) | Keyless (n = 210) p value*
Median [Q1-Q3] or Mean + SD
3D coronal deviation (mm) 0.64 [0.47-0.82] 0.71 [0.52-0.89] 0.019
3D apical deviation (mm) 0.94 £0.41 1.11+0.43 <0.001
Angular deviation (°) 2.19[1.40-3.49] 2.83 [2.00-4.03] <0.001
Vertical deviation (mm) 0.46 [0.25-0.65] 0.36[0.18-0.51] <0.001

* — p values based on either the non-parametric Mann—Whitney U test or the parametric
Student’s t-test for two independent samples, depending on the normality of the distribu-
tion. Reported values are either medians with interquartile ranges or means with standard
deviations, depending on the results of the Kolmogorov—Smirnov test for normality and the
statistical test used.

Based onthe ROC (Receiver Operating Characteristic) analysis (5.1.1 figure
and 5.1.4 table), threshold values were determined for 3D coronal deviation,
3D apical deviation, and angular deviation in relation to the type of guided
implantation system. The identified threshold values were 0.715 mm for 3D
coronal deviation, 0.905 mm for 3D apical deviation, and 2.435° for angular
deviation. The odds ratios for exceeding these threshold values when using
the keyless guided implantation system were 1.5 for 3D coronal deviation,
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1.8 for 3D apical deviation, and 2.49 for angular deviation, respectively.
Conversely, when using the drill-key guided implantation system, the odds
ratio for exceeding the threshold value of 0.455 mm for vertical deviation was
2.08 compared to the keyless guided implantation system.

1.0
Source of the curve

=== 3D coronal deviation
=== Angular deviation

0.8 === 3D apical deviation

<
=)

Sensitivity

<
'S

0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0

1-Specificity
Fig. 5.1.1. ROC curves predicting threshold values of 3D coronal
deviation, 3D apical deviation, and angular deviation based on the guided
implantation system used.

Table 5.1.4. Distribution of predicted threshold values and their characteris-
tics based on ROC analysis for 3D coronal, 3D apical, angular, and vertical
deviations in relation to the guided implantation system

Thr‘g;ﬁg‘i ; e ‘:‘}/i ‘): SSepl:asclltil'i‘;lltt);f/ Dﬁglléﬁsy : p value | OR [95 % CI]
(%) (%)

3D ngfg?ls‘miaﬁon 56,6 | 50,0610 | 39,0490 | 0,039 [1’012’f§’321 g

3D ip(;f’;‘é Sd‘zrifl‘ﬁo“ 617 | 648/50.0 | 505648 | 0,003 [1’21153?6 61

Angui;ff;;’iati"“ 61,8 | 63,8/58,6 414/638 | <0001 | 6825‘?693]

Verfgf‘is‘éegffon 604 | 6500 | 495670 | <0001 | 45392?092]

AUC - area under the ROC curve; OR — odds ratio; CI — confidence interval, based on
Pearson’s chi-square test.
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To assess the precision of the results, the dispersion of implant position
deviations was compared according to the type of guided implantation
system. High values of the coefficient of variation (>30 %) indicated a wide
distribution of deviation values. No statistically significant differences in the
variances of deviation values were found, except in the case of vertical linear
deviation, where the keyless guided implantation system demonstrated higher
precision compared to the drill-key system (Table 5.1.5 and Figure 5.1.2).

Table 5.1.5. Comparison of variance in implant position deviations between
guided implantation systems

(S;;s‘:';l‘:lg ?ﬁf;‘)‘ SD | CoV (%) | F(1,418) |p value

3D C.orona] devia- | Drill-Key 0.65 0.25 38.37 024 0.62
tion (mm) Keyless 0.72 0.27 36.82 ' '

3D apical deviati- | Drill-Key 0.94 0.41 43.55 0.29 0.59
on (mm) Keyless 1.11 0.43 38.50 ' '

Angular deviation Drill—Key 2.50 1.52 60.80 138 0.24
(°) Keyless 3.02 1.39 46.10 ' '

Vertical deviation | Drill-Key 0.47 0.29 60.24 4.79 0.03
(mm) Keyless 0.38 0.26 68.70 ' '

CoV — Coefficient of Variance, F-value based on Levene’s test for equality of variances

between two independent samples, with degrees of freedom: between groups = 1, within
groups = 418.

80 Guiding system
70 B Drill-key
X B Keyless
~ 60
o
2
£ S
g
o« 40
°©
3 ;

5 20
s}
SR
0
3D coronal 3D apical Angular Vertical
deviation deviation deviation deviation *

Fig. 5.1.2. Coefficients of variation for 3D coronal deviation, 3D apical
deviation, and angular deviation according to the guided implantation
system
* — statistically significant difference.
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5.2. Influence of guiding system on the accuracy across different
implantation sites

When evaluating the impact of the guided implantation system on accuracy
across different implantation sites, statistically significant differences in
deviation values between the keyless and drill-key systems were observed in
all types of edentulous area groups, except in the region of the anterior single-
tooth gap. In the anterior extended area, the keyless system demonstrated
significantly greater mean 3D coronal, 3D apical, and angular deviations
compared to the drill-key system. Likewise, in the premolar single-tooth
gap, the mean 3D coronal deviation was significantly greater in the keyless
system group than in the drill-key group (0.97 mm vs. 0.72 mm; p = 0.013).
In contrast, at the molar single-tooth gap, the keyless system exhibited
significantly higher accuracy compared to the drill-key system across all
deviation parameters (p < 0.001), including 3D coronal deviation (0.84 mm
vs. 1.10 mm), 3D apical deviation (1.05 mm vs. 1.62 mm), angular deviation
(2.36° vs. 6.06°), and vertical deviation (0.73 mm vs. 1.01 mm). Statistically
significantly greater deviations associated with the drill-key system were
also observed in the premolar site in the distal extension area, with vertical
deviation values of 0.65 mm versus 0.20 mm in the keyless group (p =0.019),
as well as in the molar site in the distal extension area, with 3D apical deviation
(1.55 mm vs. 1.05 mm; p = 0.007) and angular deviation (4.23° vs. 2.63°;
p = 0.007) both significantly higher in the drill-key system group (Table 5.2.1
and Figures 5.2.1-5.2.4).
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Table 5.2.1. Descriptive statistics of implant placement deviations by implantation site and guiding system

Implantation
site

Deviation

Guiding system
Mean £ SD or Median [Q1-Q3]

Drill-key

Keyless

Statistical Test

Value

3D coronal (mm)

0.37 [0.32-0.51]

0.89 [0.64-1.03]

Mann—Whitney U

p <0.001, U =371, z=4.628, r = 0.731

Anterior 3D apical (mm) | 0.58 [0.39-0.68] | 1.54 [1.24—-1.86] | Mann—Whitney U | p <0.001, U =388,z =5.087, r = 0.804
Extended* Angular (°) 1.02 £ 0.73 4.37+1.10 Student’s t p <0.001, F = 85.997, n*=0.694
Vertical (mm) | 0.17 [0.06-0.34] | 0.29 [0.18-0.39] | Mann—Whitney U | p=0.113, U =258.5,z=1.584,r=0.25
3D coronal (mm) | 0.83 [0.66-0.87] | 0.95[0.74—1.26] Student’s t p=0.076, F=3.537, 1*=0.164
Anterior 3D apical (mm) 1.07 £0.27 1.50+0.43 Student’s t p=0.087, F=3.277,1*=0.154
STG Angular (°) 2.69+0.89 2.65+0.67 Student’s t p=0.913,F=0.012,1*=0.001
Vertical (mm) | 0.62 [0.55-0.73] | 0.55[0.49—-1.00] | Mann—Whitney U | p=0.496, U=41,z=-0.681,r=0.152
3D coronal (mm) 0.70 £0.13 0.96 + 0.26 Student’s t p=0.013, F=7.657, n* = 0.298
Premolar 3D apical (mm) 1.21 £0.31 1.56 £0.48 Student’s t p=0.064, F =3.884, > =0.1777
STG* Angular (°) 3.56+1.18 426+ 1.71 Student’s t p=0.296,F=1.157,11>=0.06
Vertical (mm) 0.46+0.13 0.48 £0.22 Student’s t p=0.799, F =0.067, n? = 0.004
3D coronal (mm) | 1.10 [0.99-1.13] | 0.84 [0.68—0.95] | Mann—Whitney U | p=0.008, U =15, z=-2.646, r = 0.592
Molar 3D apical (mm) 1.57 £0.28 1.03 £ 0.21 Student’s t p <0.001, F =24.837, n*> = 0.58
STG* Angular (°) 5.92 +£0.98 2.56 +0.87 Student’s t p <0.001, F = 66.035, n> = 0.786
Vertical (mm) | 1.01 [0.89-1.04] | 0.73 [0.61-0.82] | Mann—Whitney U | p=0.004, U=12,z=-2.875, r=0.643
3D coronal (mm) 0.87+£0.18 0.73+£0.17 Student’s t p=0.093, F =3.146,1* = 0.149
Premolar site | 3D apical (mm) 1.05+0.26 1.04 £0.31 Student’s t p=0.945, F = 0.005, n*>=0.0001
at DE* Angular (°) 2.02+1.06 2.97+1.32 Student’s t p=0.092, F=3.167, 2= 0.150
Vertical (mm) | 0.65 [0.50-0.80] | 0.20 [0.12—0.60] | Mann—Whitney U | p=0.019, U=19.5,z=-2.308, r = 0.516
3D coronal (mm) 0.75+0.15 0.75+£0.30 Student’s t p=0.941, F =0.006, n* = 0.0001
Molar site at | 3D apical (mm) 1.49 +0.32 1.06 + 0.31 Student’s t p =0.008, F = 8.864, n2 = 0.330
DE* Angular (°) 3.99 +1.04 2.43 +1.24 Student’s t p =0.007, F =9.395, n> = 0.343

Vertical (mm)

0.05 [ 0.01-0.08]

0.33 [0.17-0.62]

Mano—Vitnio U

p <0.001, U=93.5,z=23.293, r=0.736
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Fig. 5.2.1. Box plot of 3D coronal deviation distribution for sCAIS (guiding)
systems across different implantation sites

Data shown as minimum, first quartile, median, third quartile, maximum values.
Statistically significant differences are indicated by brackets.
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Fig. 5.2.2. Box plot of 3D apical deviation distribution for sCAIS systems
across different implantation sites

Data shown as minimum, first quartile, median, third quartile, maximum values.
Statistically significant differences are indicated by brackets.
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Fig. 5.2.3. Box plot of angular deviation distribution for sCAIS systems
across different implantation sites

Data shown as minimum, first quartile, median, third quartile, maximum values.
Statistically significant differences are indicated by brackets.
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Fig. 5.2.4. Box plot of vertical linear deviation distribution for sCAIS
systems across different implantation sites

Data shown as minimum, first quartile, median, third quartile, maximum values.
Statistically significant differences are indicated by brackets.
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5.3. Influence of the number of supporting teeth on the accuracy of
sCAIS

The impact of the number of supporting teeth on implantation accuracy
was evaluated separately within the groups of guided implantation systems.
When using the drill-key sCAIS system with a guide supported by 2 teeth,
the median implant position deviations were as follows: 3D coronal devia-
tion — 0.66 mm [0.54—0.81], 3D apical deviation — 0.93 mm [0.71-1.14],
angular deviation — 2.29° [1.61-3.51], and vertical linear deviation —
0.52 mm [0.39-0.64]. In the group with a guide supported by 4 teeth, the
median deviations were: 3D coronal — 0.55 mm [0.37-0.80], 3D apical —
0.71 mm [0.47-1.05], angular — 1.65° [0.96-2.46], and vertical — 0.39 mm
[0.22—-0.63]. In the full-arch support group, the median 3D coronal deviation
was 0.72 mm [0.52—-0.89], 3D apical deviation— 1.13 mm [0.70—1.45], angular
deviation — 2.58° [1.69—4.33], and vertical deviation — 0.45 mm [0.13-0.67]
(Table 5.3.1).

Table 5.3.1. Median and 25th, 75th percentile values of implant position de-
viations according to the number of supporting teeth in the drill-key sCAIS
system group

Guide support
Deviation 2-tooth 4-tooth Full-arch p values*
(n=70) (n=170) (n=70)
Median [Q1-Q3]
3D coronal 0.66 0.55 0.72 v =7.967,df =2,
(mm) [0.54-0.81] [0.37-0.80]™ [0.52-0.89]" | p=0.019; "p <0.05
3D apical 0.93 0.71 1.13 > =17.247,df=2,
(mm) [0.71-1.14]™ | [0.47-1.05]""* | [0.70-1.45]" |p<0.001;"*"p <0.05
Angular (°) 2.29 165 . 2.58 » = 20'4,%9*i*df: 2,
[1.61-3.51] [0.96-2.46]™ [1.69—4.33] p<0.001;"""p <0.05
Vertical 0.52 0.39 0.45 v =4.394,df =2,
(mm) [0.39-0.64] [0.22-0.63] [0.13-0.67] p=0.111

* —p-values based on the non-parametric Kruskal-Wallis H test for independent samples and
Dunn’s test for multiple comparisons. df — degrees of freedom.

The 3D coronal, 3D apical, and angular deviations varied significantly
depending on the number of supporting teeth. In contrast, vertical deviation
did not differ significantly with respect to the number of supporting teeth
(*=4.394,df =2, p=0.111). When the guide was supported by 4 teeth, the
3D coronal deviation was significantly lower compared to full-arch support.
Additionally, with 4 supporting teeth, both 3D apical and angular deviations
were significantly smaller than in cases with either 2 supporting teeth or full-
arch support (Figure 5.3.1).
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Fig. 5.3.1. Box plot of 3D coronal, 3D apical, angular, and vertical
deviations according to the number of supporting teeth in the drill-key
guiding system
Data show as minimum, first quartile, median, third quartile, maximum values.
*p <0.05, based on Dunn’s test.

Table 5.3.2. Median and 25th, 75th percentile values of implant position de-
viations according to the number of supporting teeth in the keyless sCAIS
system group

Guide support
Deviation 2-tooth 4-tooth Full-arch p values*
(n=170) (n=170) (n=170)
Median [Q1-Q3]

3D coronal 0.62 0.65 0.86 ¥’ =21.636,11s =2,
(mm) [0.45-0.84]" | [0.52-0.81]" |[0.63-0.98]"" | p<0.001; “"p <0.001

3D apical 0.92 1.01 1.26 v =17.682,1ls=2,
(mm) [0.69-1.25]" | [0.80-1.26]™ |[0.98-1.52]"" | p<0.001;""p<0.01

Angular (°) 2.61 . 2.68 3.22 . = 6.923*, lls=2,

[1.71-3.75] [2.03-3.41] | [2.25-4.41] p=10.031;"p <0.05

Vertical 0.32 0.35 0.46 1 =9.824,1ls =2,

(mm) [0.15-0.44] [0.18-0.49] [0.24-0.62] p=0.007; "p<0.01

* — p-values based on the non-parametric Kruskal-Wallis H test for independent samples and
Dunn’s test for multiple comparisons. df — degrees of freedom.
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The table 5.3.2 and figure 5.3.2 show that, when using the keyless gui-
ded implantation system, 3D coronal and apical deviations, as well as angular
and vertical deviations, differed significantly depending on the number of
supporting teeth. When the number of supporting teeth was 2 or 4, both 3D
coronal and apical deviations were significantly lower compared to full-arch
support. Additionally, when the number of supporting teeth was 2, angular
and vertical deviations were also significantly lower than in cases with full-
arch support.
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Fig. 5.3.2. Box plot of 3D coronal, 3D apical, angular, and vertical
deviations according to the number of supporting teeth in the keyless guided
System

Data show as minimum, first quartile, median, third quartile, maximum values.
*p <0.05, based on Dunn’s test.

After evaluating the influence of the number of supporting teeth across
different implantation sites, statistically significant differences in 3D coronal
deviations were found in the following regions: anterior extended area
(p = 0.011, F = 4910, n* = 0.147), anterior single-tooth gap (p = 0.028,
F =4.108, n* = 0.233), premolar single-tooth gap (p < 0.001, F = 19.175,
n? = 0.587), molar single-tooth gap (p = 0.056, F = 3.204, n> = 0.192), and
premolar site in distal extension area (p <0.001, F=11.661,1*=0.463). In the
anterior extended area, guides supported by a full arch resulted in significantly
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higher 3D coronal deviations compared to guides supported by 2 teeth
(0.84+0.26 mmvs. 0.64+0.18 mm, p=0.012). Similar statistically significant
differences were observed in the premolar single-tooth gap (0.96 + 0.26 mm
vs. 0.45 £ 0.16 mm, p = 0.042), molar single-tooth gap (0.80 £ 0.17 mm vs.
0.61 £ 0.20 mm, p < 0.001), and the premolar site in distal extension area
(0.73 £0.17 mm vs. 0.41 £ 0.19 mm, p < 0.001). In the anterior single-tooth
gap region, the use of full-arch supported guides also resulted in significantly
greater 3D coronal deviation compared to guides supported by 4 teeth
(0.96 = 0.29 mm vs. 0.71 = 0.14 mm, p = 0.042) (Figure 5.3.3). Statistically
significant differences in 3D apical deviations between guide support groups
were found in the anterior extended area (p < 0.001, F =14.212, n?> = 0.333),
anterior single-tooth gap (p <0.001, F =11.958, n>=0.470), premolar single-
tooth gap (p < 0.001, F = 17.715, n? = 0.568), and premolar site in distal
extension area (p = 0.033, F = 3.866, n?> = 0.223). In the anterior extended
area, the full-arch support group demonstrated significantly greater mean
3D apical deviations than the 2-tooth support group (1.50 + 0.43 mm vs.
0.87+0.26 mm, p <0.001). Similarly, in the premolar single-tooth gap region
(1.56 = 0.48 mm vs. 0.67 £ 0.25 mm, p < 0.001), and the premolar site in
distal extension area (1.04 £ 0.31 mm vs. 0.70 = 0.38 mm, p = 0.044), full-
arch support was associated with higher deviations. In contrast, in the anterior
single-tooth gap region, the highest 3D apical deviation was observed in the
2-tooth support group compared to both the 4-tooth support group and the
full-arch support group (1.62 + 0.40 mm vs. 1.00 + 0.17 mm and 1.27 + 0.23
mm, respectively; p <0.001) (Figure 5.3.4).
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Fig. 5.3.3. Bar chart of 3D coronal deviation according to the number of
supporting teeth across different implantation sites

Data show as mean and standard deviation. Brackets indicate statistically significant diffe-
rences between support groups; p-values are based on Tukey HSD correction for pairwise
comparisons.
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Fig. 5.3.4. Bar chart of 3D apical deviation according to the number of
supporting teeth across different implantation sites

Data show as mean and standard deviation. Brackets indicate statistically significant diffe-
rences between support groups; p-values are based on Tukey HSD correction for pairwise
comparisons.

Mean angular deviations differed statistically significantly between guide
support groups in the following regions: anterior extended area (p < 0.001,
F =26.979, n? = 0.486), anterior single-tooth gap (p < 0.001, F = 17.237,
n?>=0.561), premolar single-tooth gap (p <0.001, F =9.634, > = 0.416), and
molar site in distal extension area (p = 0.020, F = 4.562, n> = 0.253). In the
anterior extended area, mean angular deviations were significantly lower in
the 2-tooth support group (2.04 + 0.92°) compared to both the 4-tooth support
group (4.13 +£1.26°, p <0.001) and the full-arch support group (4.37 +£1.10°,
p < 0.001). In the premolar single-tooth gap region, significantly greater
mean angular deviations were observed with full-arch support compared
to both 2-tooth and 4-tooth support groups (4.26 = 1.71°, 2.78 £ 0.94°, and
1.94 + 0.72°, respectively; p < 0.05). Conversely, in the anterior single-
tooth gap and molar site in distal extension area, the highest mean angular
deviations were recorded in the 2-tooth support group (4.49 + 1.32° and 3.97
+ 1.41°, respectively), significantly greater than those in the full-arch support
group (2.65 £0.67° and 2.43 £ 1.24°, respectively; p < 0.001 and p = 0.020)
(Figure 5.3.5).
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Fig. 5.3.5. Bar chart of angular deviation according to the number of
supporting teeth across different implantation sites

Data show as mean and standard deviation. Brackets indicate statistically significant diffe-
rences between support groups; p-values are based on Tukey HSD correction for pairwise
comparisons.

Mean linear vertical deviations differed statistically significantly
across support groups in the following regions: anterior extended gap (p
= 0.002, F = 6.813, n? = 0.193), anterior single-tooth gap area (p < 0.001,
F = 13.428, n* = 0.499), molar single-tooth gap (p < 0.001, F = 21.760,
n*>=0.617), and premolar site in the distal extension area (p =0.028, F =4.082,
n*> = 0.232). When using full-arch support, significantly greater vertical
deviations were observed in the anterior single-tooth gap, molar single-tooth
gap, and premolar site in the distal extension area compared to the 2-tooth
support group. In contrast, in the anterior extended area, implant positions
were more accurate in terms of vertical deviation when using either 4-tooth
or full-arch support, compared to 2-tooth support (Figure 5.3.6).
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Fig. 5.3.6. Bar chart of vertical linear deviation according to the number of
supporting teeth across different implantation sites

Data show as mean and standard deviation. Brackets indicate statistically significant diffe-
rences between support groups; p-values are based on Tukey HSD correction for pairwise
comparisons.

5.4. Accuracy of sCAIS in different sites of implantation

To evaluate the accuracy of guided implantation across different
edentulous regions, full-arch supported surgical guides were used for both
guided implantation systems to eliminate potential confounding variables.
Table 5.4.1 presents the median values of implant position deviations in
various implantation sites using the drill-key sCAIS system. Statistically
significant differences in 3D coronal, 3D apical, and angular deviations
were observed between different implantation regions (p < 0.001). Multiple
comparison analysis (Figure 5.4.1) showed that the lowest 3D coronal
deviation was recorded in the anterior extended area (0.37 mm [0.32-0.51]),
which differed significantly from the anterior single-tooth gap (0.83 mm
[0.66—0.87]), molar single-tooth gap (1.10 mm [0.99-1.13]), and the molar
site in the distal extension area (0.77 mm [0.62—0.89]). Similarly, the lowest
3D apical deviation was found in the anterior extended area (0.58 mm [0.39—
0.68]) and differed significantly from the premolar single-tooth gap (1.12 mm
[0.97—1.52]), molar single-tooth gap (1.62 mm [1.29-1.74]), and the molar
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site in the distal extension area (1.55 mm [1.19—-1.67]). The angular deviation
in the anterior extended area (1.52° [1.12-2.11]) was also significantly smaller
compared to the premolar single-tooth gap (3.52° [2.59-4.96]), molar single-
tooth gap (6.06° [5.03—6.49]), and the molar site in the distal extension area
(4.23° [3.09—4.75]). Notably, the highest angular deviation was observed in
the molar single-tooth gap region and was statistically significantly different
from the premolar site in the distal extension area (1.79° [1.37-2.60]).

Table 5.4.1. Median and 25th, 75th percentile values of 3D coronal, 3D api-
cal, and angular deviations across different implantation sites according to
the type of edentulous segment, using the drill-key sCAILS system

. 3D coronal deviation | 3D apical deviation | Angular deviation
Site of * % oy
implantation (mm) (mm) ©
Median [Q1-Q3]

Amer(lr‘l’r:Ez’g)ended 0.37 [0.32-0.51] 0.58 [0.39-0.68] 1.52 [1.12-2.11]
An;ﬁ“:orl OS)T G 0.83 [0.66-0.87] 1.13 [0.79-1.26] 2.63 [2.13-3.41]
Pre(mnozlalr OszG 0.72 [0.58-0.79] 1.12 [0.97-1.52] 3.52 [2.59-4.96]

M(‘I’llf 1SOT)G 1.10 [0.99-1.13] 1.62 [1.29-1.74] 6.06 [5.03-6.49]

Pr“g]"frl 8; DE | 86[0.72-0.98] 1.09 [0.80-1.22] 1.79 [1.37-2.60]

Mgiai TOJ))E 0.77 [0.62-0.89] 1.55 [1.19-1.67] 423 [3.09-4.75]
*p <0.001, *p <0.001, *p < 0.001,

v =43.553,df=5 | 2=44498,df=5 | y=46.577,df=5
3D coronal deviation 3D apical deviation Angular deviation
Premolar) Molar Premolar Molar Premolar Molar
STG STG STG STG STG STG
Anterior Premolar| [Anterior Premolar|, [Anterior Premolar

Extended at DE Extended at DE / ‘Extended at DE

Anterior Molar at Anterior Molar at Anterior Molar at
STG DE STG DE STG DE

Fig. 5.4.1. Multiple comparison network diagram between different
implantation sites using the drill-key guided implantation system

Implantation site pairs with statistically significant differences in deviation values, based
on Dunn’s test for multiple comparisons, are connected in red. Differences were considered
statistically significant when the Bonferroni-corrected p-value was < 0.05.
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The corresponding medians and interquartile ranges of deviations using
the keyless sCAIS system are presented in Table 5.4.2, and the results of
the multiple comparison analysis are visualized in Figure 5.4.2. Statistically
significant differences were observed in 3D apical and angular deviations
between different implantation sites (p < 0.001), while 3D coronal deviation
did not differ significantly among edentulous segment groups.

Contrary to the findings with the drill-key sCAIS system, in the anterior
extended area, the 3D apical deviation was significantly greater compared to
the molar single-tooth gap (1.54 mm [1.23—-1.86] vs. 1.05 mm [0.85-1.22]).
Additionally, the angular deviation in the anterior extended area (4.33° [3.70-
5.44]) was significantly higher than in the anterior single-tooth gap (2.71°
[2.25-3.18]), molar single-tooth gap (2.36° [1.88-3.30]), and molar site in the
distal extension area (2.63° [1.59-3.41]).

Table 5.4.2. Median and 25th, 75th percentile values of 3D coronal, 3D api-
cal, and angular deviations across different implantation sites according to
the type of edentulous segment, using the keyless sCAILS system

Site of 3D coronal deviation | 3D apical deviation | Angular deviation
im l:ﬁt(:ltion (mm) (mm)” o
p Median [Q1-Q3]

A“ter(‘I‘l’r:Ez’g)e“ded 0.89 [0.64-1.03] 1.54 [1.23-1.86] 4.33 [3.70-5.44]
AHEEYIZOTIOS)T G 0.95 [0.74-1.26] 1,32 [1.13-1.44] 2.71[2.25-3.18]
Pre(mn":lalros)TG 0.97 [0.80-1.15] 1.59 [1.11-1.86] 4.68 [2.91-5.44]

M(‘I’llf 1SOT)G 0.84 [0.68-0.95] 1.05 [0.85-1.22] 2.36 [1.88-3.30]
P fef(‘;ofrlgg DE 1077 10.57-0.86] 1.03 [0.82-1.30] 2.64 [1.81-4.22]
M?Iiai To]))E 0.66 [0.51-0.98] 1.05[0.92-1.34] | 2.63[1.59-3.41]
*5<0.001 *p<0.001
2 _ p ) p >
C=TI6dI=5 | o 19376, df=5 | y2=24.306,df=5
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3D coronal deviation 3D apical deviation Angular deviation
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Fig. 5.4.2. Multiple comparison network diagram between different
implantation sites using the keyless guided implantation system

Implantation site pairs with statistically significant differences in deviation values, based
on Dunn’s test for multiple comparisons, are connected in red. Differences were considered
statistically significant when the Bonferroni-corrected p-value was < 0.05.

To compare the accuracy of sSCAIS between anterior and posterior single-
tooth gaps, deviation data from anterior, premolar, and molar STG sites were
analysed. The results of the statistical analysis are presented in Table 5.4.3, and
Figure 5.4.3 displays box plots of implant deviations according to the single-
tooth gap location. Implantation accuracy differed significantly between the
anterior and posterior single-tooth gap regions. When using surgical guides
supported by 2 or 4 teeth, significantly higher mean 3D coronal and angular
deviations were observed in the anterior single-tooth gap. In contrast, linear
vertical and 3D apical deviations did not differ significantly between the
groups. In the posterior STG, mean 3D coronal and angular deviations were
lower (0.66 + 0.23 mm and 2.08° + 1.00°, respectively) compared to the
anterior single-tooth region (0.76 £ 0.24 mm and 2.69° + 1.50°, respectively).
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Table 5.4.3. Results of statistical analysis of implant position deviations be-
tween anterior and posterior single-tooth gap groups. Presented values: for
variables following a normal distribution — mean * standard deviation (Stu-
dent’s t-test); for non-normally distributed variables — median [25th, 75th
percentiles] (Mann—Whitney U test)

Deviation Type of Mean + SD or Statistical Test p
STG median [Q1-Q3] test value value
Anterior 0.76 £ 0.24 ,
3D coronal (mm) Postorior 0.66 2 0.23 Student’st | 2.3770 0.02
. Anterior 0.97 [0.785-1.40] Mann—
3D 1 ; . 1265.00 | 0.06
apical (mm) | —p erior | 092[0.70-1.12] | Whitney U
Anterior 2.69 £+ 1.50
Angular (° ; Student’st | 2.6200 0.01
ngular (%) Posterior 2.08 = 1.00 ents
. Anterior 0.45[0.195-0.635] Mann—
Vertical ; . 1706.50 | 0.55
ertical (mm) (5 erior | 0.45[0330.67] | Whitney U
~ 15
g
g
£
g
5
[a)
0.5
0
Anterior STG Posterior STG Anterior STG Posterior STG Anterior STG Posterior STG
3D coronal deviation 3D apical deviation Vertical deviation
6
E 5
= 4
=
S 3
£
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B
<
1
0
Anterior STG Posterior STG

Fig. 5.4.3. Box plots of 3D coronal, 3D apical, angular, and vertical
deviations according to the single-tooth edentulous defect group
Data show as minimum, first quartile, median, third quartile, maximum values.
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When evaluating the accuracy of guided implantation in the distal extension
area, statistically significant differences were observed between mean
deviation values in different implantation sites. Statistically significantly
greater 3D apical and angular deviations were found in the premolar region
(0.94 £ 0.38 mm, 2.55° £ 1.42) compared to the molar region (1.18 +
0.44 mm, 3.37° + 1.27). No statistically significant differences were found
between the groups in terms of 3D coronal and vertical linear deviations.
Table 5.4.4 presents the results of the statistical analysis, and Figure 5.4.4
shows the box plots of implant deviations by implantation site within the
distal extension area.

Table 5.4.4. Results of statistical analysis of implant position deviations in
distal extension area implantation sites (premolar and molar regions)

Deviation Site of implan- | Mean = SD or | Statistical Test value | v value
tation at DE | Median [Q1-Q3] test P
3D coronal Premolar 0.66 +0.23 ,
(mm) Molar 0712031 Student’s t | —1.0500 0.3
. Premolar 0.94 + 0.38 ,
3D apical (mm) Molar 18 £0.44 Student’st | —3.19 0.002
Premolar 2.31[1.56-3.57] Mann—
Angular (° . 2441. <0.001
ngular (°) Molar 3.35 [2.364.28] | Whitney U 0000 <0.00
. Premolar 0.37 [0.12-0.59] Mann—
rtical . 1502. 12
Vertical (mm) Molar 0.25 [0.09-043] | Whitney u| 120200 | 0
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Fig. 5.4.4. Box plots of 3D coronal, 3D apical, angular, and vertical
deviations according to the single-tooth edentulous defect group

Data show as minimum, first quartile, median, third quartile, maximum values.

To assess the influence of support distribution on the accuracy of the
sCAIS system, deviation data from implant sites in the premolar and molar
regions were included. When comparing the unilateral and bilateral support
distribution groups, a statistically significant difference was found only in
mean vertical deviations. Specifically, the median vertical linear deviation in
the unilateral support group was significantly lower (0.31 mm [0.10-0.55])
compared to the bilateral support group (0.50 mm [0.37—0.72]) in both the
premolar and molar regions. The statistical analysis results are presented in
Table 5.4.5 and visualized in Figure 5.4.5.
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Table 5.4.5. Results of statistical analysis of implant position deviations be-
tween support distribution groups (unilateral vs. bilateral support)

Deviation Distribution of Mean = SD or Statistical Test value | p value
guide support | median [Q1-Q3] test p
3D coronal Bilateral 0.73£0.25 ,
(mm) Unilatoral 0692028 Student’s t 1.2610 0.21
3D apical Bilateral 1[0.79-1.22] Mann—
(mm) Unilateral 1.02[0.74-1.33] | Whitney U 7355.00 ) 0.773
Bilateral 2.47[1.63-3.51] Mann—
Angular (° . 151. .
ngular () ateral 288 [1.854.01] | Whitney U | 5151:0000 | 0.08
. Bilateral 0.50.37-0.72] Mann—
. . <0.
Vertical (mm) == 5 eral 031[0.1-0.55] | Whitney U | 413950} <0.001
~ 15 |
=)
£ —
=,
K
%

0 i
Bilateral Unilateral Bilateral Unilateral ‘ Bilateral Unilateral

3D coronal deviation 3D apical deviation Vertical deviation

Distribution of guide support

Angular deviation (°)

Unilateral Bilateral
Distribution of guide support

Fig. 5.4.5. Box plots of 3D coronal, 3D apical, angular, and vertical
deviations according to guide support distribution

Data show as minimum, first quartile, median, third quartile, maximum values.
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CONCLUSIONS

. In this study, using static computer-guided implant surgery in cases of
partially edentulous maxillary models, the mean 3D coronal deviation
and 3D apical deviation were found to be 0.69 + 0.26 mm and 1.03 +
0.43 mm, respectively. The angular deviation was 2.76° £ 1.48, and the
vertical linear deviation — 0.43 + 0.28 mm.

. Across different implantation sites, higher accuracy was observed with
different guided implantation systems: the keyless system was more
accurate in premolar and molar implantation sites in distal extension
area and molar STG, while the drill-key system demonstrated higher
accuracy in anterior extended area and premolar STG.

. When using a drill-key sCAIS system, the highest accuracy was obser-
ved in the anterior extended area, and the lowest accuracy in the molar
STG. The lowest deviations were observed with 4-tooth guide support,
compared to two-tooth or full-arch support.

. When using a keyless sCAIS system, the greatest accuracy was achie-
ved in molar STG and distal extension area, while the lowest accura-
cy was observed in the anterior extended area. Statistically significant
higher accuracy was observed when using guides supported by 2 or
4 teeth, compared to full-arch support.

. The effect of the number of supporting teeth on the accuracy of sSCAIS
varied across edentulous areas: full-arch support resulted in signifi-
cantly greater deviations in anterior extended, premolar STG, molar
STG, and premolar site in distal extension, whereas 2-tooth support was
associated with significantly lower accuracy in anterior STG and molar
site in distal extension.

. In single-tooth gaps, the accuracy was influenced by location: signifi-
cantly greater deviations were observed in anterior STG sites compared
to posterior STG sites.

. In distal extension area, accuracy was affected by the distance from the
guide support — premolar sites at distal extension were associated with
significantly lower deviations compared to molar sites.
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PRACTICAL RECOMMENDATIONS

. The design of static surgical guide should be individualized, conside-
ring the site of implantation, the distribution and type of supporting
teeth, and the selected sCAIS system.

. For anterior and premolar edentulous areas with bilateral distribution of
guide support, a drill-key guiding system is recommended. In contrast,
in cases of molar STG or distal extension area, a keyless guiding system
is recommended.

. Incases of STGs or extended anterior area, a guide support with less than
full-arch support is recommended. In distal extension areas, support of
more that two teeth is recommended, whereas in anterior STG cases a
4-tooth support is recommended.

. Considering the wide range of influencing variables, future studies as-
sessing the impact of technical factors on the accuracy of sCAIS should
utilize highly standardized experimental models to ensure objective,
comparable and reproducible results.
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Influence of guide support on the accuracy
of static Computer-Assisted Implant Surgery
(sCAIS) in partially edentulous cases using

a keyless guiding system: an in vitro study

David Kasradze'" and Ricardas Kubilius'

Abstract

Purpose To evaluate the influence of guide support on the accuracy of sCAIS using a keyless guiding system in
different cases of partial edentulism.

Methods Sixty polyamide models of partially edentulous maxillae, simulating anterior and posterior single-tooth
gaps as well as anterior and distal extended edentulous areas, were fabricated. Full-arch, 2-teeth, and 4-teeth
supported surgical guides were used to place implants at FDI 15, 17, 21, 26 sites in Model A and at FDI 12, 22, 15 sites
in Model B. In total, 210 replica implants were placed using 120 surgical guides in seven implantation sites. Three-
dimensional crestal and apical, angular and vertical deviations from the planned implant positions were compared
using the Kruskal-Wallis H test with Dunn'’s procedure for multiple pairwise comparisons.

Results Overall median 3D crestal and apical deviations of implants placed with 2-teeth guide support (0.62 mm
[0.45-0.84],0.92 mm [0.69-1.25]) and 4-teeth guide support (0.65 mm [0.52-0.81], 1.01 mm [0.8-1.26]) were
significalty lower compared to the full-arch support group (0.86 mm [0.63-0.98], 1.26 mm [0.98-1.52]) with values

of p<0.017. Overall angular and vertical deviations of implants placed with 2-teeth guide support (2.61°[1.71-3.75],
0.32 mm [0.15-0.44]) were significantly lower compare to the full-arch support group (3.22° [2.25-4.41], 046 mm
[0.24-0.62]). In the subgroup analysis, implants placed at the FDI 12, 22, and 15 positions exhibited significantly
higher 3D and angular deviations with full-arch guide support, whereas the 3D apical and angular deviations of were
significantly lower with 2-teeth guide support at the FDI 21 site.

Conclusions The deviations in all guide support groups did not exceed the recommended safety margins.
Statistically significant differences were found between guide support groups, with influence of guide support on the
accuracy of sCAIS varying across different implantation sites.
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Background

Static Computer-Assisted Implant Surgery (sCAIS) has
become a reliable approach in contemporary implant
dentistry due to its prosthetically driven approach and
enhanced accuracy in transferring planned implant posi-
tions to clinical reality [1, 2]. However, despite its advan-
tages, studies have reported deviations between planned
and actual implant positions. Correct implant position
is crucial for long-term success, as optimal implant-to-
tooth and interimplant distances, depth, and angulation
contribute to proper occlusion, restoration design, bal-
anced implant loading, and the stability of peri-implant
tissues [3-5].

The optimal guide support should be balanced towards
the surgical accuracy, treatment costs, and anatomi-
cal limitations [1, 6]. Earlier studies have shown that the
accuracy of sCAIS is higher in partially edentulous cases,
where tooth-supported guides can be used, compared
to fully edentulous cases that rely on mucosa- or bone-
supported guides [7, 8]. However, even within partially
edentulous cases, the influence of guide support on the
accuracy of sCAIS can vary across different clinical situ-
ations. The number, type, and distribution of supporting
teeth have been shown to affect the accuracy [9, 10].

Deviations in implant placement are cumulation of
errors occuring at different stages of the sCAIS work-
flow [1-3, 5, 11-16]. Accuracy can be influenced by
anatomical factors (such as alveolar ridge density and
morphology, soft tissue interference) [17, 18], environ-
ment-related factors (patient movement, limited mouth
opening, the presence of saliva and blood, and compro-
mised accessibility or visibility) [11], and technical vari-
ables related to the data acquisition (errors in CBCT and
optical scans) [2], guide manufacturing (errors in 3D
printing), guiding concepts (e.g.,. fully-guided vs. half-
guided vs. pilot-guided [8, 16, 19]; drill-key vs. keyless vs.
hybrid systems [20-23]), and guide design (such as guide
material [24], sleeve length [25], free drilling distance
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[26], and tolerance between surgical components [27,
28)).

To simplify the surgical workflow and reduce toler-
ances between surgical components, manufacturers have
introduced keyless (KL) guiding concepts. These systems
eliminate the need for drill keys by modifying the drill
shank to fit directly into the sleeve hole. However, due to
the relative recency of KL systems there is limited infor-
mation on their accuracy, particularly in different cases
of partial edentulism. Recent studies comparing the accu-
racy of different guiding systems for sCAIS have reported
inconsistent results and included limited variety of par-
tial edentulism types [20-23].

With regards to the numerous potential confound-
ing factors it is challenging to interpret the findings on
the accuracy of a particular guiding system in a specific
type of partial edentulism. Therefore, the evaluation of
changing technical variales requires standardized study
designs.

This study aimed to evaluate the influence of guide
support on the accuracy of sCAIS using a keyless guid-
ing system in various cases of partial edentulism. The
null hypothesis was that the guide support would have no
effect on the accuracy of sCAIS across different types of
partial edentulism.

Methods

Anonymized CBCT andoptical scan data of fully dentu-
lous maxilla were used to digitally create two prototype
models of partially edentulous maxillae. To simulate dif-
ferent types of partial edentulism, teeth at the Federal
Dentaire Internationale (FDI) positions 15, 16, 17, 21,
and 26 were digitally removed in model A, while teeth
at FDI positions 11, 12, 21, 22, and 15 were removed in
model B (Fig. 1). Implantation sites were designed as
fully healed alveolar sockets with sufficient alveolar ridge
for implant placement. Sixty polyamide-12 (PA2200)
anatomical models were fabricated using an EOS P 396
printer with Selective Laser Sintering (SLS) technology.

Fig. 1 Digital prototypes of anatomical maxillary models with designed edentulous areas
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Fig. 3 Picture illustrating 2-teeth supported guides for anatomical models A (right) and B (left)

Cone Beam Computed Tomography scans (Orthoplos
SL 3D, Dentsply Sirona Inc, Charlotte, USA) and opti-
cal surface scans (Medit i700, Medit Corp., Seoul, South
Korea) were acquired for each prototype model. During
CBCT scanning, the models were positioned on a foam
block at the center of the field of view, and standard
exposure parameters were set for both prototype mod-
els (11x10 c¢cm, 80 um voxel size, 85 kV, 6 mA, 14.4 s).
The digital datasets were uploaded into digital treatment
planning software (exoplan Rijeka 3.1, Exocad GmbH,
Darmstadt, Germany) to perform digital wax-up and
implant positioning at the designated implantation sites.

For each implantation site, surgical guides with 2-teeth,
4-teeth, and full-arch support were designed by the same
investigator, resulting in 12 guide prototypes (Figs. 2, 3
and 4):

Model A

1. Full-arch supported guide (guide holes at FDI 15-x-
17,21, 26).

. 2-teeth supported guide (FDI 15-x-17).

. 2-teeth supported guide (FDI 21).

. 2-teeth supported guide (FDI 26).

. 4-teeth supported guide (FDI 15-x—-17).

. 4-teeth supported guide (FDI 21).

QN Ul W N

7. 4-teeth supported guide (FDI 26).
Model B

8. Full-arch supported guide (guide holes at FDI 12-x-
x-22, 15).

9. 2-teeth supported guide (FDI 15).

10.2-teeth supported guide (FDI 12-x-x-22).

11.4-teeth supported guide (FDI 15).

12.4-teeth supported guide (FDI 12-x-x-22).

The free drilling distance (FDD), defined as the distance
from the bottom of the sleeve to the tip of osteotomy,
was 17 mm [26]. Prior to selection, several different
radial sleeve offsets were tested by an experienced inves-
tigator in surgical guide manufacturing to ensure the
most adequate fit, and was set to 0.025 mm. The surgi-
cal guide bottom offset was set to 0.1 mm, and material
thickness to 3 mm. A total of 120 surgical guides (10 per
prototype) were fabricated using Digital Light Process-
ing (DLP) technology with the Asiga Max UV (Asiga,
Sydney, Australia) 3D printer and a compatible printing
material for surgical guides (DentaGuide, Asiga). After
3D printing, the passive fit of each surgical guide was
manually and visually checked on the study models. The
margins of the surgical guide top were compared to the
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Fig. 4 Picture illustrating 4-teeth supported guides for anatomical models A (right) and B (left)
Table 1 Distribution of the number of implants placed in each study group
Number of implants Guide support
(n=) 2-teeth 4-teeth Full-arch
Anatomical model a Site of implantation (FDI) 15 10 10 10
17 10 10 10
21 10 10 10
26 10 10 10
b 15 10 10 10
12 10 10 10
22 10 10 10

STL models in the digital planning software. The original
manufacturer’s metal sleeves were incorporated into the
corresponding sleeve holes and verified by a dental tech-
nician experienced in the surgical guide manufacturing.
Seventy implant replicas of 4 x 10 mm Megagen Anyridge
(Megagen, Daegu, South Korea) per guide support group
were inserted at seven implantation sites. (Table 1). New,
original surgical kits (R2GATE, Megagen, Daegu, South
Korea) and the manufacturer’s drilling sequence protocol
was used to prepare osteotomies.

Study groups

Three different guide support groups were evaluated in
seven implantation sites of partially edentulous models.
Full-arch, 2-teeth and 4-teeth supported surgical guides
were used to place implants at FDI 15, 17, 21, 26 sites in
model A and at FDI 12, 22, 15 sites in model B (Table 1).

Implantation sites were simulating six types of edentu-
lous areas:

«+ Anterior single tooth gap (AntSTG) at FDI 21 site.

« Anterior extended edentulous area 1 (AntExt1) at
FDI 12 site.

« Anterior extended edentulous area 2 (AntExt2) at
FDI 22 site.

« Proximal posterior single tooth gap (ProPosSTG) at
FDI 15 site.

« Distal posterior single tooth gap (DisPosSTG) at FDI
26 site.

« Proximal site of distal extension area (ProDE) at FDI
15 site.

« Distal site of distal extension area (DisDE) at FDI 17
site.
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The arrangement of guide-supporting teeth in 2- and
4-teeth support groups depended on the type of eden-
tulism (Figs. 2, 3 and 4). In AntExtl, AntExt2, AntSTG,
and PorPostSTG sites, the supporting teeth were evenly
distributed mesiodistally. In the distal extension area, the
teeth were distributed mesially to the implantation site.
At the DisPosSTG site, guides with 4-teeth support were
supported by three teeth mesially and one distally.

Accuracy measurements

After implant placement, scan bodies were screwed onto
implants according to manufacturer’s recommendations,
and digital dental impression data were acquired (Medit
i700, Medit). Standard Tesselation Language (STL) datas-
ets of planned and post-operative implant positions were
uploaded to the 3D inspection software (Zeiss Inspect
Optical 3D, Carl Zeiss). Each dataset with actual implant
positions was superimposed with reference model using
occlusal surfaces of the teeth as alignment references.
To evaluate the deviations between planned and actual
implant positions 3D crestal, 3D apical, vertical linear
and angular deviations were measured (Fig. 5). To con-
duct measurements a best-fit cones and planes on coro-
nal and apical surfaces were generated. Central axes for
each cone were generated automatically by the software.
Intersections points between central axes and apical
and coronal planes were referred to as crestal and apical
points of virtual implants. Euclidean distances between
corresponding intersection points were considered as
3D apical and crestal deviations. Vertical linear devia-
tion was considered the perpendicular distance from the

3D Deviation at Crest

Verical linear 4

[

P B B el el ek s e e

deviation v

Planned

&
.
position #%
5
Lo

3D Deviation at Apex

Angular Deviation

Fig. 5 Schematic definition of the measured deviations between the
planned and actual implant positions
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central intersection point of the actual coronal plane to
the nominal plane. Angular distance was a measure of
angle between the central axes of nominal and actual vir-
tual implants.

The accuracy of implants was compared between study
groups. The International Organization for Standard-
ization (ISO) defines accuracy by trueness and preci-
sion [29]. Trueness refers to the closeness of agreement
between the test results and a reference value which
was defined by deviations between planned and actual
implant positions. Whereas precision refers to the close-
ness of agreement between the test results and is defined
by a variability between the measurements and was
expressed as standard deviations of the results, where less
precision was reflected by a larder standard deviation.

Statistical analysis

Statistical analysis was conducted with IBM SPSS Sta-
tistics software version 29.0 (SPSS Inc., Chicago, USA).
The methodology was reviewed by an experienced inde-
pendent statistician. First, the descriptive statistics were
summarized including the mean, standard deviation,
median, minimum and maximum values, as well as the
25th and 75th percentiles.

The normality of the data distribution was evaluated
using histograms, Q-Q plots, and the Shapiro-Wilk
and Kolmogorov-Smirnov tests. Intergroup homogene-
ity of variance homogeneity was examined using a Lev-
ene’s test. The Kolmogorov-Smirnov test was performed
on overall data and showed that the distribution of 3D
crestal, angular and vertical deviations departed sig-
nificantly from normality (D (210)=0.067, p=0.024,
D (210)=0.09, p<0.001 and D(210)=0.073, p=0.009
respectively). Since, the sample size data of separate
subgroups of implantation sites was smaller (n=30), a
Shapiro-Wilk test was performed and showed significant
departure from normality of distribution measurements
in part of the subgroups. Based on these outcomes and
visual examination of the histograms and the Q-Q plots,
it was decided to use a non-parametric test. A Kruskal-
Wallis H test was used to determine if there are statisti-
cally significant differences between the tested groups
of guide support. Values of p<0.05 were considered
as statistically significant. Pairwise comparisons were
performed using Dunn’s procedure with a Bonferroni
correction for multiple comparisons with statistical sig-
nificance accepted at the p <0.017 level (p<0.05 / 3).

Results

Ten implants per guide support group were placed in
seven implantation sites (AntExtl, AntExt2, AntSTG,
ProPosSTG, DisPosSTG, ProDE, and DisDE). All 210
placed implants were included in the analysis. A total of

143



Kasradze and Kubilius BMC Oral Health (2025) 25:563

Table 2 Values of deviations in different guide support

groups. Value of P of the Krusak-Wallis H test for each outcome
measurement. Asterisks indicate statistically significant
differences between groups with values of p <0.017 of Dunn’s
procedure accepted as significant after bonferroni correction. Df
— degrees of freedom, x? — value of chi-square test

Outcome Number of guide supporting teeth  p value

2 4 Full-arch

Median [25-75Q]
3D de- 062 065 0.86 x?=21.636,
viation at  [0.45-0.84]" [052- [063-098] df=2, p<0.001;
crest o™t “*p<0.001
3D de- 0.92 101 126 x?=17.682, df=2,
viationat  [0.69-1.25]" [0.80- [0.98-1.52] p<0,001; p<0,001;
apex 126]" “p=0.002
Angular 261 268 322 x?=6.923, df=2,
deviation  [1.71-3.75]" [2.03-341] [2.25- p=0031; p<0.012

441"

Vertical 032 035 046 x?=9.824, df=2,
linear [0.15-0.44] [0.18-0.49] [024-062" p=0.007; p=0.002
deviation

840 measurements were obtained after the registration of
four deviation outcomes for each implant.

Overall median 3D deviations for 2-teeth guide sup-
port group were 0.62 mm [0.45-0.84] at implant crest,
0.92 mm [0.69-1.25] at apex, angular — 2.61° [1.71-3.75],
and vertical linear - 0.32 mm [0.15-0.44]. For the 4-teeth
support group, the median 3D deviation at crest was
0.65 mm [0.52-0.81], at apex — 1.01 mm [0.8-1.26], angu-
lar deviation — 2.88° [2.03—-3.41], and vertical linear devi-
ation — 0.35 mm [0.18-0.49]. For the full-arch support
group, the median 3D deviation at crest was 0.86 mm
[0.63-0.98], at apex — 1.26 mm [0.98-1.52], angular
deviation — 3.22° [2.25-4.41], vertical linear deviation —
0.46 mm [0.24-0.62]. The differences in in median 3D
crestal, 3D apical, angular and vertical linear deviations
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between 2-teeth and full-arch supported groups were
statistically significant with values of p<0.017. In terms
of precision, the Levene’s test for each deviation mea-
surement showed no statistically significant differences,
suggesting the equal variances of the data between the
groups. The results of deviations on overall data are sum-
marized in Table 2.

Accuracy results at the different sites of implantation

A separate analysis compared the three guide support
groups at specific implantation sites (Figs. 6, 7, 8 and 9).
The descriptive statistics of each variable ar summarized
in Tables 3, 4, 5 and 6.

The median 3D deviations at the implant crest were sig-
nificantly higher at the AntExt2, ProPosSTG, and ProDE
locations with full-arch supported guides compared to
2-teeth supported (0.81 mm [0.54—1.02], 0.97 mm [0.8—
1.15] and 0.77 mm [0.57-0.86] vs. 0.53 mm [0.44—0.57],
0.43 mm[0.36-0.52] and 0.39 mm [0.25-0.52] with p
values 0.023, <0.001 and 0.002, respectively). Similarly,
median values of 3D deviations at the implant apex were
significantly higher for implants at the AntExtl, AntExt2
and ProPosSTG sites with full-arch support compared to
2-teeth support (1.54 mm [1.25-1.86], 1.51 mm [0.99—
1.82] and 1.6 mm [1.11-1.9] vs. 0.93 mm [0.71-1.25],
0.8 mm [0.56-0.92] and 0.66 mm [0.53—-0.8] with val-
ues of p=0.011, p=0.003 and p<0.001, respectively). In
contrast, for implants placed at the AntSTG location, 3D
deviations at the implant apex were higher with 2-teeth
support than with full-arch support (1.65 mm [1.32—
2.01] vs. 1.32 mm [1.13-1.44], p=0.001).

Angular deviations of implants at the AntExtl and
AntExt2 positions were significantly lower with 2-teeth
support when compared to 4-teeth support (1.98°
[0.86-2.78], 2.14° [1.69-2.77] vs. 4.07° [2.95-4.77], 4.48°
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Fig.6 Clustered boxplot chartillustrating 3D crestal deviation values in millimeters for each implantation site with different guide support. Asterisks indi-
cate significant differences between the groups of guide support with a p value <0.017 of post hoc Dunn’s procedure for multiple pairwise comparisons
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Fig.7 Clustered boxplot chart illustrating 3D apical deviation values in mill

imeters for each implantation site with different guide support. Asterisks indi-

cate significant differences between the groups of guide support with a p value <0.017 of post hoc Dunn's procedure for multiple pairwise comparisons
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Fig. 8 Clustered boxplot chart illustrating angular deviation values in deg

rees for each implantation site with different guide support. Asterisks indicate

significant differences between the groups of guide support with a p value <0.017 of post hoc Dunn'’s procedure for multiple pairwise comparisons

[2.88-5.24], p=0.006, p=0.01 respectively) and full-
arch supported guides (4.32° [3.73-5.4], 4.3° [3.42-5.52],
»<0.001, p=0.008 respectively). In contrast, angular
deviations were higher with 2-teeth support compared to
4-teeth support at the AntSTG site (4.88° [3.72—5.59] vs.
2.19° [1.9-2.7], p=0.002).

Vertical deviations were significantly higher for
implants placed with full-arch support at the AntSTG
and DisPosSTG positions 0.55 mm [0.49-1] and 0.73 mm
[0.61-0.82] vs. 0.05 mm [0.01-0.21] and 0.4 mm [0.3—
0.44 with p<0.001, p<0.001, respectively) In contrast,
vertical deviations were significantly higher for implants

at the AntExtl location placed with 2-teeth supported
guides compared to implants placed with 4-teeth sup-
ported guides (0.49 mm [0.43-0.64] vs. 0.27 mm [0.17—
0.40], p=0.016).

Discussion

The present study examined the influence of guide sup-
port on the accuracy of sCAIS in different implantation
sites using a keyless guiding system. Overall, the implant
deviations in this study were clinically acceptable, not
exceeding the safety margins recommended by previous
authors [1, 2, 30, 31]. The null hypothesis was rejected
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E”’Eii Ll E il

AntExt1 AntExt2 ProPosSTG,

ProDE AntSTG DisPosSTG.

Site of implantation

[@2-teeth support M 4-teeth support MFull-arch support

Fig. 9 Clustered boxplot chart illustrating vertical linear deviation values in millimeters for each implantation site with different guide support. Aster-
isks indicate significant differences between the groups of guide support with a p value<0.017 of post hoc Dunn's procedure for multiple pairwise

comparisons

Table 3 Descriptive statistics of 3D deviation at the implant crest
in millimeters for each site of implantation per guide support

Table 4 Descriptive statistics of 3D deviation at the implant
apex in millimeters for each site of implantation per guide

group support group

Site of 3D deviation at crest (in mm) Site of 3D deviation at apex (in mm)

implanta-  )-teeth support  4-teeth support  Full-arch implanta-  )-teeth support  4-teeth support  Full-arch

tion (FDI) support tion (FDI) support
Median [Q1 - Q3] Median [Q1-Q3] Median [Q1- Median [Q1-Q3] Median [Q1-Q3] Median[Q1-
(Min - Max) (Min - Max) Q3] (Min - Max) (Min - Max) (Min - Max) Q3] (Min - Max)

AntExt1 0.77[0.63 - 0.88] 0.72[0.49-0.85] 0.89[0.69 - 1.05] AntExt1 0.93[0.71-1.25] 1.23[0.7-1.55] 1.54[1.25-1.86]
(0.47-1.02) (0.26-0.90) (0.45-1.29) (0.59-1.29) (0.38-1.98) (0.9-2.17)

AntExt2 0.53[044-057] 0.74[0.51-0.83] 0.81[0.54-1.02] AntExt2 0.8 [0.56-0.92] 144[091-1.62] 1.51[0.99-1.82]
(0.37-062) (047-0.96) (043-1.27) (0.48-1.17) (0.87-1.84) (0.65-2.13)

ProPosSTG 043 [0.36-0.52] 066 [0.62 - 0.76] 0.97[0.8-1.15] ProPosSTG  0.66 [0.53-0.8] 0.99 [0.88-1.11] 1.6[1.11-1.9]
(0.21-0.82) (0.52-0.78) (0.54-1.33) (0.27-1.22) (0.77-1.49) (0.76-2.36)

ProDE 0.39[0.25-0.52] 0.51[0.36-0.55] 0.77 [0.57 - 0.86] ProDE 0.81[0.31-0.96] 0.78 [0.59-0.87] 1.03[0.82-1.3]
(0.21-0.82) (0.29-0.59) (042-092) (0.22-1.35) (0.40-1.02) (0.49-1.50)

DisDE 0.84 (0.62 - 1.08] 0.82[047-1] 0.66 [0.51-0.98] DisDE 1.34[1.11-1.79] 1.16[0.8-1.34] 1.05[0.92-1.34]
(0.49-1.65) (020-1.72) (0.40-1.32) (0.79-2.01) (0.35-2.14) (041-1.51)

AntSTG 097(0.77-1.12] 0.71[0.62 - 0.86] 095 [0.74 - 1.26] AntSTG 1.65 [1.32-2.01] 1.01 [0.83-1.16] 1.32[1.13-1.44]
0.64-1.17) (041-0.88) (0.50-1.39) (0.96-2.05) (0.77-1.24) (0.78-1.55)

DisPosSTG ~ 0.69 [0.44 - 0.73] 0.69 [0.60 - 0.85] 0.84[0.68 - 0.95] DisPosSTG ~ 1.02 [0.68-1.14] 1[0.79-1.29] 1.05[0.85-1.22]
(0.30-091) (0.49-0.95) (0.52-1.02) (0.33-1.29) (0.58-1.34) (0.72-1.30)

due to statistically significant differences in deviations
between the tested guide support groups.

The influence of guide support varied across the sites
of implantation. Differences in the morphology and dis-
tribution of the supporting teeth should be considered
for a specific site of implantation. The 2-teeth supported
guides exhibited higher 3D crestal, 3D apical, and angular
deviations at distal extension and anterior single-tooth
gap sites. A possible explanation is insufficient reten-
tion due to the low number, inadequate surface area, and
unilateral distribution of guide supporting teeth, that

can lead to tilting or bending of the surgical guide. To
address these factors in distal extension situations, mul-
tiple authors have suggested reducing the FDD, choosing
an optimal guide material, using guide stabilizers, and
increasing the number of supporting teeth [13, 24, 26,
28, 32, 33]. At the AntSTG site, insufficient surface area
and pyramidal shape of guide-supporting incisors may
have contributed to the deviations. Utilization of teeth
with cuboidal geometry or a larger number of support-
ing teeth has been associated with increased accuracy
of sCAIS [9]. Our findings align with this, as 4-teeth
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Table 5 Descriptive statistics of angular deviation in degrees for
each site of implantation per guide support group

Site of Angular deviation (in degrees)
implanta-  2.teeth support  4-teeth support  Full-arch
tion (FDI) support
Median [Q1-Q3] Median[Q1-Q3] Median [Q1-
(Min - Max) (Min - Max) Q3] (Min - Max)
AntExt1 1.98 [0.86-2.78] 4.07 [2.95-4.77] 432[3.73-54]
(0.52-2.92) (1.91-7.03) (2.87-5.88)
AntExt2 2.14[1.69-2.77] 448 [2.88-5.24] 4.30[342-5.52]
(0.94-4.14) (2.68-5.65) (1.72-5.65)
ProPosSTG ~ 1.85[1.28-2.64] 2.66 [2.02-3.04] 4.68[2.91-5.44]
(0.89-3) (1.85-5.05) (1.45-7.02)
ProDE 268[1.31-3.78] 1.91[0.86-2.63] 264[1.81-4.22]
(0.86-4.30) (0.74-3.36) (1.56-5.43)
DisDE 4.22[2.83-5.22] 248(2.17-3.35] 2.63(1.59-341]
(1.50-5.59) (1.81-4.78) (0.36-4.16)
AntSTG 4.88(3.72-5.59] 2.19[1.9-2.7] 2.72[225-3.18]
(1.66-5.80) (1.46-3.10) (1.29-3.58)
DisPosSTG 2.6 [2.02-2.87] 2.48[1.57-3.19] 2.36[1.88-3.3]
(0.25-3.82) (1.22-4.22) (1.55-4.28)

Table 6 Descriptive statistics of the vertical deviations in
millimeters for each site of implantation per guide support group

Site of Vertical linear deviation (in mm)

implanta-  2-teeth support 4-teeth support  Full-arch

tion (FDI) support
Median [Q1-Q3] Median [Q1-Q3] Median [Q1
(Min - Max) (Min - Max) -Q3]

AntExt1 0.49 [0.43-0.64] 0.27[0.17-04] 0.34[0.18-043]
(0.16-0.66) (0.13-0.51) (0.04-0.57)

AntExt2 0.39[0.31-0.44] 0.27 [0.16-0.37] 0.26 [0.15-0.38]
(0.12-0.51) (0.07-0.55) (0-0.45)

ProPosSTG 031 [0.22-0.43] 0.39[0.29-0.54] 0.53[0.38-0.63]
(0-0.55) (0.03-061) (0.08-0.75)

ProDE 0.1[0.03-0.22] 0.1 [0.04-0.25] 0.20.12-0.6]
(0-0.32) (0-0.32) (0.08-0.78

DisDE 0.29[0.19-0.69] 0.35[0.12-0.71] 0.33[0.17-0.62]
(0.02-1.42) (0.03-1.53) (0.02-1.32)

AntSTG 0.05[0.01-0.21] 04 [0.35-0.48] 0.55[0.49-1]
(0-0.73) (0.18-0.62) (0.34-1.18)

DisPosSTG 04 [0.30-0.44] 0.51[0.45-0.57] 0.73[0.61-0.82]
(0.21-0.57) (0.40-0.73) (0.49-0.89)

supported guides were significantly more accurate at
AntSTG site.

In contrast, the 3D crestal, 3D apical, and angular devi-
ations with 2-teeth supported guides were similar to or
significanly lower in anterior extended area and posterior
single-tooth gaps when compared to 4-teeth or full-arch
support groups. These findings suggest that a 2-teeth
guide support could be sufficient with a keyless guiding
system if the supporting teeth are distributed bilaterally
and have adequate surface area. Additionally, the overal
size of the surgical guide could play a role. The average
deviations in extended anterior edentulous area were
lower than those at the anterior single-tooth gaps. The
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bilateral support of two canines was sufficient for the
acceptable accuracy. The results are in a partial conflict
with previous studies that suggested 2-teeth guide sup-
port to be insufficient for single-tooth gap cases [9, 12].
However, the results cannot be directly compared due
to the differences in the study designs. Firstly, different
guiding systems were utilized. The influence of guiding
system has been shown to affect the accuracy of sCAIS,
therefore, the results of particular guiding system can-
not be generalized across all systems of sCAIS [21-23].
The main differences between drill-key and keyless guid-
ing systems are the number of surgical components and
the drill-to-sleeve relationship. Drill-key systems require
holding the drill-handle with a non-operating hand, an
instrument that is eliminated in keyless systems. This
allows the use a non-operating hand for guide stabi-
lisation. Furthermore, in our experience, stabilization
of a shorter guide with a non-operating hand felt more
assured compared to full-arch guides, where finger pres-
sure had to be more broadly distributed across the den-
tal arch. Secondly, tolerance gaps between surgical guide
components, such as sleeve holes, sleeves, drill-keys, and
drills, have been reported to negatively impact the accu-
racy of sCAIS [25, 34-37]. Thirdly, the present study
reported results separately for anterior and posterior
STG sites, while earlier studies pooled results across STG
sites. Our findings suggest that the influence of guide
support at anterior and posterior STG locations could
differ.

The differences in vertical deviations at the AntExtl,
AntSTG, and DisPosSTG sites were statistically signifi-
cant. Higher deviations with full-arch supported guides
compared to 2-teeth supported were observed at Ant-
STG and DisPosSTG sites. In contrast, at the AntExtl
location, 2-teeth supported guides exhibited higher
deviations compared to 4-teeth supported guides. How-
ever, the maximum values of deviation in vertical direc-
tion are less than 2 mm, indicating that all surgical guide
designs fall within the safety margin recommended by
the literature. All observed vertical deviations were nega-
tive in value, meaning the actual positioned higher than
planned. The hardness of the anatomical model mate-
rial could have influenced the insufficient depth of the
implants. Our findings align with those of by Cassetta et
al., who reported a correlation between high bone density
and superficial implant position [38]. Additionally, the
implant driver of the KL guiding system did not have a
mechanical vertical stopper, allowing only visual control
of fixture depth. The physical stopper may be beneficial
for better depth control, although no significant differ-
ences between systems with and without physical stop-
pers have been observed [39].

The experimental design of the present study allowed
the standardization of number of possible confounding
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factors, such as physical properties and design of the
guide, free drilling distance, material density, number,
morphology and distribution supporting teeth, mor-
phology of the alveolar ridge, data acquisition and mea-
surement equipment. However, the interpretation of the
results should consider the study’s limitations. First, 3D
printed polyamide models were used, which in our expe-
rience felt harder than cortical bone and required greater
pressure on pilot drills. Second, metal sleeves were used
in the guide design as they were predisposed by the plan-
ning software, which did not include a sleeveless option
for the implant system. Part of the previous studies sug-
gest that a sleeveless design leads to superior accuracy
of the sCAIS [27, 35]. Authors suggested that tolerances
between guide hole components can contribute to devia-
tions [25, 34]. Third, the KL guiding system offered a
fixed sleeve height offset of 7 mm and resulted in 17 mm
of FDD. Authors reported that sleeve height offset of less
than 6 mm correlated with lower 3D deviations at implant
crest and apex [23]. Fourth, the macroscopic design of
the implants utilized in the study featured aggressive
threads, which have contributed to higher accuracy in
previous studies [17, 21, 22]. Fifth, the physical proper-
ties of the guide material could affect the outcomes, espe-
cially in distal free-end situations [24]. Finally, the in vitro
design omitted factors related to a clinical setting that
might affect the accuracy of the sCAIS, such as patient
movements, limited mouth opening, presence of saliva
and blood, compromised accessibility or visibility [8, 40].
In addition, the anatomical models did not simulate soft
tissues, which in clinical environment could affect the fit-
ting and stabilization of the surgical guide [41]. In a meta-
analysis by Bover-Ramos et al. it was concluded, that in
vitro studies reported higher accuracy results when com-
pared to cadaver or clinical studies [8]. Therefore, the
accuracy results of in vitro studies should not be trans-
lated to clinical situations. Nevertheless, the findings can
offer insights on the influence of guide support, which is
challenging to compare in a non-isolated study condi-
tions. Further in vitro studies should focus on high level
of standardization of study designs. To externally validate
the results, future clinical studies are needed evaluating
the influence of guide support at different sites of partial
edentulism.

Conclusions

The deviations of all guide support groups did not exceed
the recommended safety margins. Regardless of the guide
design, evaluating the average values still achieved a clini-
cally acceptable level of accuracy. Significant differences
were found between guide support groups at different
sites of implantation. The 2-teeth guide support exhibited
acceptable accuracy with a keyless drilling system in the
anterior extended area and posterior single-tooth gaps.
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In contrast, 2-teeth supported guides showed signifi-
cantly higher 3D apical and angular deviations at anterior
single-tooth gap. Considering the abundance of possible
confounding factors, future highly standardized in vitro
and clinical studies are needed to evaluate the influence
of guide support on the accuracy of sCAIS at different
sites of implantation.
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Abstract: Background and Objectives: Static Computer-Assisted Implant Surgery (sCAIS)
can be performed with different drill guiding systems. This study aimed to compare the
accuracy of two guiding concepts of sCAIS in partially edentulous cases. Materials and
Methods: Forty polyamide models of partially edentulous maxillae with seven implantation
sites were fabricated. In total, 140 replica implants were placed with keyless (KL) and
drill-key (DK) guiding systems using static, full-arch, tooth-supported surgical guides.
Three-dimensional crestal and apical, angular and vertical deviations from the planned
implant positions were compared using Mann-Whitney U and Kruskal-Wallis H tests.
Intergroup homogeneity of variance homogeneity was examined using Levene’s test to
assess the precision. Results: Overall median 3D crestal and apical deviations of implants
placed in the KL group were significantly higher compared to the DK group (0.86 mm
[0.63-0.98] vs. 0.72 mm [0.52-0.89], p = 0.006 and 1.26 [0.98-1.52] vs. 1.13 [0.70-1.45],
p = 0.012). In the subgroup analysis, implants placed with a KL system showed higher 3D
crestal (p = 0.029), 3D apical (p < 0.001) and angular (p < 0.001) deviations in the extended
anterior area, higher 3D crestal (p < 0.001) deviations in the proximal posterior single-
tooth gap and higher vertical (p < 0.001) deviations in the distal site of free-end situation.
Contrarily, the KL group showed lower 3D crestal (p = 0.007), 3D apical (p < 0.001), angular
(p < 0.001) and vertical (p = 0.003) deviations in the distal posterior single-tooth gap,
lower 3D apical (p = 0.007) and angular (p = 0.007) deviations in the distal site of free-end
situation and lower vertical (p = 0.019) deviations in the proximal site of free-end situation.
Conclusions: The deviations of both guiding concepts did not exceed the recommended
safety margins. Statistically significant differences in deviations were found between
two guiding concepts. Guiding concepts with superior accuracy varied across different
sites of implantation.

Keywords: static computer-assisted implant surgery; guided implant placement;
implantology; guiding system; partial edentulism

1. Introduction

With the introduction of three-dimensional dental software in the late 1990s, the
digitization of implant dentistry has been trending ever since [1]. It has impacted virtually
every subject in the field of dentistry—from manufacturer and dental professional to patient
and scholar. As for implant dentistry, digital advancements and computer-assisted surgery
were directed to prompt its primary objectives—achieve predictable long-term treatment
outcomes, reduce the risk of complications and improve patients” experience [2]. This led
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to increased interest in the prosthetically-driven approach [1,3], especially with digital
technologies becoming more affordable.

Computer-assisted implant surgery can be categorized into static and dynamic sys-
tems. Dynamic computer-assisted implant surgery utilizes preoperative CBCT images
and intraoperative optical tracking to provide real-time feedback and drill navigation. In
contrast, static computer-assisted implant surgery (sCAIS) relies on prefabricated surgical
guides with predefined guide holes for static navigation. While sCAIS requires additional
costs and time for treatment planning, it reduces direct working time [4-6], allows for
more accurate transfer of the pre-planned implant position to the clinical environment
than freehand placement [7-10], and helps avoid tissue augmentation [11,12]. The correct
implant position is crucial for long-term success, as optimal implant-to-tooth, inter-implant
distance, depth, and angulation contribute to proper occlusion, restoration design, balanced
implant loading, and the stability of peri-implant tissues [13-15].

Despite these advantages, it is premature to consider sCAIS as universally advanta-
geous in all cases. Firstly, the use of static guides can be limited by physiological factors
such as mouth opening or the fact that they can break [16,17]. Secondly, deviations from
the planned implant positions can compromise treatment or lead to complications related
to implant positioning. Discrepancies between planned and actual implant positions are
the result of cumulative errors occurring at different stages of the sCAIS workflow [18].
Therefore, identifying potential sources of error requires standardized study designs. Ear-
lier studies have indicated that differences in guiding concepts and guide design could
affect the accuracy of sCAIS [19-26].

The guiding concepts used in sCAIS can be categorized into drill-key and keyless
systems. Drill-key (DK) systems utilize drill-specific keys mounted to the handle or the
drills, which fit the sleeve hole in the surgical guide. Varying drill-key heights enable
adjustment of the drill guiding distance and depth of implant placement [24]. Keyless
(KL) systems achieve drill-to-sleeve fitting through a modified drill shank that fits the
sleeve hole. Keyless guiding systems were designed to reduce the number of surgical
components and tolerance between them to enhance the accuracy [23]. However, due to the
relative recency of KL systems, there is a lack of standardized studies on the influence of
guiding concepts on accuracy [24]. The results of recently published studies on the impact
of guiding concepts on accuracy of sCAIS in partially edentulous cases are inconsistent and
studies included limited variety of partial edentulism types [22-25].

Therefore, this in vitro study aimed to compare the accuracy of two guiding concepts of
sCAIS in partially edentulous scenarios. The null hypothesis was that the guiding concept
would have no effect on the accuracy of sCAIS across different types of partial edentulism.

2. Materials and Methods

De-anonymized CBCT and optical scan data of fully dentulous maxilla were used
to create two prototype models of partially edentulous maxillae (Figure 1). To simulate
different types of partial edentulism, teeth at the Federal Dentaire Internationale (FDI)
positions 15, 16, 17, 21 and 26 were digitally removed in model A and at FDI positions 11, 12,
21,22 and 15 in model B (Figure 1). Implantation sites were designed as fully healed alveolar
sockets with sufficient alveolar ridge for implant placement. Forty polyamide-12 (PA2200)
dental models were then fabricated with EOS P 396 printer using Selective Laser Sintering
(SLS) technology. Cone bean computed tomographies (80 um voxel size, Orthoplos SL
3D, Dentsply Sirona, Charlotte, NC, USA) and optical surface scans (Medit i700, Medit,
Seoul, Republic of Korea) of each prototype model were acquired. Digital datasets were
uploaded to the digital treatment planning software (exoplan Rijeka 3.1, Exocad, Darmstadt,
Germany) to perform digital wax-up and implant positioning to designated implantation
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sites. To evaluate the influence of guiding concepts, two different implant systems were
selected—Straumann BLT (Straumann, Basel, Switzerland) for DK group and Megagen
Anyridge (Megagen, Daegu, Republic of Korea) for KL group (Figure 2). Dimensions of
selected implants were 4.1 x 10 mm for Straumann BLT and 4 x 10 mm for Megagen
Anyrdige. Two full-arch, tooth-supported surgical guides for each implant system were
designed by the same investigator (Figure 3). For the KL group, the free drilling distance
(FDD), defined as the distance from the bottom of the sleeve to the tip of osteotomy [26],
was 17 mm, while for the DK group, it was 14 mm. Prior to selection, several different radial
sleeve offsets were tested by an experienced investigator in surgical guide manufacturing
to ensure the most adequate fit, and was set to 0.025 mm. The surgical guide bottom offset
was set to 0.1 mm, and material thickness to 3 mm. A total of 40 guides, one for each dental
model, were fabricated using digital light processing (DLP) with the Asiga Max UV 3D
printer (Asiga, Sydney, Australia) and compatible printing material for surgical guides
(DentaGuide, Asiga). After 3D printing, passive fit of the guides was checked on the models.
The original manufacturer’s metal sleeves were incorporated into the corresponding sleeve
holes and verified by a dental technician experienced in surgical guide manufacturing.
The drilling sequence was carried out according to the manufacturer’s protocol using new
drill sets.

Figure 1. Digital prototypes of maxillary models with designed edentulous areas. Prototype model
(a) with edentulous sites at FDI 15, 16, 17, 21, and 26. Prototype model (b) with edentulous sites at
FDI 11,12, 15, 21, and 22.

A B

Figure 2. Figure illustrating a drill-handle used in DK system (A) and a drill with modified shank
used in KL system (B).
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Figure 3. Picture illustrating full-arch supported guides for drill-key (DK) system in upper row, and
keyless (KL) system in lower row.

2.1. Study Groups

Two guiding concepts (DK and KL) were compared in seven implantation sites of
partially edentulous models. Full arch tooth supported surgical guides were used to place
implants at FDI 15, 17, 21 and 26 sites in model A and at FDI 12, 22 and 15 sites in model B.
Implantation sites were simulating six subgroups of edentulous areas:
e Anterior single-tooth gap (AntSTG) at FDI 21 site (1 = 10 implants);
e Anterior extended edentulous area (AntExt) at FDI 12 and 22 sites (n = 20 implants);
Proximal posterior single-tooth gap (ProPosSTG) at FDI 15 site (1 = 10 implants);
Distal posterior single-tooth gap (DisPosSTG) at FDI 26 site (1 = 10 implants);
Proximal site of distal extension area (ProDE) at FDI 15 site (1 = 10 implants);
Distal site of distal extension area (DisDE) at FDI 17 site (n = 10 implants).

2.2. Accuracy Measurements

After implant placement, scan bodies were screwed onto the implants with respect to
manufacturer’s recommendations and digital dental impression data were acquired (Medit
i700, Medit). Standard Tesselation Language (STL) datasets of planned and post-op implant
positions were uploaded to the 3D inspection software (Zeiss Inspect Optical 3D, Carl Zeiss,
Oberkochen, Germany). Each dataset with actual implant positions was superimposed with
a reference model using teeth occlusal surfaces as a reference. To evaluate the deviations
between planned and actual implant positions, 3D apical and crestal, vertical linear and
angular distances were measured (Figure 4). To conduct measurements, best-fit cones and
planes on coronal and apical surfaces for virtual implants were generated. Central axes
for each cone were generated automatically by the software. Intersection points between
central axes and apical and coronal planes were referred to as crestal and apical points
of virtual implants. Euclidean distances between corresponding intersection points of
nominal and actual implants were considered as 3D apical and crestal deviations. Vertical
linear deviation was considered the perpendicular distance from the crestal central point of
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the actual coronal plane to the nominal plane. Angular distance was a measure of angle
between the central axes of nominal and actual virtual implants. All digital datasets are
archived and available upon reasonable request.

3D Deviation at Crest
Verical lincar 4

deviation ¢

Planned

i Actual
position

position

Angular Deviation

Figure 4. Schematic definition of measured deviations between planned and actual implant positions.

The accuracy of implants was compared between study groups. The International
Organization for Standardization (ISO) defines accuracy by trueness and precision [27].
Trueness refers to the closeness of agreement between the test results and a reference
value which was defined by deviations between planned and actual implant positions.
Precision refers to the closeness of agreement between the test results and is defined by a
variability between the measurements and was expressed as standard deviations of the
results, whereas less precision was reflected by a larger standard deviation.

2.3. Statistical Analysis

Sample size was calculated based on previous data by Sittikornpaiboon et al. [24], who
reported results on similar guiding concepts. A global 3D crestal deviation was reported to
be 0.56 &= 0.19 mm for the drill-key guiding concept and 1.09 £ 0.12 mm for the keyless
guiding concept. Calculation using Noether’s method suggested a minimum of n = 9 per
study group by setting of two-sided « = 0.05 and power = 0.95.

Statistical analysis was conducted by experienced investigator with IBM SPSS Statistics
software 29.0 (SPSS Inc., Chicago, IL, USA). First, the descriptive statistics were summarized
including mean, standard deviation, median, minimum and maximum values, 25th and
75th percentiles. The normality of the data distribution was evaluated using histograms,
Q-Q plots, and the Shapiro-Wilk and Kolmogorov-Smirnov tests. Intergroup homogeneity
of variance homogeneity was examined using a Levene’s test. The Kolmogorov-Smirnov
test was performed on the general sample and showed that the distribution of angular and
vertical deviations departed significantly from normality (D (140) = 0.090, p = 0.008 and
D (140) = 0.075, p = 0.05). Since the sample size data of separate subgroups of implantation
sites was small, a Shapiro-Wilk test was performed and showed significant departure
from normality of distribution measurements in part of the subgroups. Based on these
outcomes and visual examination of the histograms and the Q-Q plots, it was decided to
use a non-parametric test. The Mann-Whitney U test was used to compare distributions of
deviations between the two groups on overall data and on separate datasets of different
implantation sites. The Kruskal-Wallis H test was used to determine if there are statistically
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significant differences between the six implantation sites. p values of <0.05 were considered
as statistically significant. Pairwise comparisons were performed using Dunn’s procedure
with a Bonferroni correction for multiple comparisons with statistical significance accepted
at the p < 0.003 level (p < 0.05/15). The methodology was reviewed by an independent
statistician. The article is reported according to Checklist for Reporting In-vitro Studies
(CRIS) guidelines [28].

3. Results

A total of 560 measurements were obtained after registration of four deviation pa-
rameters for each of the 140 placed implants, all of which were included in the study.
Seventy Straumann BLT 4.1 x 10 mm implants were placed with the DK guiding system
and seventy Megagen Anyrdige 4 x 10 mm implants with the KL guiding system. Ten
implants per system were placed in AntSTG, ProPosSTG, DisPosSTG, ProDE and DisDE
implantation sites, whereas AntExt area included two implantation sites resulting in twenty
implants per system. No statistically significant differences in medians of deviations and
homogeneities of variances between the two implantation sites of AntExt area (FDI 12 and
22) were observed.

Overall mean 3D deviations for the KL system were 0.84 £ 0.26 mm at implant
crest, 1.28 + 0.41 mm at apex, angular—3.37 + 1.43°, and vertical linear—0.46 & 0.29 mm.
For the DK system, the mean 3D deviation at implant crest was 0.71 £ 0.26 mm, at
apex—1.08 £ 0.45 mm, angular—3.06 + 1.72°, and vertical linear deviation—0.45 4 0.33 mm.
The differences in median 3D crestal and apical deviations between the two groups were
statistically significant with values of p = 0.006 and p = 0.012, respectively. In terms of preci-
sion, the Levene’s test for each deviation measurement showed no statistically significant
differences, suggesting the equal variances of the data between the two groups. Descriptive
statistics are summarized in Table 1.

Table 1. Descriptive statistics of each of the variables: guiding system and site of implantation.
DK—drill key, KL—keyless, AntExt—anterior extended edentulous area, AntSTG—anterior single-
tooth gap, ProPosSTG—proximal posterior single-tooth gap, DisPosSTG—distal posterior single-tooth
gap, ProDE—proximal site of distal extension, DisDE—distal site of distal extension.

C;\;::l;;g Site of Implantation Min Q1 Median Q3 Max Mean SD
3D Deviation at crest (mm)
DK AntExt 0.11 0.32 0.37 0.51 0.79 041 0.17
DK AntSTG 0.47 0.66 0.83 0.87 0.91 0.77 0.14
DK ProPosSTG 0.53 0.58 0.72 0.79 0.90 0.70 0.13
DK DisPosSTG 0.70 0.99 1.10 1.13 1.15 1.03 0.16
DK ProDE 0.64 0.72 0.86 0.98 1.23 0.87 0.18
DK DisDE 0.51 0.62 0.77 0.89 0.94 0.75 0.15
IKL AntExt 0.43 0.64 0.89 1.03 1.29 0.84 0.26
KL AntSTG 0.50 0.74 0.95 1.26 1.39 0.96 0.29
KL ProPosSTG 0.54 0.80 0.97 1.15 1.33 0.96 0.26
KL DisPosSTG 0.52 0.68 0.84 0.95 1.02 0.80 0.17
KL ProDE 0.42 0.57 0.77 0.86 0.92 0.73 0.17
KL DisDE 0.40 0.51 0.66 0.98 1.32 0.75 0.30
DK Overall 0.11 0.52 0.72 0.89 1.23 0.71 0.26
KL Overall 0.40 0.63 0.86 0.98 1.39 0.84 0.26
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Guiding Site of Implantation Min Q1 Median Q3 Max Mean SD
System
3D Deviation at apex (mm)
DK AntExt 0.25 0.39 0.58 0.68 1.19 0.59 0.16
DK AntSTG 0.61 0.79 1.13 1.26 143 1.07 0.27
DK ProPosSTG 0.80 0.97 1.12 1.52 1.70 1.21 0.31
DK DisPosSTG 1.14 1.29 1.62 1.74 2.05 1.57 0.28
DK ProDE 0.70 0.80 1.09 1.22 151 1.05 0.26
DK DisDE 0.95 1.19 1.55 1.67 2.05 1.49 0.32
KL AntExt 0.65 1.24 1.54 1.86 217 1.50 0.43
KL AntSTG 0.78 1.13 1.32 1.44 1.55 1.27 0.23
KL ProPosSTG 0.76 111 1.60 1.90 2.36 1.56 0.48
KL DisPosSTG 0.72 0.85 1.05 1.22 1.30 1.03 0.21
KL ProDE 0.49 0.82 1.03 1.30 1.50 1.04 0.31
KL DisDE 0.41 0.92 1.05 1.34 1.51 1.06 0.31
DK Overall 0.25 0.70 1.13 145 2.05 1.08 0.45
KL Overall 0.41 0.98 1.26 1.52 2.36 1.28 0.41
Angular deviation (°)
DK AntExt 0.24 1.12 1.52 211 3.47 1.02 0.73
DK AntSTG 1.19 213 2.63 3.41 4.15 2.69 0.89
DK ProPosSTG 1.96 2.59 3.52 4.96 5.20 3.56 1.18
DK DisPosSTG 4.63 5.03 6.06 6.49 7.78 5.92 0.98
DK ProDE 0.54 1.37 1.79 2.60 4.11 2.02 1.06
DK DisDE 234 3.09 423 4.75 5.46 3.99 1.04
KL AntExt 1.72 3.70 433 5.44 5.88 4.37 1.10
KL AntSTG 1.29 2.25 2.72 3.18 3.58 2.65 0.67
KL ProPosSTG 1.45 291 4.68 5.44 7.02 4.26 1.71
KL DisPosSTG 1.55 1.88 2.36 3.30 4.28 2.56 0.87
KL ProDE 1.56 1.81 2.64 422 5.43 297 1.32
KL DisDE 0.36 1.59 2.63 3.41 4.16 2.43 1.24
DK Overall 0.24 1.69 2.58 4.33 7.78 3.06 1.72
KL Overall 0.36 2.25 3.22 441 7.02 3.37 143
Vertical linear deviation (mm)
DK AntExt 0.00 0.06 0.17 0.34 049 0.20 0.16
DK AntSTG 0.40 0.55 0.62 0.73 0.82 0.62 0.12
DK ProPosSTG 0.33 0.37 0.42 0.55 0.76 046 0.13
DK DisPosSTG 0.67 0.89 1.01 1.04 1.07 0.95 0.15
DK ProDE 0.33 0.50 0.65 0.80 0.94 0.64 0.20
DK DisDE 0.00 0.01 0.05 0.08 0.13 0.05 0.04
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Table 1. Cont.
Guiding Site of Implantation Min Q1 Median Q3 Max Mean SD
System
Vertical linear deviation (mm)

KL AntExt 0.00 0.18 0.29 0.39 0.57 0.29 0.15
KL AntSTG 0.34 0.49 0.55 1.00 1.18 0.67 0.29
KL ProPosSTG 0.08 0.38 0.53 0.63 0.75 048 0.22
KL DisPosSTG 0.49 0.61 0.73 0.82 0.89 0.71 0.14
KL ProDE 0.08 0.12 0.20 0.60 0.78 0.33 0.27
KL DisDE 0.02 0.17 0.33 0.62 1.32 043 0.38
DK Overall 0.00 0.13 0.45 0.67 1.07 045 0.33
KL Overall 0.00 0.24 0.46 0.62 1.32 0.46 0.29

Different Sites of Implantation

A separate analysis was conducted by comparing the deviation distributions of
two guiding concepts in particular sites of implantation. In an AntSTG implantation
site, no statistically significant differences between the groups of guiding concepts were ob-
served. In an AntExt area, higher 3D crestal, apical and angular deviations of implants were
observed when placed with the KL system compared to the DK system (0.89 mm [0.64-1.03],
1.54 mm [1.24-1.86], 4.33° [3.70-5.44] vs. 0.37 mm [0.32-0.51], 0.58 mm [0.39-0.68], 1.52°
[1.12-2.11] with p = 0.029, p < 0.001 and p < 0.001, respectively). In the ProPosSTG site,
implants in the KL group exhibited statistically significant higher 3D crestal deviations
compared to the DK group (0.97 mm [0.80-1.15] vs. 0.72 mm [0.58-0.79] with p < 0.001).
Contrarily, in the DisPosSTG site, implants in KL group showed lower 3D crestal, apical,
angular and vertical deviations when compared to the DK group (0.84 mm [0.68-0.95],
1.05 mm [0.85-1.22], 2.36° [1.88-3.30], and 0.73 mm [0.61-0.82] vs. 1.10 mm [0.99-1.13],
1.62 mm [1.29-1.74], 6.06° [5.03-6.49], and 1.01 mm [0.89-1.04] with p = 0.007, p < 0.001,
p <0.001, and p = 0.003, respectively). Similarly, higher vertical deviations in the ProDE site
and higher 3D apical and angular deviations in the DisDE site of implants placed with the
DK system compared to the KL system were observed (0.65 mm [0.50-0.80] vs. 0.20 mm
[0.12-0.60] with p = 0.019 and 1.55 mm [1.19-1.67], 4.23° [3.09-4.75] vs. 1.05 mm [0.92-1.34],
2.63° [1.59-3.41] with p = 0.007, p = 0.007, respectively). Vertical linear deviations in the
DisDE site were statistically significantly higher for the KL group compared to the DK
group (0.33 mm [0.17-0.62] vs. 0.05 mm [0.01-0.08] with p < 0.001). The box plots of
deviations of the two guiding concepts across the sites of implantation are demonstrated in
Figure 5.

Additionally, a Kruskal-Wallis H test was run to determine if there were significant
differences in deviations between six subgroups of implantation locations. In the DK
group, distributions of deviations were not similar for all subgroups, as assessed by visual
inspection of the boxplots. The distributions of 3D crestal, 3D apical, angular and vertical
deviations were statistically significantly different between the subgroups of implantation
sites (p < 0.001). In the KL group, distributions of deviations were similar for all groups,
as assessed by visual inspection of the boxplot. Median 3D apical, angular and vertical
deviations were statistically significantly different between groups (p = 0.002, p < 0.001
and p < 0.001, respectively). The post hoc pairwise analysis using Dunn’s procedure with
Bonferroni correction for multiple comparisons revealed statistically significant differences
in median deviations between subgroups of implantation sites in both groups (Table S1).
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Figure 5. Box plots demonstrating 3D crestal, 3D apical, angular and vertical linear deviations
when drill-key or keyless guiding systems were used in each of the implantation sites. Sig-
nificant differences by Mann Whitney U test denoted as * for p < 0.05. AntExt—anterior ex-
tended edentulous area, AntSTG—anterior single tooth gap, ProPosSTG—proximal posterior single
tooth gap, DisPosSTG—distal posterior single tooth gap, ProDE—proximal site of distal extension,
DisDE—distal site of distal extension. Drill key—Straumann BLT 4.1 x 10, Keyless—Megagen
Anyridge 4 x 10.

4. Discussion

The present study examined the influence of guiding concepts on the accuracy of
sCAIS in partially edentulous dental models. To the best of our knowledge this is the first
in vitro study to investigate the impact of a guiding system in this variety of implantation
sites. Study models included anterior extended area, anterior single tooth gap, two posterior
single tooth gaps and two sites in distal extension area. Mean implant deviations in the
present study were clinically acceptable. They did not exceed the 2 mm safety margins that
are recommended with respect to clinico-anatomical reasons by separate authors [3,29-31].

The null hypothesis was rejected due to statistically significant differences in 3D crestal
and apical deviations between the two groups. Higher trueness values of implants placed
with the DK system compared to the KL system were observed in overall data. These
findings are in agreement with results of earlier in vitro studies comparing similar guiding
concepts by Guentsch et al. [22] and Sittikornpaiboon et al. [24]. Differences in free drilling
distance and drill guidance length could be the possible factors to impact the results. Earlier
studies have suggested that higher FDD correlated with increased 3D crestal, apical and
angular deviations [26,32]. In the present study, the FDD varied in the study groups, from
14 mm in the DK group to 17 mm in the KL group. In addition, previous authors have
suggested to increase the guiding length of the drill by longer sleeves or higher drill-keys to
reduce deviations of sCAIS [19,26]. However, these parameters could be modified only with
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the DK system by choosing the bone-to-sleeve distance and different drill-keys, whereas
the KL system offers a fixed height offset of the sleeve.

The findings of previous studies comparing DK and KL guiding concepts are incon-
sistent. By comparison, in a recent systematic review and meta-analysis authors reported
higher 3D crestal deviations of implants placed with DK systems when compared to KL
systems in partially edentulous cases [25]. Authors suggested that KL systems have supe-
rior drill deviation control, due to closer fit of surgical components and reduced tolerance
to lateral movements. Keyless guiding systems achieve a drill-to-sleeve fitting with less sur-
gical guide components than drill-key systems. A modified drill shank fits the sleeve hole
and, therefore, the need for drill-keys is eliminated. The tolerance between surgical guide
components, such as sleeve hole, sleeve, drill-key and drill, was shown to have negative
impact on the accuracy of sCAIS [19-21,33,34]. Furthermore, authors have suggested that
surgical guides without metal sleeves exhibited higher accuracy due to the lower number of
surgical components and the tolerance gaps between them [23,35,36]. Inconsistent results
among the studies are partially mirrored in the present study, as the guiding concept with
higher accuracy varied across different sites of implantation. Significantly lower deviations
of implants placed with the KL system compared to the DK system were observed in the
distal extension site and the distal posterior single-tooth gap, but higher in anterior sites
of implantation.

The possibility, of sCAIS being site-sensitive has been suggested in a study by el
Kholy et al. [37]. The authors found that the accuracy of implants placed in the sites with
bilateral tooth support was higher compared to the implants in the distal extension sites.
Previous authors have suggested the use of guide stabilizers and optimal guide material in
distal extension sites to address the impact of guide tilting and bending on the accuracy
of sCAIS [28,38,39]. In the present study, a post hoc pairwise analysis revealed significant
differences in deviations between implantation sites in both groups (AntExt-AntSTG,
AntExt-DisPosSTG, AntExt-ProDE, AntExt-DisDE, AntSTG-DisPosSTG, AntSTG-DisDE,
DisPosSTG-ProDE, ProPosSTG-DisDE, DisPosSTG-DisDE, ProDE-DisDE), suggesting that
the results on the accuracy of sCAIS in this particular site of implantation should not
be generalized across all types of partial edentulism. Different sites of implantation are
characterized by different distribution and morphology of surrounding teeth that could
influence the accuracy of sCAIS. The influence of the implantation site was different among
two study groups. Higher angular deviations of implants placed with the DK system in the
DisDE site when compared to the AntExt area were observed, whereas the results in the
KL group were opposite with significantly lower 3D crestal, apical and angular deviations
in the DisDE site. Our findings suggest that site of implantation impacts the accuracy
of guiding systems differently. However, the present study was primarily designed to
evaluate the influence of the guiding concepts on the accuracy of sCAIS; therefore, the role
of the implantation site should be investigated in future studies.

The experimental design of the present study allowed the standardization of a number
of possible confounding factors, such as physical properties and design of the guide, mate-
rial density, number, morphology and distribution of supporting teeth, morphology of the
alveolar ridge, data acquisition and measurement equipment. However, the interpretation
of the results should consider the study’s limitations. Firstly, 3D printed polyamide models
were used, which in our experience felt harder than cortical bone and required greater
pressure on pilot drills. Secondly, the free drilling distance varied between the study groups.
Thirdly, the macroscopic design of the two implant systems was different. Both implants
had a tapered shape but the implants in the KL group featured more aggressive threads
than in the DK group. Previous studies have shown that the macroscopic aggressiveness of
the implants could influence the accuracy [34,40,41]. Fourth, metal sleeves were used for
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both implant systems to standardize guide designs. Part of the previous studies suggests
that a sleeveless design leads to superior accuracy of the sCAIS [34,36]. Fifth, the physical
properties of the guide material could affect the outcomes, especially in distal free-end
situations [28]. Finally, the in vitro design omitted factors related to a clinical setting that
might affect the accuracy of the sCAIS, such as patient movements, limited mouth opening,
presence of saliva and blood and compromised accessibility or visibility [31,42]. In addition,
the dental models did not simulate soft tissues, which in a clinical environment could affect
the fitting and stabilization of the surgical guide [43]. In a meta-analysis by Bover-Ramos
et al., it was concluded that in vitro studies reported higher accuracy results when com-
pared to cadaver or clinical studies [31]. Therefore, the accuracy results of in vitro studies
should not be translated to clinical situations. Nevertheless, the findings can offer insights
on the influence of technical variables, which are challenging to compare in non-isolated
study conditions. Further in vitro studies should focus on a high level of standardization
of study designs. To externally validate the results, future clinical studies are needed to
evaluate the influence of guiding concepts in different types of partial edentulism.

5. Conclusions

The deviations of both guiding concepts did not exceed the recommended safety
margins. Significant differences were found between guiding systems in different sites
of implantation. The DK system showed significantly higher crestal, apical, and angular
accuracy in the anterior extended area and proximal posterior STG, as opposed to distal
extensions and distal posterior STG, where the KL system exhibited superior results. The
accuracy results of in vitro studies are not applicable to clinical settings due to numerous
possible confounding factors that are eliminated in the experimental design. Future highly
standardized in vitro experiments and clinical studies should focus on the influence of
different guiding concepts and types of partial edentulism on the accuracy of sCAIS.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/medicina61040617/s1, Table S1: Summary of the Kruskal-Wallis test and
post hoc pairwise comparison analysis on differences between deviations from planned implant
positions in subgroups of implantation sites.
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Abbreviations

The following abbreviations are used in this manuscript:

3D Three Dimensional

CBCT  Cone Beam Computed Tomography

DLP Digital Light Processing

FDI Federal Dentaire Internationale

sCAIS  Static Computer-Assisted Implant Surgery
SLS Selective Laser Sintering

STG Single-tooth gap

STL Standard Tessellation Language
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PADEKA

Nuosirdziai dékoju savo moksliniam vadovui, profesoriui Ricardui Kubi-
liui, uz pagalbg, paramg ir palaikyma visy studijy metu.

Taip pat dékoju jaunajam kolegai Justui Lapinskui — uz pagalbg ir patari-
mus.

Dékoju tévams uz paskatinimg siekti daugiau ir nesustoti.

Acit zmonai Gintarei — uz kantrybe, supratimg ir nuosirdy palaikyma be
jokiy liukesciy atgal.

Ir svarbiausia — mano dukroms, Marijai ir Kotrynai — uz Sypsenas ir apka-
binimus, kurie primindavo, dél ko verta stengtis.
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