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SANTRUMPU SARASAS

AARP — Amerikos pensininky asociacija

ABP — arterinis kraujospidis

ALK — Lietuvos sveikatos moksly universiteto Kauno Kliniky Akiy ligy klinika
BM — biozymuo

CA — smegeny kraujotakos autoreguliacija

CAnre — paciento, sergancio normalaus akispuidzio glaukoma, smegeny kraujotakos
autoreguliacija

CH — smegeny vandenligé

CPP — smegeny perfuzinis slégis

CSF — smegeny skystis

DBM — diagnostinis biozymuo

detCA — sutrikusi smegeny kraujotakos autoreguliacija

detCAnrc — sutrikusi paciento, sergancio normalaus akispiidzio glaukoma, smegeny
kraujotakos autoreguliacija

ED — endotelio disfunkcija

EOA — akies arterijos ekstrakranijinis segmentas

GL — glaukoma

GCBH — Pasauliné smegeny sveikatos taryba

highlOP — aukstesnis uz normaly (sveiko tiriamojo) akispadis

HS — sveikas tiriamasis i$ kontrolinés grupés

HTG — auksto akispiidzio glaukoma

IBV — intrakranijinis kraujo taris

ICP — intrakranijinis slégis

ICPinv — invaziniu badu matuojamas intrakranijinis slégis

ICPnon—inv — intrakranijinis slégis, matuojamas neinvaziniu biidu

IF — leidinio jtakos faktorius

IOA — akies arterijos intrakranijinis segmentas

IOP — akispudis

IOPws — sveiko tiriamojo akispudis

IOPw16 — auksto akispadzio glaukoma sergancio paciento akispudis
IOPnte — normalaus akispiidzio glaukoma sergancio paciento akispudis
KTU — Kauno technologijos universitetas

LC — akytoji plokstelé (lot. Lamina Cribrosa)

LCAI — ilgiausias smegeny kraujotakos autoreguliacijos sutrikimo jvykis
LCAIws — sveiko tiriamojo LCAI

LCAIlure — auksto akispadzio glaukoma serganéio paciento LCAI
LCAInte — normalaus akisptdzio glaukoma sergancio paciento LCAI
LCAIdus — sveiko tiriamojo LCAI dozé

LCAIldnte — auksto akispiidzio glaukoma sergancio paciento LCAI dozé
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LCAldnre — normalaus akispuidzio glaukoma serganéio paciento LCAI dozé

LCCI — akytosios plokstelés kreivumo indeksas

lowlCP — Zzemesnis uz normaly (sveiko tiriamo asmens, HS) intrakranijinis slégis
MBSR — samoningumu (angl. Mindfulness) paremti streso mazinimo budai

MPD — portatyvus slégio reguliatorius

NABP — arterinis kraujosptidis, matuojamas neinvaziniu badu

nCA — smegeny kraujotakos autoreguliacija, stebima neinvaziniu badu

nICP — intrakranijinis slégis, matuojamas neinvaziniu badu (ICPnon-inv)

nICPsL — glaukoma sergancio paciento intrakranijinis slégis, matuojamas neinvaziniu
biidu

nICPys — sveiko tiriamojo intrakranijinis slégis, matuojamas neinvaziniu badu
NICPure — auksto akisptidzio glaukoma sergancio paciento intrakranijinis slégis,
matuojamas neinvaziniu badu

nICPnre — normalaus akisptdzio glaukoma sergancio paciento intrakranijinis slégis,
matuojamas neinvaziniu budu

nlOP — akispudis, matuojamas neinvaziniu badu

normICP — normalus (HS) intrakranijinis slégis

normlOP — normalus (HS) akispudis

NPH — normalaus slégio smegeny vandenligé

NTG — normalaus akispudzio glaukoma

OA — akies arterija

OCT - optiné koherentiné tomografija

ON — akies nervas

ONH — akies nervo galvuté

ONSD — akies nervo apvalkalo skersmuo

Pe — iSorinis slégis, naudojamas neinvaziskai matuojant intrakranijinj slégj

PM — preciziné medicina

POAG — pirmin¢ atviro kampo glaukoma

SD — standartinis nuokrypis

STMI — Kauno technologijos universiteto Sveikatos telematikos mokslo institutas
TCD — transkranijinis dopleris

TCPG — translaminarinis slégio gradientas

TOF — ultragarsinio signalo sklidimo laikas

VRx — tiirinis reaktyvumo indeksas

VRxws — sveiko tiriamojo tiirinis reaktyvumo indeksas

VRxute — auksto akispiidzio glaukoma sergancio paciento tiirinis reaktyvumo
indeksas

VRxnte — normalaus akisptdzio glaukoma sergancio paciento tirinis reaktyvumo
indeksas

PSO — Pasaulio sveikatos organizacija

WoS — Web of science duomeny bazé
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1. IVADAS
Disertacijos sritis, tipas ir struktiira

Disertacija priklauso medicininiy matavimy sri¢iai. Jos temos apima papildomy
biozymeny: zemesnio uz normaly intrakranijinio slégio (lowlCP) ir sutrikusio
smegeny kraujotakos autoreguliacijos statuso (detCA) jtraukimo j glaukomos
diagnostika galimybiy tyrimg. Disertacijos tipas — holistiné apibendrinanti, keturiy
publikuoty straipsniy pagrindu:

1. Deimantavicius, M.; Hamarat, Y.; Lucinskas, P.; Zakelis, R.; Bartusis, L.;
Siaudvytyte, L.; Janulevicieng, |.; Ragauskas, A. Prospective Clinical Study of Non—
Invasive Intracranial Pressure Measurements in Open-Angle Glaucoma
Patients and Healthy Subjects. Medicina (Kaunas). 2020 Nov 30;56(12):664. doi:
10.3390/medicina56120664 [9].

2. Hamarat, Y.; Deimantavicius, M.; Dambrauskas, V.; Labunskas, V.;
Putnynaite, V.; Lucinskas, P.; Siaudvytyte, L.; Simiene, E.; Stoskuviene, A.;
Januleviciene, I.; Petkus, V.; Ragauskas, A. Prospective Pilot Clinical Study of
Noninvasive Cerebrovascular Autoregulation Monitoring in Open-Angle
Glaucoma Patients and Healthy Subjects. Transl Vis Sci Technol. 2022 Feb
1;11(2):17. doi: 10.1167/tvst.11.2.17 [10].

3. Lucinskas, P.; Deimantavicius, M.; Bartusis, L.; Zakelis, R.; Misiulis, E.;
Dziugys, A.; Hamarat, Y. Human ophthalmic artery as a sensor for non—-invasive
intracranial pressure monitoring: numerical modeling and in vivo pilot study.
Sci Rep. 2021 Feb 26;11(1):4736. doi: 10.1038/s41598-021-83777—x [11].

4. Hamarat, Y.; Bartusis, L.; Deimantavicius, M.; Lucinskas, P.; Siaudvytyte,
L.; Zakelis, R.; Harris, A.; Mathew, S.; Siesky, B.; Janulevicieng, |.; Ragauskas, A.
Can the Treatment of Normal-Pressure Hydrocephalus Induce Normal-Tension
Glaucoma? A Narrative Review of a Current Knowledge. Medicina (Kaunas). 2021
Mar 3;57(3):234. doi: 10.3390/medicina57030234 [12].

Zurnaly leidéjai ir straipsniy bendraautoriai sutiko, kad straipsniai bity
naudojami disertacijoje. Glaukomos diagnostikos papildomy biozymeny tema
analizuojama pagal publikuotus straipsnius, i§ holistinio apibendrinancio pozitrio
tasko, pateikiant tikslesnés glaukomos diagnostikos bei gydymo idéjas ir jzvalgas
iSvadose.

Disertacija sudaro: jvadas, literattiros apzvalga, 4 straipsniy apzvalga, i§vados
ir tolesniy tyrimy id¢jos, santrauka angly kalba (Summary), literatliros sarasas,
autoriaus CV, su disertacijos tema susijusiy straipsniy ir moksliniy konferencijy
sara8as, 4 publikacijy kopijos, padéka; 10 lenteliy bei 26 paveikslai.
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Tyrimy svarba

Rega yra dominuojanti juslé, atliekanti lemiamg vaidmenj zmogaus veikloje,
todeél jos sutrikimai turi rimty pasekmiy gyvenimo kokybei. Daugelj jy galima
susvelninti laiku gavus kokybiskos akiy priezitiros paslaugas — diagnostika, gydyma
ir reabilitacija. Akiy ligos, tokios kaip, pvz., katarakta, glaukoma (GL) ir kt., gali
sukelti regos sutrikimus ir akluma.

Glaukoma — grupé akiy ligy, dél kuriy pazeidziamas akies nervas, sutrinka rega
ir (arba) jis prarandamas; glaukoma yra 2—oji aklumo priezastis po kataraktos ir 1-0ji
pagrindiné negrjztamo aklumo priezastis pasaulyje. Aklumas, sukeltas glaukomos,
sudaro apie 12,3% [1], o paplitimas pasaulyje tarp 40 mety ir vyresniy pasaulio
gyventojy sudaro apie 3-5 % [2].

Pasaulyje glaukoma serga apie 64 min. zmoniy [3], i$ jy 6,9 min. (10,9 %) turi
vidutinio sunkumo ar sunky regos sutrikima [4]. Pasaulio sveikatos organizacijos
(PSO) vertinimu, 2020 m. buvo 76 milijonai 40-80 mety amziaus Zmoniy, serganéiy
glaukoma [5], ir $is skaiCius gali padidéti iki 112 min. iki 2040 m. [1]. Taigi akiy
2017 m. duomenimis, daugiausia regos praradimo atvejy dél glaukomos buvo
Afrikoje (1.1 pav.) [6].

Siuo metu disponuojamais PSO duomenimis, regos sutrikimai, kuriuos sukelia
glaukoma, yra neisgydomi ir negali bati iStaisyti. Taciau yra veiksmingy gydymo
bady, kurie gali atitolinti arba uzkirsti keliag ligos progresavimui, jei ji anksti ir laiku
diagnozuojama [5].

i

1.1 pav. Regos praradimo (dél glaukdmos) atvejy paplitimas pasaulyje.
Spalvomis pavaizduotas atvejy skaicius, standartizuotas pagal amziy, 100 000 gyventojy,
2017 m. duomenys (adaptuota is [6])

Glaukomos Klasifikacijos kriterijy yra daug, svarbiausi i§ jy (Zr. literatiiros
apzvalga) yra sie: glaukoma gali baiti pirminé arba antriné; atviro arba uzdaro kampo;
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auksto akisptidzio (HTG) arba normalaus akispiidzio (NTG). Pirminé atviro kampo
glaukoma (POAG) yra labiausiai paplitusi pasaulyje, ypac tarp vyresnio amziaus
zmoniy (1.2 pav.)

Vyrai (32 studijos)
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Tiriamyjy amzius

1.2 pav. POAG paplitimas pasaulyje skirtingose amziaus grupése, % (adaptuota is [7])

kurios simptomai — iSsipléte smegeny skilveliai,

12

Neseniai buvo iskelta hipotezé, kad glaukoma gali iSsivystyti ir smegeny
vandenligés (NPH) gydymo metu [12]. Smegeny vandenligé (CH) apima jvairialype
patologijy grupe, kuriai budingas nenormalus smegeny skilveliy issiplétimas. CH
labiausiai paplitusi Azijoje (1.3 pav.) Negydoma CH gali sukelti progresuojantj
neurologinj suzalojimg ir mirtj, taciau, anksti diagnozavus ir atlikus chirurgine
intervencijg, simptomai gali visiskai iSnykti [8]. Normalaus slégio CH (NPH) atveju
ICP neperzengia normos. Disertacijoje nagrinéjamas butent §is CH tipas.

Paplitimas
120

100

80

60

1.3 pav. CH paplitimas vaiky ir vyresnio amziaus zmoniy populiacijose kartu paémus
(100 000 gyventojy) (adaptuota is [8])

NPH — budinga suaugusiems ir geriatriniams pacientams neurologiné Iiga



Slapimo nelaikymas, kognityviniy funkcijy pablogéjimas [12]. Populiariausias NPH
gydymo biudas — skilvelinis Suntavimas, siekiant pasalinti perteklinj smegeny skystj
(CSF). Procediira atliekama mazdaug 5,5 pacientams i§ 100 000 gyventojy kasmet.
Problema ta, kad salinant CSF mazéja ICP, ir tai kelia glaukomos rizika.

Si disertacija prisideda prie glaukomos problemos sprendimo globaliu mastu.
Joje nagrinéjamos glaukomos diagnostikos, suvaldymo, galimo gydymo (idéjy lygiu)
temos, pridedant naujus (papildomus prie jau naudojamy) 2 biozymenis (BM) HTG
bei NTG atvejais ir NPH gydymo atvejais.

Moksliné-technologiné problema

Ar gali technologijy vystymas padéti tobulinti glaukomos (ir jos rizikos)
suvaldyma (ar net gydymg), jei pagerinama jos diagnostika, pridedant naujus
biozymenis?

Darbiné hipotezé

Glaukomos (ir jos rizikos) suvaldyma (diagnozuojant, pristabdant vystymasi ir
perspektyvoje gydant) gali padéti tobulinti technologijy vystymas, jos diagnostikai
suteikiant papildoma verte pridéjus du naujus biozymenis prie oftalmologijoje jprasto
IOP:

a) matuojant nICP siekiant patikrinti, ar jis yra Zemesnis uz normaly (lowlICP,
biozymuo Nr. 1), netiesioginiu bidu jvertinant akytosios plokstelés (lot. Lamina
Cribrosa, LC) deformacija (ar jos rizika) dél anormalaus slégiy skirtumo IOP—ICP;

b) matuojant nCA siekiant patikrinti jos sutrikima (detCA, biozymuo Nr. 2);

c) NPH atveju — patikslinant saugaus zemo ICP paradigmg, papildant ja
saugaus ICP intervalo savoka.

Darbo tikslas ir uzdaviniai

Darbo tikslas: patikrinti darbine hipotezg, kad glaukomos suvaldyma galima
patobulinti, jos diagnostika papildZius 2 bioZzymenimis.

Suformuluoti uzdaviniai tikslui pasiekti:

1. Interpretuoti ir apibendrinti HTG serganéiy pacienty, NTG serganciy
pacienty ir kontrolinés sveiky asmeny (HS) grupiy nICP vertes, iSmatuotas 2 gyliy
dopleriu (Vittamed 205); palyginti rezultatus tarp visy 3 grupiy; istirti nICP ilgalaikés
stebésenos galimybes; istirti papildomo biozymens lowlCP matavimo jtraukimo j
glaukomos diagnostikos procesa galimybes bei glaukomos (ar jos rizikos) suvaldymo
tobulinimo galimybes, pasiiilant gydymo idéjas.

2. Interpretuoti ir apibendrinti HTG pacienty, NTG pacienty ir HS grupiy nCA
parametrus, iSmatuotus neinvaziniu CA stebésenos metodu, pagrjstu ultragarso
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signalo sklidimo smegenyse greic¢io (Vittamed 505) ir arterinio kraujospiudzio
matavimais (Finapres) ir CA parametry skaic¢iavimu; palyginti rezultatus tarp visy 3
grupiy, jvertinant CA sutrikimo mastus; istirti papildomo biozymens detCA matavimo
jtraukimo j glaukomos diagnostikos procesa galimybes bei glaukomos (ar jos rizikos)
suvaldymo tobulinimo galimybes, pasitlant gydymo idéjas.

3. Atlikti naratyvine literatiiros apzvalga NPH gydymo (Suntavimo biidu) metu
dél ICP sumazinimo sukeliamos glaukomos rizikos tema; istirti papildomy
bioZymeny lowlCP ir detCA matavimy jtraukimo j} NPH gydymo procesa galimybes,
siekiant patobulinti glaukomos rizikos suvaldyma.

Tyrimy ir straipsniy logika

Disertacijoje apzvelgiami tyrimai ir jy pagrindu publikuoti straipsniai logiskai
susije. Vykdant darbo uzdavinius, buvo atliktos dvi pagrindinés tyrimy studijos ir dvi
papildomos (1.4 pav.). Tiriamyjy suskirstymas j 3 grupes (HTG pacientai, NTG
pacientai ir HS tiriamieji) buvo zinomas i$ anksto.

1. Siekiant patikrinti darbinés hipotezés a) dalj, buvo suplanuotas GL pacienty
nICP matavimy perspektyvinis tyrimas [9]. Tyrimo rezultatai parodé, kad nors nICP
skirtumas lyginant bet kurias 2 grupes statistiSkai reikSmingas, HTG ir HS grupiy
palyginimo rezultatai sufleravo, kad jei HTG atveju lowlCP gali daryti jtaka HTG
vystymuisi (dél LC pazeidimo), tai NTG atveju, be lowICP, gali egzistuoti kitas
faktorius, pvz., sutrikusi CA.

2. Todél, siekiant patikrinti darbinés hipotezés b) dalj, buvo atliktas GL
pacienty NCA stebésenos perspektyvinis tyrimas [10]. CA statusas buvo vertinamas
palyginant tarinio reaktyvumo indekso (VRX) ir jo i§vestiniy NCA parametry reikSmes
tarp visy 3 grupiy.

3. Papildoma nICP modeliavimo ir in vivo tyrimy studija [11] atlikta siekiant
jvertinti ICP cirkadiniy svyravimy jtaka bei nICP ilgalaikés stebésenos galimybes.

4. Naratyviné literatiros apzvalga [12] atlikta siekiant jvertinti glaukomos

vystymosi rizikos (dél ICP mazéjimo) idéja normalaus slégio smegeny vandenligés
(NPH) gydymo Suntavimu metu bei nICP ir nCA matavimo idéja NPH pacientams.
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1 2
nICPurs << nlICPxs ? TAIP! (p << 0,05)

1a (3). nICP stebésena vs
matavimas
1b (4). GL rizika gydant NTH

Poca(NTG vs HS) < 0,052 TAIP!
P,ca(HTG vs HS) < 0,052 NE
PrcalHTG vs NTG) < 0,05? NE

nlCPnte < nICPus ? TAIP (p < 0,05)
nICPwte < nICPurs ? NE (p < 0,05)

1a. nICP stebésena

1. niCP 2.nCA
matavimas GL stebésena GL
1b. GL rizika NPH

1.4 pav. Tyrimy ir straipsniy logika.
1. Glaukomos (GL) pacienty nICP matavimas; 2. Glaukomos pacienty NCA stebésena; 1a
(3). nICP ilgalaiké stebésena; 1b (4). Glaukomos rizika gydant NPH Suntavimo badu

Mokslinis naujumas

1. Pasitlyti 2 papildomi neinvaziniu badu matuojami biozymenys, suteikiantys
papildoma verte oftalmologinei ir neurologinei diagnostikai:

1.1. HTG ir NTG atvejais papildomai prie oftalmologijoje naudojamo
klasikinio glaukomos biozymens — akispudzio, vir§ijan¢io normaly (highlOP),
pasitlyta matuoti nICP, patikrinant lowlCP statusa (naujas BM Nr. 1) ties Lamina
Cribrosa (LC), siekiant netiesiogiai istirti anormalaus slégiy skirtumo (IOP—ICP)
jitakag LC deformacijai; pasitlytos HTG neinvazinio gydymo id¢jos, remiantis LC
formos normalizavimu po deformacijos idéja, slégio fizioterapijos procedary,
tikslingai atrinkty jogos pratimy bei holistinio pozitrio | smegeny sveikatg pagrindu.

1.2. NTG atveju, be IOP, pasialyta matuoti nICP ir atlikti nCA stebésena,
patikrinant detCA statusg (naujas BM Nr. 2); pasitlytos NTG neinvazinio gydymo
id¢jos, remiantis PSO rekomendacijomis bei holistiniu pozitiriu j smegeny sveikata.

1.3. NPH gydymo atveju papildomai prie naudojamo skilvelinio sunto pasidlyta
matuoti nICP ir atlikti NCA stebéseng siekiant jvertinti glaukomos rizika ir, esant
poreikiui, rekomenduoti pacientams oftalmologine apzitira.

2. Pasitilyta paradigmy korekcija.
2.1. Glaukomos dabartiné paradigma: glaukoma yra liga, jtakojama vieno
slégio, highlOP yra HTG biozymuo, NTG priezastys yra neaiskios; sitiloma

paradigma: glaukoma yra liga, jtakojama dviejy ar net trijyslégiy, highlOP yra HTG
biozymuo; lowICP yra HTG ir NTG biozymuo; detCA yra NTG biozymuo;
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2.2. NPH dabartiné paradigma: Zema ICP verté yra saugi; siiiloma paradigma:
per Zema ICP verté gali sukelti glaukomos rizika; egzistuoja saugaus ICP intervalas,
ir biitina kontroliuoti, kad ICP verté neiSeity uz jo riby.

3. Patvirtinta pacienty nlCP ir nCA neinvazinés stebésenos pakankamu
klinikinei praktikai tikslumu galimybé.

Metodai

1. Glaukomos (HTG ir NTG) pacienty bei sveiky savanoriy (HS) grupiy nICP
matavimai buvo atliekami 2 gyliy dopleriu Vittamed 205, sukurtu KTU Sveikatos
telematikos mokslo institute (STMI). Pacientus suskirsté ] HTG bei NTG grupes
LSMU Kauno Kliniky Akiy ligy klinikos (ALK) specialistai. nICP buvo matuojamas
ALK kartu su STMI specialistais. Rezultatams apdoroti naudotas IBM SPSS Statistics
software v23.0 programinis paketas.

2. Gaukomos (HTG ir NTG) pacienty bei HS grupiy nCA stebésena buvo
atliekama naudojant ultragarsinj intrakranijinio kraujo tiirio poky¢iy (IBV) matuoklj
Vittamed 505 kartu su arterinio kraujospiidzio (ABP) neinvaziniu matuokliu Finapres
monitor. NnCA sutrikimai buvo vertinami apskaic¢iuojant IBV (apskai¢iuojamas
matuojant ultragarso signalo sklidimo smegenyse laikg) ir ABP létyjy bangy
koreliacijos koeficientg — turinj reaktyvyjj indeksa (VRX) bei i§vestinius jo parametrus
— ilgiausio CA sutrikimo jvykio (LCAI) trukme ir LCAI dozg.

3. Akies arterijos kraujotakos ir nICP matavimo modeliavimas buvo atliktas
Lietuvos energetikos institute COMSOL Multiphysics software v5.1 programiniu
paketu; in vivo validacija (1 val. trukmés nenutrikstama stebésena) buvo atlikta
Respublikinés Vilniaus klinikinés ligoninés neurochirurginiame skyriuje; invazinis
ICP buvo stebimas naudojant Codman ICP monitoriy su Kkateterio tipo jutikliu ir
ICM+ v8.2 programine jranga; nlICP buvo naudojant 2 gyliy transkranijinj doplerj
Vittamed 205, sukurtag STMI.

4. Galimos glaukomos rizikos Suntuojamiems NPH pacientams naratyviné
literatliros apzvalga buvo atliekama naudojantis Pubmed internetiniu resursu.

Rezultaty praktiné reikSmé

Disertacijoje nagriné¢jami 4 tyrimy rezultatai prisideda prie HTG ir NTG
diagnozés tikslinimo, suteikiant papildoma verte — pasitilant 2 naujus biozymenis
lowlCP ir detCA, kurie konkreciam pacientui gali bati iSmatuoti neinvaziniu btdu,
naudojant mobilig ir santykinai nebrangia jranga. Papildomy glaukomos biozymeny
panaudojimas GL diagnostikoje atitinka populiaréjancios precizinés medicinos [14]
tendencijg ir galéty prisidéti prie glaukomos vystymosi pristabdymo ar net gydymo,
realizuojant HTG ir NTG gydymo idéjas, paremtas minétais BM, atitinkamai: LC
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deformacijos normalizavimu neigiamu slégiu, specialiai parinktais jogos pratimais
(HTG atveju) bei sutrikusios CA normalizavimu, taikant PSO rekomenduojamas
gyvensenos intervencijas, specialiai parinktus jogos pratimus (NTG atveju); taip pat
galéty prisidéti prie glaukomos rizikos suvaldymo NPH atveju.

Ginami teiginiai

1. Intrakranijio slégio neinvaziniy matavimy (nICP) tyrimo rezultatai parodé, kad
tiek (ypa¢) auksto akispiidzio glaukoma (HTG), tiek ir normalaus akisptuidzio
glaukoma (NTG) serganciy pacienty nICP vidurkio verté yra Zemesné uz normaligja
(HS) nICP vidurkio verte; Zemesné uz normaligjg nICP verté lowlCP signalizuoja
apie anormaly slégiy skirtumg IOP—ICP, galintj sukelianti LC deformacija ir
glaukomos rizika, todél gali bati vertinama kaip papildomas HTG ir NTG biozymuo,
tuo suteikiant papildoma pridéting verte glaukomos (ypa¢ HTG) diagnostikai ir
pasiiilant neinvazinio gydymo idéjas.

2. Smegeny kraujotakos autoreguliacijos neinvazinés stebésenos (NCA) tyrimo
rezultatai parodé, kad NTG pacienty CA yra sutrikusi, 0 HTG pacienty CA néra
sutrikusi; sutrikusios CA statusas (detCA) gali bati vertinamas kaip papildomas NTG
biozymuo, tuo suteikiant papildomg pridéting verte glaukomos (ypa¢ NTG)
diagnostikai ir pasitilant neinvazinio gydymo idéjas.

3. Glaukomos rizikos, kylanc¢ios gydant normalaus slégio smegeny vandenlige
(NPH), tyrimy rezultatai sufleruoja, kad vietoj saugaus ICP virSutinio slenks¢io biitina
naudoti saugaus nICP intervala ir rekomenduoti pacientams reguliarius nICP ir nCA
matavimus bei reguliaria oftalmologing apzitira, norint jvertinti ir suvaldyti
glaukomos rizika.

Rezultaty pristatymas moksliniuose straipsniuose ir mokslinése konferencijose
Tyrimy rezultatai buvo publikuoti 4 straipsniuose [9-12], Q1-Q2 lygio

zurnaluose, priklausan¢iuose WoS tinklui, turin¢iuose jtakos faktoriy IF, ir pristatyti
4 tarptautinése mokslinése konferencijose.
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Mokslinés literatiiros apZvalga

BioZymenys

Biozymuo (BM) nusakomas kaip ,,apibrézta savybé, kuri matuojama kaip
normaliy biologiniy procesy, patogeniniy procesy arba atsako j poveikj ar intervencija
rodiklis*“ [15]. Diagnostinis BM (DBM) nustato arba patvirtina dominancios ligos ar
buklés buvima arba identifikuoja asmenj, sergantj tam tikra liga, taip pat DBM gali i$
naujo apibrézti ligos klasifikacija [15].

BM - svarbi precizinés medicinos (angl. Precision medicine, PM) koncepcijos
dalis. Dazniausiai vartojami PM apibrézimai apima individualizuoto gydymo aspekta
ir PM apibrézia kaip ,,gydyma, nukreipta j atskiry pacienty poreikius, remiantis
genetinémis, BM, fenotipinémis ar psichosocialinémis charakteristikomis, kurios
i$skiria konkrety pacientg i$ kity pacienty Su panasia klinikine bukle* [16]. Asmeninis
papildyti esmin¢ informacija, neapsiribojan¢ia anksCiau stebétais pozymiais ir
simptomais; Siuo pozitriu, PM reiskia Sios koncepcijos naujuma, t. y. jvairiy
individualiy duomeny, jskaitant naujus BM, jtraukima [14].

Glaukoma ir jos diagnostika

Zmogaus akis nuolat isskiria nedidelj kiekj skaidraus vandeningojo skys¢io,
kuris maitina akj ir palaiko jos pripildyma oru. Toks pat kiekis isteka per trabekuline
tinklaine akies srityje, vadinama drenazo kampu [1]. Dél Sio proceso akispudis (angl.
Intraocular pressure, 10OP) iSlieka stabilus. Jei drenazo kampas veikia netinkamai,
skystis kaupiasi. Akies viduje padidéja 10P, pazeidziamas akies nervas, dél to
atsiranda regos lauko sutrikimy ir gali issivystyti glaukoma [17]. Glaukoma —
daugiaveiksnis progresuojantis neurodegeneracinis sutrikimas, kuriam btdingas akies
nervo galvutés (ONH) pazeidimas, regos prastéjimas [18] arba visiskas praradimas.
Ivairiy $altiniy duomenimis, glaukomai priskiriama pirma [2] arba antra vieta [19]
negrjztamo regos praradimo priezas¢iy sgrase pasaulyje.

Pagal sukeliancias priezastis glaukoma skirstoma j pirming ir antring
(atsirandanti dél kity ligy ar jy gydymo poveikiy). Pagal akies skysé¢io drenazo kampo
anatomijg glaukoma gali bati atviro arba uzdaro kampo [1]. Pirminé atviro kampo
glaukoma (POAG) — labiausiai paplites glaukomos tipas pasaulyje. Ilga laika buvo
manoma, kad didesnis uz normaly IOP yra pagrindinis glaukomos rizikos BM,
lemiantis jos issivystymg. Taciau tyrimai rodo, kad yra atvejy, kai IOP neperzengia
normos [20, 21]. Pagal akisptudzio vert¢ POAG skirstoma [18, 22-24] | auksto
akispiidzio glaukoma (HTG) — kai padidéjes IOP > 21 mmHg; ir normalaus
akispiidzio glaukomg (NTG) — kai IOP neperzengia normos (I0P <21 mmHg).

Tyrimai rodo, kad, be jau naudojamo 0P, vienu i§ galimy papildomy BM gali
bati laikomas ICP [25, 26]. Kai kuriuose tyrimuose NTG pacienty ICP buvo gerokai
mazesnis uz HTG pacienty ar sveiky asmeny (HS) [21, 27-29]. Kituose tyrimuose
nenustatyta reik§mingo ICP skirtumo tarp NTG ir HS grupiy. Tai leidzia manyti, kad
NTG atveju, be IOP ir ICP, egzistuoja daugiau jtakos veiksniy [30].
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Galingje skleros dalyje, giliai akies nervo galvutéje [31], yra sieta primenanti
struktira — akytoji plokstelé (lot. Lamina cribrosa, LC) (1.5-1.6 pav.), pro kuriag
tinklainés gangliniy lasteliy aksonai iseina i$ akies [32, 33] pries suformuodami ON
[34]. Retrolaminariné erdvé supa ON i$ karto uz LC [35]. LC skiria intraokuline ir
retrolaminaring erdves, atlikdama barjero tarp IOP ir ICP vaidmenj [36] ir yra galima
aksony pazeidimo vieta (1.6 pav.).

Rainelé

plokstele
(LO)

Tinklainé
Rainelé

1.5 pav. Akytosios plokstelés (LC) vieta akies pjuvyje (adaptuota is [37])

Egzistuoja kelios glaukomos priezasCiy teorijos, i§ jy iSsiskiria, pvz.,
mechaniné ir kraujagysliy teorijy grupés [38-40]. Mechaninéje teorijoje glaukoma
laikoma tiesiogine 10P padidéjimo pasekme, paZeidziancia LC ir akies nervo (ON)
galvute [41, 42]. Kraujagysliy teorija teigia, kad glaukoma yra per mazo ON slégio
pasekmeé [43, 44], o ta gali lemti kraujagysliy veiklos sutrikimai, tokie kaip spazmai,
kraujagysliy ligos, autoreguliacijos sutrikimai [45, 46].

Slégiy, veikian¢iy LC, skirtumas vadinamas translaminariniu LC slégio
gradientu (angl. Translaminar cribrosa pressure gradient, TCPG) ir apskaiéiuojamas:
TCPG = (IOP-ICP) / LC storis. Buvo pasiilyta idéja apie TCPG kaip pagrindinj
veiksnj, lemiantj LC deformacijg ir aksony pazeidimg [35, 48]. Remiantis $ia
hipoteze, padidéjus IOP arba sumazéjus ICP, TCPG padidéja, ir tai gali sukelti LC
deformacijg bei ON pazeidimg [49]. NTG atveju IOP neperZengia normos, todél
priezastis gali buti ICP sumazéjimas arba Kiti veiksniai, nesusij¢ su IOP ir ICP. 1.6
pav. schematiSkai pavaizduota LC veikian¢iy slégiy IOP ir ICP vieta akies pjavyje,
IOP ir ICP ver¢iy skirtumo kombinacijos, anormalaus IOP—ICP poveikio bei aksony
transporto pakitimai dél LC deformacijos.

ICP matavimai yra apriboti dél invazinio matavimo pobudzio, taciau §io
apribojimo pavyko isvengti matuojant ICP neinvaziniu badu (nICP). Metodas,
pasizymintis kliniskai priimtinu tikslumu, preciziskumu ir diagnostiniu patikimumu,
buvo sukurtas STMI [50, 51] ir gali baiti taikomas platesnéms pacienty grupéms, ypac
fiziologiskai sgmoningiems pacientams, tarp jy ir sergantiems glaukoma. Metodas
pagrjstas nattiralaus balanso principu (panas$iu j kraujosptidZio matavima), matuojant
kraujo tékmeés greitj intrakranijiniame ir ekstrakranijiniame akies arterijos (OA)
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segmentuose vienu metu (1.7 pav.), naudojant dviejy gyliy transkranijinj doplerj
(TCD) [52, 53]. Auks¢iau minétos TCPG jtakos hipotezés patvirtinimo naudai byloja
tyrimy rezultatai, kuriy metu nustatyta ICP verté, mazesné uz normalig [54-57].

. . 1
Lamina Cribrosa 1

Akies nervas

normlOP? | lowlCP? c

]
1.6 pav. LC veikiantys slégiai IOP ir ICP, jy ver¢iy skirtumo variantai ir pasekmés.
a— HS atvejis; b — HTG atvejis; ¢ — NTG ir NPH atvejai (adaptuota i$ [85])

[Sorinio slégio Pe ICP-metras
manzete

Kaukolé

Siurblys
obuolys
Pe = ICP

Balanso indikatorius
2 gyliy TCD

Latekso plévelé
Ekstrakranialinis OA segmentas

Intrakranialinis OA segmentas

1.7 pav. nICP matuoklio, pagristo 2 gyliy TCD (ir slégiy balanso principu), strukttriné
schema (adaptuota is [58])
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Siekiant issiaiSkinti GL jtakg pacienty ICP, buvo atliktas nICP matavimo
glaukomos pacientams tyrimas [9].

ICP ir I0P yra veikiami cirkadiniy svyravimy, todél momentiniai $iy slégiy
matavimai tam tikru metu gali suteikti nepakankamai diagnostinés informacijos [27,
59]. ICP ir I0OP stebésena reikalinga norint tiksliau diagnozuoti NTG ir HTG tais
atvejais, kai ICP vertés yra mazesnés uz normalias. Papildomame tyrime [11], siekiant
istirti galimybe naudoti OA kaip nICP jutiklj stebésenai, buvo taikomas skaitmeninis
modeliavimas. Po to buvo atliktas bandomasis in vivo Klinikinis tyrimas — lygiagreti
invazinio ICP ir neinvazinio ICP stebésena, siekiant istirti OA kaip ICP jutiklio
teisiSkuma, tiksluma bei panaudojima nICP ilgalaikei stebésenai.

Grjztant prie NTG, jos kilmés paaiskinimai tebéra priestaringi. Tyrimy [60, 61]
duomenimis, glaukomos priezastis yra akies kraujotakos autoreguliacijos disfunkcija.
Kiti tyrimai rodo, kad sutrikusi akiy kraujotaka yra pagrindinis veiksnys, susijes su
NTG patogeneze [62].

Glaukomos atveju kraujagysliy kraujotakos sutrikimai gali bati vienas i§ CA
sutrikimo rezultaty ir galéty paaiSkinti GL ryS$j su tokiais sutrikimais, kaip
kraujagysliy spazmas, endotelio disfunkcija, migrena [63]. Akyje palaikoma stabili
kraujotaka, taciau tik iki tam tikry riby, ji yra smegeny kraujotakos atspindys [64—66].
Smegeny kraujagysliy sistema reaguoja j arterinio kraujospiidzio (ABP) arba smegeny
perfuzinio slégio (CPP) pokyc¢ius, palaikydama stabilig smegeny kraujotaka. Galvos
smegeny CPP stabilizavimo, nepaisant smegeny kraujotakos svyravimy,
mechanizmas vadinamas smegeny Kkraujotakos autoreguliacija (CA). Akiy
kraujotakos autoreguliacijos panaSumas j CA pasiilé hipoteze, kad akiy kraujotakos
sutrikimas yra susijes su CA sutrikimu glaukomos atveju ir ypac jei tai yra NTG.
Tyrimy studija [10] skirta Sios hipotezei, taip pat ir darbinés hipotezés b) daliai
patikrinti.

Iprastiniai CA matavimo metodai turi apribojimy dél invazinio pobudzio (pvz.,
kateterizacija, arteriné punkcija). Siems apribojimams jveikti buvo pasiiilyti keli
neinvaziniai CA stebésenos metodai. Vienas i§ metody, sukurtas STMI, panaudotas
glaukomos pacienty NCA stebésenos tyrimo metu [10]. Studijoje naudojamas
ankstesniuose tyrimuose isbandytas metodas, pagrijstas tirinio reaktyvumo indekso
(VRy) skai¢iavimu. Jo privalumas — galimyb¢ iSsamiau jvertinti CA, nes intrakranijinio
kraujo tario (IBV) poky¢iai vertinami, matuojant ultragarsinio signalo sklidimo laika
abiejuose smegeny pusrutuliuose [67].

Smegeny vandenligé

Papildoma tyrimy idéja, kryptis ir pagrindas studijai, atsirade matuojant
glaukomos pacienty nICP — normalaus slégio smegeny vandenligés (NPH) pacienty
gydymo metu kylanti glaukomos rizika. NPH yra budinga suaugusiems ir
geriatriniams pacientams pavojinga gyvybei neurologiné liga, kurios simptomai —
iSsipléte smegeny skilveliai, Klinikiniai eisenos sutrikimai, $lapimo nelaikymas,
kognityviniy funkcijy pablogéjimas [68—70]. Simptomus lemia smegeny skyscio
(CSF) transportavimo i§ gamybos viety i absorbcijos vietas sutrikimas [71]. ICP
didzigja laiko dalj islieka normalus [72], i$ ¢ia ligos pavadinimas. Populiariausias
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NPH gydymo budas — skilvelinis Suntavimas, nuleidziantis CSF pertekliy |
pilvaplévés ertme (1.8 pav.) [73].

Ventrikuliarinis
kateteris

Skilveliai

Sunto voztuvas

Pilvapléves
kateteris

o W g Pilvaplévés
ertme

1.8 pav. Skilvelinis Suntas (adaptuota is [74])

Idéja, kad NPH gydymas gali sukelti NTG [75, 76], paskatino atlikti papildoma
tyrimag [12], patikrinant darbinés hipotezés c) dalj.
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2. PATEIKIAMU STRAIPSNIU APZVALGA
Bendras jvadas

Keturiy straipsniy santrauka atspindi 4 tyrimy rezultatus, siekiant juos
interpretuoti ir i§ holistiniy pozicijy iSanalizuoti papildomy bioZzymeny jtraukimo
galimybes, pridedant vertés glaukomos diagnostikai ir suformuluojant galimo
gydymo id¢jas. Pagrindiniai tyrimai:

1. HTG ir NTG serganciy pacienty ir HS grupiy nICP matavimas bei grupiy
rezultaty palyginimas, siekiant patikrinti darbinés hipotezés a) dalj;

2. HTG ir NTG pacienty ir HS grupiy nCA stebésena bei grupiy rezultaty
palyginimas, siekiant patikrinti darbinés hipotezés b) dalj;

Papildomi tyrimai:

3. nICP ilgalaikés stebésenos galimybiy tyrimai;

4. NTG rizikos, kylanc¢ios dél NPH gydymo metu maz¢jancio ICP, tyrimai,
siekiant patikrinti darbinés hipotezés ) dalj.

2.1. Atviro kampo glaukoma serganciy pacienty ir sveiky asmeny neinvaziniy
intrakranijinio slégio matavimy perspektyvinis klinikinis tyrimas

Publikacijos originalus pavadinimas: ,,Prospective Clinical Study of Non—
Invasive Intracranial Pressure Measurements in Open-Angle Glaucoma Patients and
Healthy Subjects* [9].

Sio tyrimo tikslas buvo jvertinti nICP skirtumus tarp glaukoma serganéiy
pacienty (HTG ir NTG) ir sveiky tiriamyjy (HS). Santraukoje aptarti esminiai
aspektai, susije su darbine hipoteze. Autoriaus indélis: pirminio projekto teksto
rengimas, jskaitant rezultaty ir literatiiros analizg, diskutuojant su bendraautoriais;
papildomos i$vados ir naujy biozymeny rekomendacijos bei HTG gydymo idéjos,
zvelgiant i§ holistinio atskaitos tasko.

Metodai

Tyrimas atliktas LSMU ALK, jame dalyvavo glaukomos pacientai (HTG bei
NTG) ir sveiki asmenys (HS). Glaukomos grupés buvo sudarytos vadovaujantis
jitraukimo Kriterijais, tokiais kaip GL diagnoz¢ ir kt. HS atveju j tyrima buvo jtraukti
savanoriai, kurie anksc¢iau nesirgo glaukoma ar kitomis ligomis, galin¢iomis iskreipti
rezultatus. nICP matuoti buvo naudojama tik viena akis, pasirinkta atsitiktiniu badu.
Pries nICP matavimo sesija Goldmano aplanaciniu tonometru buvo iSmatuotas 10P.
Visi tyrimai buvo atliekami dienos metu nuo 8 iki 14 val. nICP buvo matuojamas
Vitamed 205 matuokliu, kuriam nereikia kalibravimo. Jo veikimas pagrjstas dviejy
gyliy TCD, vienu metu matuojanciu kraujo greitj intrakranijiniame (IOA) ir
ekstrakranijiniame (EOA) OA segmentuose [50]. 2 MHz ultragarso keitiklis kartu su
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oro pripildyta slégio manzete jmontuotas j réma, tvirtinama ant galvos. ISorinis slégis
Pe per slégio manzete perduodamas EO. Taigi IOA yra veikiamas ICP, o EOA
veikiamas Pe. Kraujo srauto greitis abiejuose OA segmentuose yra mazdaug
vienodas, kai Pe = ICP, vadinasi, $iy slégiy sutapimo momentu ICP verté matoma Pe
matavimo skaléje. Pe buvo didinamas nuo 0 iki 20 mmHg kas 4 mmHg, iki kraujo
grei¢iy IOA ir EOA sutapimo momento; matavimy sesija truko iki 10 min., tiriamieji
buvo gulimoje padétyje [9].

Statistiné analizé atlikta naudojant IBM SPSS Statistics v.23.0 programing
jranga. Buvo apskaiciuota nICP vidutiné reiksmé (angl. Mean) ir standartinis
nuokrypis (angl. Standard deviation, SD), atliktas visy grupiy Kolmogorovo ir
Smirnovo skirstinio normalumo testas, vienpusis ANOVA testas ir Tukey
daugkartinio palyginimo testas.

Rezultatai

I statistine analize jtraukti 217 tiriamyjy (95 NTG, 60 HTG, 62 HS) duomenys.
NTG pacienty IOP buvo statistiskai reikSmingai (p < 0,05) mazesnis, palyginti su
HTG pacientais, HS pacienty IOP buvo statistiskai reik§mingai (p < 0,05) mazesnis,
palyginti su HTG (2.1.1 pav.).

—{ 25.68

IOP, mmHg

. 14.77
14— 13.77

NTG HTG HSs

2.1.1 pav. Tiriamyjy grupiy vidutinés IOP vertés su standartiniu nuokrypiu.
@ — skirtumas statistiSkai reikSmingas (p < 0,05) lyginant NTG ir HS grupiy IOP vidurkius;
# — skirtumas statistiskai reik§mingas (p < 0,05) lyginant NTG ir HTG;
# — skirtumas statistiskai reik§mingas (p < 0,05), lyginant HTG ir HS.
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Tukey testu (0,05 reik§mingumo lygmuo) nustatyti tokie grupiy vidutinio nICP
palyginimo rezultatai: nlCPnre verté (9,42 + 2,83 mmHg) buvo statistiskai
reikSmingai (p = 0,007) zemesné uz NICPxs (10,73 + 2,16 mmHQ). nICPurc verté
(8,11 + 2,68 mmHg) buvo reikSmingai (p = 0,008) zemesné uz nlCPnrc (9,42 + 2,83
mmHg) ir reikSmingai (p < 0,001) Zzemesné uz nlCPyps (10,73 £ 2,16 mmHQ).
Rezultatai pateikti 2.1.2 paveiksle ir 2.1.1 bei 2.1.2 lentelése.

15

14 —

13 - LI

12 —

11 =

10 —
M =942

T — 10.73

ICP, mmHg

NTG HTG HSs

2.1.2 pav. Tiriamyjy grupiy vidutinés nICP vertés su standartiniu nuokrypiu.
¢ — skirtumas statistiskai reik§mingas (p = 0,007), lyginant NTG ir HS grupiy vidurkius;
¥ — skirtumas statistiskai reikSmingas (p = 0,008) lyginant NTG ir HTG;
§ — skirtumas yra statistiskai reik§mingas (p < 0,001) lyginant HTG ir HS

2.1.1 lentelé. Tiriamyjy grupiy nICP vidurkis

Grupé | N niCP
HTG |60 | 8,11+ 2,68
NTG | 95 | 9,42+ 2,83

HS |62 10,73 +2,16

2.1.2 lentelé. Grupiy nICP vidurkio reik§miy palyginimas.
Tukey testo rezultatai esant 0,05 reikSmingumo slenks¢iui

Grupés p nICP skirtumas
NTG vs HS 0,007 | reikSmingas
HTG vs NTG | 0,008 | reik§mingas
HTG vs HS 0,001 | reikSmingas
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Rezultaty interpretacija

Zemesnio uz normaly ICP vaidmuo akies nervo glaukomos neuropatijos
patogenezéje buvo aprasytas XX a. septintojo deSimtmecio pabaigoje, taciau
pagrindinis mechanizmas vis dar sunkiai suprantamas; buvo atlikta keletas tyrimy su
gyvinais, siekiant issiaiskinti rysj tarp smegeny skysc¢io (angl. cerebrospinal fluid,
CSF) slégio ir glaukomos [9]. Ribotame skai¢iuje klinikiniy tyrimy nustatyta, kad
NTG atvejais CSF slégis mazesnis, palyginti su HS atvejais [28, 77]. Tyrimy skai¢iy
riboja invazinis CSF slégio matavimo pobiidis. Standartinés klinikinés ICP matavimo
procediiros — invazinés: stuburo (juosmens srityje) punkcijos metodas [77, 78] arba
keitiklio jvedimas j kaukolés vidy. Siame tyrime nICP matuotas aréiau LC, ir is
metodas leidzia atskirti slégj tiek intrakranijinéje, tiek akies nervo subarachnoidinéje
erdvéje.

Siame tyrime HTG pacienty vidutinis nICP buvo statistiskai reikmingai
mazesnis nei NTG pacienty ir HS, 0 NTG pacienty vidutinis ICP buvo reikSmingai
mazesnis nei HS. NTG grupés nICP vidurkio reik§mé panasi j ankstesniy tyrimy
rezultatus [78]. HTG ir HS nICP vidutinés vertés panasSios j Kito ankstesnio tyrimo
rezultatus, 0 NTG vidutiné nICP verté skyrési [79]. Pagrindiné NTG prieZastis i§liko
neaiski.

2023 m. publikuoto Seung HL et al. tyrimo [13] optinés koherentinés
tomografijos (OCT) ir ultragarso vaizdai patvirtina masy rezultatus. 2.1.3 pav. HS ir
NTG paciento akiy palyginimas iliustruoja neigiamag koreliacijg tarp LC kreivumo
indekso (LCCI) ir akies nervo apvalkalo skersmens (ONSD); (A-D) HS akis: LC
palyginti ploks¢ia, ONSD platus; (E-H) NTG akis: LC islenkta ONSD siauras. A, E —
stereoskopinés OND nuotraukos; B, F — Cirrus HD OCT B-scan vaizdai, gauti ties
atitinkamomis plok§tumomis (Zalios rodyklés A, E). C, G — transorbitinio ultragarso
vaizdai D, H — akies nervo schema. LCClyrg > LCClus, ONSDHre < ONSDgss.

OSND,

Yyvvvy

»
M e .
* e

2.1.3 pav. RySys tarp LCCI ir ONSD HS ir NTG atvejais. (adaptuota i$ [13])
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HTG neinvazinio gydymo idéjos ir perspektyvos

HTG $iuo metu gydoma IOP mazinimo metodu — medikamentiniais ir
chirurginiais budais, ta¢iau medikamentai tik pristabdo ligos eiga, 0 invazinés
procediiros Vis dar rizikingos [81]. Cia ypa¢ issiskiria amerikie¢iy oftalmologo MD
Johno Berdahlio ir kolegy idéjos ir tyrimai, 2018-2021 m. publikacijos rodo HTG
naujg galimo neinvazinio glaukomos gydymo tendencija taikant akiy fizioterapijos
procediiras, pagrjstas slégine manksta [80-87]. Zemiau apZvelgiami straipsniai, kurie
yra artimiausi disertacijos tikslams ir uzdaviniams, norint pademonstruoti neinvazinio
glaukomos gydymo perspektyvas.

Pa¢iam pirmam sveiky savanoriy tyrimui buvo sukurtas ir naudojamas
portatyvus slégio reguliatorius (angl. multi—pressure dial, MPD), kurj sudaro siurblys,
zarnele sujungtas su neigiamo slégio (vakuuminiais) ,,plaukiko* akiniais,
apgaubianciais akis (2.1.4 pav.).

eQUITIOX

2.1.4 pav. Slégio reguliatorius MPD (adaptuota is [80])

Reguliatoriaus oro siurblys sukelia neigiama slégj akiy zonoje, dél to akispudis
sumazéja (2.1.5-2.1.6 pav.). Pilotinio 30 sveiky tiriamyjy tyrimo metu buvo tiriama
desinioji akis, kairioji buvo kontroliné. Rezultatai [80] rodo IOP sumaz¢jima abiejose
akyse jau pirma (,,nuling*) diena.

Visy parametry, jskaitant, IOP, matavimai buvo atlikti pries uzdedant MPD ir
buvo pakartoti i§ karto ji nuémus. Sureguliavus MPD, tiriamajai akiai palaipsniui
buvo didinamas neigiamas slégis iki =15 mmHg vertés, kuri buvo islaikyta 30 min.,
po to létai mazinama iki pradinés. Nuémus prietaisg (0 diena), i§ karto buvo pakartoti
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pradiniai matavimai. Savaités (6-8 d.) laikotarpiu tiriamieji grjzo pakartoti tyrimy.
Praéjus 1 savaitei po tyrimo tiek tiriamyjy, tiek kontrolinés grupés akiy IOP (2.1.5 —
2.1.6 pav.) sumazéjo statistiskai reikSmingai, taciau klinikiné reikSmé dar nenustatyta.
Nepageidaujamy poveikiy nepastebéta, dalyviai gerai toleravo MPD. Pagrindiniai
saugos parametrai po trumpalaikio poveikio isliko stabilGs. Palankiis Sio tyrimo
saugos rezultatai patvirtina MPD saugos profilj ir skatina toliau tirti §j prietaisa ir
metoda kaip galimg glaukomos neinvazinj gydymo buda.

B Bandomoji akis
. Gretima akis

20.00

g el 1488
50 14.22 1413
s
a: 12.00
@)
L]

8.00

Iki tyrimy 0 diena Po 1 savaités

2.1.5 pav. MPD tyrimo 0P vidurkis + SD (adaptuota is [80])

Atmosferinis slégis I0P ICP

v

OmmHg

Prie§ bandyma
Prie§ bandyma

Po bandymo

-10mmHg \ /
s 9 \—/

2.1.6 pav. Tyrimo metu naudojami slégiai. Lokaliai sumazinus slégj pries akj, sumazéja |IOP
ir atkuriamas normalus IOP—ICP, normalizuojantis akies nervo funkcijas (adaptuota is [80])

Naudojant akinius

Kitas saugumo tyrimas vyko jau dalyvaujant 10 POAG pacienty, taikant
neigiamg slégj —10 mmHg vienoje akyje 8 val. ir aplinkos atmosferos slégj
kontrolingje akyje [81]. Statistiskai reik§mingy IOP poky¢iy i$ karto po 8 val. trukmés
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tyrimo laikotarpio ir po 1 savaités nebuvo nustatyta. Tiriamieji teigiamai vertino MPD
kaip glaukomos gydymo biidg. MPD pasizyméjo saugumu, 0 matuojami parametrai
i8liko stabilis po 8 val. dévéjimo su neigiamu slégiu, dalyviai neigiamg slégj toleravo
sékmingai. Neigiamo slégio taikymas nepertraukiamai 8 val. pasirodé saugus.

Toliau buvo atliekami neigiamo periokulinio slégio poveikio IOP modeliavimo
tyrimai [82] ir 10 POAG pacienty 7 paras naktj dévimo MPD saugumo vertinimas
[83], kurio metu atsitiktiniu btdu parinktai akiai buvo taikytas —10 mmHg slégis.
Nustatyta, kad IOP sumazéjo > 20 % papildomai prie taikomo gydymo, kas yra
kliniskai ir statistiSkai reik§minga. MPD pasirodé kaip saugus dévéti naktj, miegant,
ir pasirodé kaip galimas naujas naktinés I0OP kontrolés glaukomos gydymo biidas,
ypac darant prielaida, kad pacientai galéty prietaisg nesioti ilgiau nei 7 dienas. Tyrime
buvo naudoti modifikuoti MPD modeliai (2.1.7 pav.)

2.1.7 pav. MPD modelis ir jo modifikuota versija. Akiniy lesiuose yra prieiga, leidzianti
atlikti pneumatonometrinius matavimus neigiamo slégio metu (adaptuota is [83])

Dar vienas tyrimas — daugiaslégio MPD I0P mazinancio poveikio vertinimas
esant skirtingiems neigiamo slégio nustatymams, dalyvaujant 65 sveiky tiriamyjy [84]
Atsitiktinés atrankos budu buvo parinkta 60 min. netaikyti neigiamo slégio arba 20
minuéiy taikyti 25%, 50% ir 75% bazinio I0OP neigiamg slégj. Pagrindinis rezultaty
rodiklis buvo vidutinis IOP, kai buvo taikomas neigiamas slégis. Rezultatai parodé,
kad tiriamyjy ir kontroliniy akiy vidutiniy IOP vertés skyrési statistiskai reikSmingai
(p < 0,001) visy neigiamo slégio ver¢iy atvejais, lyginant su pradine verte (2.1.8 pav.).
Neigiamas slégis j periokuling erdve naudojant daugiaslégio MPD gali sukelti IOP
sumazejima, kai prietaisas dévimas aktyvavus neigiama slégj. Tyrimo autoriy
ziniomis, §i technologija yra pirmasis nefarmakologinis, nelazerinis, nechirurginis
IOP mazinimo metodas [84].
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B Bandomoji akis
B Gretima (kontroliné) akis
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Nelglamo sleglo nustatymai
2.1.8 pav. Vidutinio 10P palyginimas tiriamojoje ir kontrolinéje akyje.
Pradiné verté (kairéje) rodo IOP matavimus, gautus prie§ dévint MPD. NP = neigiamas
slégis; MPD OFF — tiriamasis nedévéjo prietaiso. * Skirtumas tarp tiriamosios ir kontrolinés
akies siais laiko momentais (25 %, 50 %, 75 %) statistiskai reikSmingai skyrési (p < 0,001)
nuo 10P skirtumo tarp tiriamosios ir kontrolinés akies pries neigiamo slégio taikyma
(adaptuota is [84])

Tolesniame tyrime iskeliama hipotezé, kad periodiskas translaminarinio slégio
gradiento (TLPG) normalizavimas apsaugo nuo glaukomos pazeidimy, ir teoriniu
lygmeniu aptariama, lyginant su kity mokslininky darbais bei glaukomos gydymo
tendencijomis. Autoriai pri¢jo prie i$vady, kad gauséja jrodymy, jog TLPG yra
pagrindinis glaukomos vystymosi veiksnys ir kad reikia naujy eksperimentiniy ir
Klinikiniy tyrimy, siekiant istirti, ar periodinis TLPG normalizavimas apsaugo
tinklainés ganglines lgsteles (angl. Retinal ganglion cells, RGC) [85]. Reikéty tirti
TLPG normalizavimo trukme¢ ir daznuma, reikalingg siekiant iSvengti RGC
praradimo. Autoriai daro prielaidg, kad yra IOP padidéjimo trukmés ir dydzio riba,
kurig perzengus nebegalima pasiekti RGC normalizavimo. Jei pavyks pagrjsti pateikta
teorijg, bus galima rinktis maziau invazinius, trumpai veikianéius glaukomos gydymo
budus.

Kitas galimai potencialiai veiksmingas IOP mazinimo budas — pritaikant kai
kuriuos jogos metodus. Pastarosiomis dekadomis daugéja tyrimy, jrodymy ir
straipsniy apie jogos jtaka sveikatai. Raktinio zodzio yoga paieskos Pubmed e—resurse
rezultatai rodo, kad pirmieji moksliniai tyrimai datuojami 1948 m., taciau nuo 2000—
yju mety publikacijy daugéjo eksponentiskai [117]. Tyrimy, kuriuose buvo
matuojama jogos jtaka GL pacienty IOP, rezultatai sufleruoja, kad joga gali tiek
padidinti tiek ir sumazinti IOP, priklausomai nuo parinkty jos pratimy pobudzio.
Jasien et al. pilotinio tyrimo rezultatai parodé, kad jogos pratimai galva zemyn sukelia
statistiskai reik§mingg ir greita IOP padidéjima netrukus po pratimy pradzios ir
sumazejimg netrukus po pratimy atlikimo sustabdymo [118]. Kitas tyrimas
pademonstravo, kad joga ir meditacija sukélé nuolatinj su IOP susijusio profilio
sumazéjimg, tatiau né vienas i§ susijusiy pokyc¢iy nebuvo statistiSkai reikSmingas
[119]. Dada et al. studijoje teigiama, kad ankstesniuose GL pacienty tyrimuose
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jrodyta, jog meditacija mazina IOP, streso biozymenis, gerina smegeny apriipinima
deguonimi, gyvenimo kokybe ir kad tai pirmasis tyrimas, parodgs, kad sgmoningumu
paremti streso mazinimo buidai (angl. Mindfulness based stress reduction, MBSR) gali
pagerinti akies nervo perfuzija, matuojama optinés koherentinés tomografijos —
angiografijos metodu. MBSR galima rekomenduoti kaip GL gydyma, papildantj
medikamentinj, siekiant padidinti ON galvutés perfuzijg ir sumazinti IOP, o tai gali
mazinti glaukomos progresavima [120]. Kulkarni et al. nustaté, kad tam tikros
pranajamos technikos (kvépavimas deSine ir kaire nosies Snerve, kvépavimas
pakaitinémis $nervémis) buvo saugios ir neturé¢jo neigiamo poveikio didinant 10P
sveikiems tiriamiesiems ir taip pat gali turéti teigiama poveiki mazinant IOP [121].

Poskyrio i§vados

1. Glaukomos pacienty nICP (nICPg.) vidurkio verté yra zemesné uz NnlCPhs.

2. Zemesné uz normaliaja ICP (lowlCP) verté, ismatuota neinvaziskai ties LC,
gali buti vertinama kaip glaukomos biozymuo, darantis jtaka akies nervo
degeneracijai, tuo suteikiant papildomg pridétine verte GL diagnostikoje, su klaidos
tikimybe < 5%.

3. nICP vidurkiy skirtumas tarp bet kuriy 2 dalyviy grupiy yra statistiS$kai
reikSmingas.

4. nICPyre < NICPn1e < NICPys lyginant visas 3 grupes.

5. Lyginant nICP vidurkj tik tarp glaukomos pacienty grupiy: nICPure <
NICPnte; 0 NTG ir HS grupiy palyginimo Tukey testo rezultatas (p = 0,007), nors ir
patenka j reik§mingumo intervala, skiriasi nuo HTG ir HS grupiy palyginimo rezultato
(p =0,001) net 7 kartus; 0o nuo HTG ir NTG grupiy palyginimo rezultato (p = 0,008)
tik 1,14 karto, ir tai leidzia daryti prielaida, kad:

5.1. HTG atveju biitent padidéjes IOP, kartu su sumazéjusiu ICP, sudaro slégiy

skirtuma IOP—ICP, kuris deformuoja LC, sukeldamas glaukominius pakitimus;

5.2. NTG atveju IOP yra normalus, bet glaukoma vystosi; nICPyre, nors ir

zemesnis uz NICPus bei statistiskai reikSmingai skiriasi nuo nICPys ir nuo

NICPure, akivaizdziai skiriasi nuo nlCPure santykinai nedaug, palyginti su

skirtumu tarp nICPure ir nlICPus. Vadinasi, NTG atveju, be ICP, galimai

egzistuoja kitokie papildomi veiksniai, kuriuos issiaiskinus, jie galéty tapti

NTG biozymenimis; kandidatas j tokius veiksnius — galimas CA sutrikimo

statusas (detCA); tai suponuoja darbinés hipotezés b) dalies tikrinima.

6. Turint galimybe neinvaziskai matuoti glaukomos pacienty 10P ir ICP (ir
kartu netiesiogiai matuoti IOP—ICP ir jo poveikj LC), atsiveria HTG neinvazinio
gydymo perspektyva, taikant fizioterapines slégio mankstos procediras bei tikslingai
parinktus jogos pratimus. Reikalingi siy IOP mazinimo buidy (tiek atskirai, tiek ir juos
sujungiant) jtakos IOP ir ICP (taip pat ir IOP—ICP) normalizavimui, LC formos
normalizavimui po deformacijos tyrimai.
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2.2. Atviro kampo glaukoma serganciy pacienty ir sveiky asmeny neinvazinés
smegeny Kraujotakos autoreguliacijos stebésenos perspektyvinis bandomasis
klinikinis tyrimas

Originalus straipsnio pavadinimas: ,,Prospective Pilot Clinical Study of
Noninvasive Cerebrovascular Autoregulation Monitoring in Open—Angle Glaucoma
Patients and Healthy Subjects* [10].

Siame tyrime pirma karta pritaikyti neinvaziniai ultragarso metodai, siekiant
istirti trijy grupiy — NTG ir HTG pacienty bei sveiky asmeny (HS) CA dinamika ir
palyginti visy grupiy rezultatus tarpusavyje. Autoriaus indélis — duomeny analizé,
teksto pirmos versijos pilnas paraSymas, diskutuojant su kitais bendraautoriais;
papildyta rezultaty interpretacija, 2 bandymai teikti publikuoti j nemokamus WoS
zurnalus; papildomos i§vados ir naujy biozymeny sitilymai bei NTG gydymo idéjos,
zvelgiant i§ holistinio atskaitos tasko, paremto PSO rekomendacijomis.

Metodai

Sis klinikinis tyrimas atliktas LSMU ALK. Tyrime dalyvavo HTG ir NTG
pacientai bei sveiki asmenys. HTG ir NTG grupés buvo suformuotos ALK,
vadovaujantis jtraukimo | tyrimg Kriterijais: oftalmologo patvirtinta klinikiné
glaukomos diagnoz¢ ir kt., poky¢iai akies nervo galvutéje ir regos lauko praradimas,
atitinkantis glaukoma. Sveiky savanoriy grupé buvo sudaroma i§ savanoriy,
nesirgusiy glaukoma ar kitomis ligomis, galin¢iomis iSkreipti tyrimo rezultatus.

Visy 3 grupiy dalyviy nCA buklé buvo stebima naudojant inovatyvy neinvazinj
ultragarsinj metoda, pagrijsta ultragarsinio signalo sklidimo tarp smilkiniy laiko (angl.
Time of flight, TOF) matavimo principu. TOF badu galima jvertinti intrakranijinio
tankio pokyc¢ius akustiniame kelyje. Savo ruoztu poky¢iai susidaro dél intrakranijinio
kraujo tario (angl. Intracranial blood volume, IBV) svyravimy, kurie naudojami kaip
intrakranijinio slégio (arba smegeny kraujotakos) létyjy bangy pakaitalas vertinant CA
[88-91].

TOF svyravimas atvirkséiai proporcingas IBV pokyc¢iams, nes ultragarso greitis
kraujyje yra didesnis nei kituose intrakranijiniuose komponentuose (pvz.,
parenchimoje ir smegeny skystyje). Padidéjus kraujo kiekiui akustiniame kelyje,
padidéja vidutinis santykinis ultragarso greitis ir sumazéja TOF: 4IBV(t) ~ 1/TOF(t)
~ —ATOF(t). Darant prielaida, kad 1éti IBV poky¢iai yra susij¢ su létais ICP pokyciais
(arba létais smegeny kraujotakos pokyciais), tariniam reaktyvumo indeksui VRx
apskaiciuoti naudojome atvirkstinius ATOF(t) duomenis:

VRx = r [ABPsw(t); IBVsw] = r [ABPsw(t); —4TOF(t)] [10, 92, 93], (€8]
¢ia: ABPsw(t) — arterinio kraujosptidZio 1étosios bangos, IBVsw(t) — intrakranijinio

kraujo ttirio 1étosios bangos, ATOF(t) — 1éti TOF poky¢iai, atvirksciai atspindintys
létus IBV poky¢ius AIBV(t); r — koreliacijos koeficientas.
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Signalo nuskaitymo jranga (Vittamed 505 monitorius; Boston Neurosciences)
sudaro galvos rémas su 2 ultragarso keitikliais (2 MHz), isdéstytais prieSingose galvos
pusése ties smilkinio kaulu. Ultragarso impulsas, perduodamas i§ vieno keitiklio,
sklinda per smegeny parenchimg ir smegeny skilvelius ir priimamas kitoje galvos
puséje. CA stebésenos duomenims rinkti ir VRx apskaiéiuoti realiuoju laiku naudota
,ICM+* programiné jranga (Cambridge, UK). ABP buvo matuojamas monitoriumi
Finapres Nova (Enschede, Nyderlandai) (2.2.1 pav.). Statistiné duomeny analizé
atlikta naudojant IBM SPSS v23.0 programinj paketa. Visi Kintamieji buvo apibrézti
ir apibendrinti naudojant aprasomaja statistika, pateikti kaip vidutinés vertés ir
standartiniai nuokrypiai (SD). Skirstinio normalumui jvertinti naudotas Shapiro-Wilk
testas. Skirtumams tarp testiniy kintamyjy ir dviejy nepriklausomy im¢iy skirtumams
tarp grupiy apskaiciuoti naudotas Manno ir Whitney U testas.

2.2.1 pav. nCA stebésenos jranga. Neinvazinis ultragarsinis TOF stebésenos prietaisas,
susidedantis i§ ant galvos montuojamo rémo, kompiuterio su ICM+ programine jranga CA
indeksui (VRX) apskaiciuoti realiuoju laiku ir nABP stebésenos prietaiso (adaptuota is [10])

Létosios bangos, kuriy periodas nuo 0,5 iki 2,0 min., atspindi smegeny
kraujotakos autoreguliacijos aktyvumg. TOF duomeny rinkimo méginiy émimo
daznis buvo 50 Hz. Laikinam VRx(t) apskaiciuoti buvo naudojami dviejy minuciy
judantys léty IBV(t) ir ABP(t) 1éty bangy laiko langai [10]. IBV ir ABP duomenims
iSskirti buvo naudojamas juostinis filtras.

Kiekvieno paciento CA stebéjimo seansas truko iki 15 minuéiy. Pacienty buvo
prasoma karta per minute Valsalvos manevra, kad bty iSprovokuotos periodinés
smegeny Vazoreaktyvumo reakcijos ir susidaryty létos ABP bangos (1 min. trukmés),
reikalingos CA vertinti. I§ kiekvieno tyrimo dalyvio matavimo seansy duomeny buvo
nustatyti Sie su CA susij¢ parametrai: vidutiné VRX reikSmé stebéjimo seanso metu,
ilgiausio CA sutrikimo (angl. Longest cerebral autoregulation impairment, LCAI)
trukmé ir LCAIl dozé. LCAI trukmé buvo apskaiciuota pagal VRx(t) duomenis
skirtingoms VRX ribinéms vertéms nuo VRx > 0 iki VRx > 0,9 su 0,1 zingsniu.
Skiriamoji riba VRx = 0 yra teoriné matematiné riba, skirianti sutrikusiag CA nuo
nepazeistos CA. Teigiamo VRx vertés atspindi globalesnj sutrikusj smegeny
kraujagysliy atsaka, kuris neuztikrina stabilios smegeny kraujotakos. LCAI dozé yra
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parametras (plotas po VRx(t) kreive LCAI metu, kai VRx > 0), kuris i§vedamas i§ LCAI
trukmés. Galiausiai visus 3 CA biklés parametrus palyginome tarp dalyviy grupiy
atlikdami Manno ir Whitney U testa, p < 0,05 reikSmés laikytos statistinio
reikSmingumo jrodymu.

Rezultatai

28 tyrimo dalyviai sudaré 3 grupes: 10 NTG pacienty, 8 HTG ir 10 HS. Grupiy
nCA stebésenos rezultatai — VRx ir jo iSvestiniai parametrai bei statistinés analizés
rezultatai pateikti 2.2.2-2.2.5 pav. ir 2.2.1-2.2.8 lentelése. Pateikiama LCAI trukmé
esant dviem VRX slenks¢iams: VRX > 0 (matematiné riba, skirianti sutrikusig CA nuo
nepazeistos CA) ir VRx > 0,4 (riba, kuriai esant gautas didziausias statistinis
reik§mingumas tarp atitinkamy dalyviy grupiy).

Lyginant NTG ir HS grupiy rezultatus nustatyti statistiskai reikSmingi
skirtumai. Lyginant tarpusavyje bet kurias Kitas grupes skirtumai nebuvo statistiskai
reikSmingi.

0.4 %
P<0.05
2 02 .
< : +
= ' =y
=] : 3
=] 0 :
> :
< = 2
g 0.2 . +
0.4 = o
-0.6
HS NTG HTG

2.2.2 pav. Grupiy VRx vidurkis (adaptuota i$ [10])

2.2.1 lentelé. Grupiy VRXx vidurkis

Grupé | VRx | SD
HS | -0,179 | 0,220
NTG | 0,056 | 0,168
HTG | 0,070 | 0,249

2.2.2 lentelé. VRX reiksmiy palyginimas tarp grupiy.
Manno ir Whitney U testo rezultatai, reikSmingumo slenkstis p < 0,05

Grupés p
HS; NTG | 0,025
HS; HTG | 0,360
NTG; HTG | 0,237
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2.2.3 pav. LCAI trukmé, s (VRx > 0) (adaptuota is [10])

2.2.3 lentelé. Grupiy LCAI trukmé, s (VRx > 0)

Grupé | LCAI | SD
HS | 127 | 66
NTG | 281 | 151
HTG | 231 | 218

2.2.4 lentelé. LCAI trukmés (VRx > 0) palyginimas tarp grupiy.
Manno ir Whitney U testo rezultatai; reik§Smingumo slenkstis p < 0,05

Grupés p
HS; NTG | 0,007
HS; HTG 0,347
NTG; HTG | 0,096
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2.2.4 pav. LCAI trukmé, s (VRx > 0,4) (adaptuota is [10])

2.2.5 lentelé. Grupiy LCAI trukmé, s (VRx > 0,4)

Grupé | LCAI | SD
HS 18 | 40
NTG | 105 | 66
HTG | 65 | 84

2.2.6 lentelé. LCAI trukmés (VRx > 0,4) palyginimas tarp grupiy.
Manno ir Whitney U testo rezultatai; reik§Smingumo slenkstis p < 0,05

Grupés p
HS; NTG | 0,002
HS, HTG | 0,204
NTG; HTG | 0,151
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2.2.5 pav. LCAI doz¢, s (VRx > 0) (adaptuota is [10])

2.2.7 lentelé. Grupiy LCAI dozé, s (VRx > 0)

Grupé | LCAl dozé | SD
HS 31 29
NTG 107 77
HTG 75 85

2.2.8 lentelé. LCAI dozés (VRx > 0) palyginimas tarp grupiy.
Manno ir Whitney U testo rezultatai; reik§Smingumo slenkstis p < 0,05

Grupés p
HS; NTG | 0,006
HS, HTG | 0,121
NTG; HTG | 0,172

Rezultaty interpretacija
Tyrimo vaidmuo ir indélis Kity tyrimy kontekste

Paprastai glaukoma laikoma akies nervo (ON) pazeidimo pasekme. ON
skaidulos eina per sklera i$ IOP poveikio zonos j retrobulbaring sritj, kuri yra ICP
poveikio zona. Taigi akies nervo diska (OND) veikia du skirtingi slégiai — santykinai
didesnis IOP ir santykinai mazesnis ICP, kuriuos skiria LC [94]. Yra dvi pagrindinés
glaukoma sukelianciy teorijy grupés [42]. Mechaniné teorija yra pagrista slégiu ir
teigia, kad padidéjes I0OP deformuoja LC ir sukelia akies nervo pazeidima.
Kraujagysliné teorija teigia, kad sumazgj¢s akiy perfuzinis slégis (OPP) ir akies
vidaus kraujotaka RND srityje lemia tinklainés gangliniy lasteliy pazeidima. Be to,
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dél kraujotakos sutrikimo LC pakinta lastelés, todél ji tampa jautresné mechaniniam
poveikiui. Tai rodo, kad $ie du procesai yra neatsiejami vienas nuo kito [29, 95].

Padidéjes I0OP yra zinomas kaip pagrindinis kontroliuojamas glaukomos rizikos
veiksnys ir BM [96], 0 IOP sumazinimas gali sulétinti GL progresavima. Tac¢iau IOP
sumazinimas ne visada uzkerta kelig ligos progresavimui. Nemazai tyrimy rodo, kad
dalies POAG pacienty IOP yra normalus [97], ir tai yra tipiskas NTG pozymis. Kita
vertus, ilgalaikis IOP padidéjimas ne visada sukelia glaukoma [98, 99]. Tai suponuoja
hipoteze apie daugiau veiksniy ir BM, prisidedanéiy prie glaukomos progresavimo.
Darome prielaida, kad vienas i$ tokiy veiksniy gali bati CA, kurig galima apibtdinti
kaip smulkiyjy smegeny kraujagysliy (kapiliary ir arterioliy) gebéjima issiplésti arba
susitraukti savo ribose, palaikant CA. Yra zinoma, kad kraujagysliy i$siplétimag arba
susitraukimg kontroliuoja kraujagysle apgaubes pericity audinys. Pazeidus endotelio
sluoksnj, §i funkcija sutrinka ir sukelia CA sutrikimg [100, 101]. Endotelio disfunkcija
(ED) gali buti geras prognostinis veiksnys ir keliy ligy, jskaitant glaukoma,
progresavimo biozymuo [102-104].

Hipotezé dél CA vaidmens NTG fighruoja ir kituose tyrimuose [105-110].
Sutrikusi CA lemia tinklainés gangliniy lasteliy nykimg [111] ir regos lauko
sutrikimus. Sisteminés kraujotakos didinimas gali pagerinti NTG pacienty regos lauka
[112]. Endoteliui tenka svarbus vaidmuo kraujotakoje [112, 113]. Tyrimai parodé
NTG pacienty ED, taiau tiesioginiy jrodymy néra, todél rySys tarp ED ir NTG néra
iki galo aiskus.

Misy tyrimo rezultatai iskelia spragy uzpildymo idéja ir logiskai jrodomo rysio
nustatyma sujungiant minétus duomenis ir hipotezes. Atsizvelgiant j tai, kad ED gali
sukelti CA sutrikima ir kartu gali buti glaukomos biozymuo (taciau triksta jrodymy),
galime daryti prielaidg, kad NTG sukelia ir CA sutrikimas, ir ED. Taigi misy
rezultatai sustiprina ED ir GL prieZastinio rysio jrodymus. Sio tyrimo rezultatai taip
pat galéty pretenduoti j trikstamos loginés sasajos nustatyma, parodydami tiek NTG
diagnozeés fakty, tiek sutrikusios CA rys;j.

Pagrindinés jZvalgos ir tyrimo naujumas

Misy turimomis ziniomis, pirmg kartag pasaulinéje praktikoje glaukomos
pacienty CA buklé buvo stebima ir lyginama su HS CA bikle naudojant TOF
technologija. TOF metodas leido patikrinti ir i$ dalies jrodyti pirming hipoteze apie
glaukomos pacienty CA nestabiluma. IS dalies dél to, kad statistiskai reikSmingas
skirtumas buvo nustatytas tik tarp NTG pacienty ir HS grupiy rezultaty, ir dél riboto
pacienty, kurie buvo jtraukti j perspektyvinj bandomajj tyrima, skaiiaus. Misy
tyrimas prisideda prie NTG (ir glaukomos apskritai) patogenezés ir ankstyvosios
diagnostikos tyrimy, suteikia naujy ziniy apie GL pacienty CA; pateikia idéjy
tolesnéms CA sutrikimo GL atvejais studijoms. Tyrimas taip pat rodo, kad VRXx ir Kiti
su CA susije parametrai gali biiti potencialiis NTG diagnostikos biozymenys.

Misy tyrime su CA susijusiy parametry (VRX, LCAI trukmé, LCAI dozé)
matavimo rezultaty statistiskai reik§mingas skirtumas nustatytas Manno ir Whitney U
testu tarp NTG ir HS grupiy, o tarp kity dviejy grupiy deriniy (HTG ir HS, NTG ir
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HTG) reikSmingo skirtumo nenustatyta. Tai suponuoja mintj apie sutrikusiag smegeny
kraujotaka NTG atveju, keliant hipotezes apie NTG issivystymo jtakos veiksnius,
galimai susijusius labiau su CA sutrikimais negu su akiy patologija.

Lygindami visus su CA susijusius parametrus nustatéme, kad LCAI trukmés
skirtumas tarp NTG ir HS grupiy (kai VRx > 0,4) yra statistiskai reikSmingiausias (p
=0,002). Tai taip pat kelia idéja, kad egzistuoja viena (ar kelios) optimalios pacientui
budingos VRX ribos, kurioms esant LCAI trukmés nustatymas turi didziausia
diagnostinj jautruma ir specifiSkumg. Tai sitlo galimos hipotezés kitiems tyrimams
idéja: LCAI trukmeés statistinio skirtumo reiksmingumo lygis skirtingoms VRx riboms
gali buti susijes su CA pablogéjimo lygiu ir prisidéti prie pagrindinés hipotezés (kad
NTG yra susijes su sutrikusia CA) jrodymo. LCAI dozés reikSmiy palyginimas (tarp
NTG ir HS grupiy) demonstruoja p = 0,006 esant VRx > 0; o LCAI trukmés
palyginimas (tarp NTG ir HS) demonstruoja p = 0,007 esant VRx > 0, taciau p = 0,002
esant VRx > 0,4. Toks rezultatas kelia id¢ja, kad LCAI trukmé, iSmatuota ties tam tikra
riba, potencialiai gali bati informatyvesnis CA baklés parametras nei LCAI dozé.

Panasios slenkstinés ribos (0,4-0,5) buvo naudojamos ir kitiems neinvaziniams
CA indeksams (slégio reaktyvumo, vidutinio srauto, smegeny oksimetrijos), siekiant
nustatyti CA sutrikima [10].

Tyrimo apribojimai

Apribojimai: palyginti nedidelis jtraukty dalyviy skai¢ius. Kitas apribojimas
susijes Su tuo, kad néra CA stebésenos ,,auksinio standarto etalono, su kuriuo biity
galima palyginti VRx (kaip ir slégio reaktyvumo indeksa (PRX), vidutinj smegeny
srauto indeksa (MXx) ir Kitus CA indeksus, naudojamus klinikiniuose tyrimuose su
pacientais, patyrusiais TBI). VRx yra i§vestinis parametras, suteikiantis informacijos
apie tiriamojo objekto — paciento ir (arba) sveikos kontrolinés grupés CA bikle. VRX
jautrumas ir metrologinés charakteristikos vis dar nepatvirtintos perspektyviniu
daugiacentriu 11l fazés tyrimu. Taciau jis suteikia diagnostinés informacijos, kuria
galima nustatyti atlikus statisting analiz¢. Perspektyvus intensyviosios terapijos skyriy
pacienty CA jvertinimo tyrimas naudojant VRX parodeé, kad VRx gali buti naudojamas
kaip neinvazinis CA indeksas, lygiai taip pat kaip PRx, atspindintis integralia
informacija apie CA bikle visoje kaukoléje. Kita vertus, kadangi TOF pagrijstas
metodas yra neinvazinis, jis taikytinas fiziologiskai sgmoningiems pacientams (tarp
ju ir sergantiems glaukoma), kai invaziniai metodai yra sudétingi arba nejmanomi.
Reikalingi tolesni tyrimai su didesniu pacienty skai¢iumi ir pakartotiniais matavimais
stebéjimo metu.

NTG gydymo idéjos ir perspektyvos. Holistinis poZiiiris i smegeny sveikatg
Tyrimai rodo, kad fizinis aktyvumas yra palyginti paprasta, igyvendinama,

efektyvi ir perspektyvi gyvensenos dalis, siekiant uztikrinti kognityviniy funkcijy
silpnéjimo pristabdyma [114].
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Tyrime, paremtame Amerikos pensininky asociacijos (angl. American
Association of Retired Persons, AARP) ir Pasaulinés smegeny sveikatos tarybos
(angl. Global Council on Brain Health, GCBH) rekomendacijomis dél smegeny
sveikatos i$saugojimo Senstant, aptariami veiksniai, suteikiantys galimybiy pagerinti
smegeny sveikatg: psichiné gerove, fiziniai pratimai, pazinimo veiklg skatinanti
veikla, miegas, mityba, socialiniai rySiai [115]. Pasaulinés sveikatos organizacijos
Kognityviniy funkcijy silpnéjimo ir demencijos rizikos mazinimo rekomendacijose
[116] isskiriamos kelios svarbios gyvensenos intervencijos, tokios kaip: fizinis
aktyvumas, tabako vartojimo nutraukimas, mityba, priemonés dél alkoholio vartojimo
sutrikimy, kognityvinés, socialinés veiklos, svorio valdymas, hipertenzijos valdymas,
diabeto valdymas. AuksCiausiu grieztumo lygiu iSskiriamos Siy sriciy
rekomendacijos: fizinio aktyvumo, tabako vartojimo nutraukimo, mitybos,
hipertenzijos valdymo, diabeto valdymo.

Kaip ir nICP matavimo glaukomos pacientams studijos [9] apzvalgoje,
vertinant NTG gydymo perspektyvas per CA ir smegeny sveikatos prizme, biitina
atsizvelgti ir j jogos pratimy potencialg. Nors randamy straipsniy antra$¢iy, siejanciy
joga ir smegeny sveikatg, yra palyginti nedaug, sprendziant i§ jy rezultaty, galima
daryti isvada, kad joga daro teigiamg jtaka ir smegeny sveikatai. 2015 m. publikuota
literatiiros apzvalga rodo, kad joga skatina smegeny alfa, beta ir teta bangy
aktyvavima, Susijusj Su pazinimo, atminties, nuotaikos ir nerimo pageréjimu;
nustatyta, kad pakaitinis kvépavimas S$nervémis (pranajama) suaktyvina
kontralateralinj smegeny pusrutulj ir taip suteikia neurokognityvinés naudos, padidéja
tarphemisferiné darna ir simetrija [122]. Kitas tyrimas demonstruoja, kad jogos ir
aerobikos pratimai gali sumazinti kai kuriuos i$sétinés sklerozés simptomus ir su tuo
susijusius faktorius, tokius kaip gydymo islaidos ir trukmé [123]. Gothe et al. savo
tyrime daro i$vada, kad jogos elgesio intervencija gali bati perspektyvi siekiant
susvelninti SU amziumi susijusj ir neurodegeneracinj nuosmukj [124]. Joga, kaip
karybiné gyvensenos intervencija, yra perspektyvi priemoné, gerinanti autizmo
spektro sutrikimu (angl. Autism spectrum disorder, ASD) serganciy vaiky motorikos
ir imitavimo jgadzius [125]. 2019 m. paskelbtos tyrimy metaanalizés iSvados rodo,
kad jogos praktika gali turéti poveikj funkciniam DMN rysiui, dorsolateralinés
prefrontalinés zievés aktyvumui atliekant pazintines uzduotis, hipokampo ir
prefrontalinés zievés struktiirai, t. y. smegeny sritims, kuriose pastebimi reikSmingi
su amziumi susij¢ pokyciai, todél gali buti perspektyvi siekiant susvelninti SUamziumi
susijusj ir neurodegeneracinj nuosmukj [126]. Acabchuk et al. 2021 m. publikuotoje
metaanalizéje apzvelgia jogos ir samoningumu pagristy elgesio intervencijy jtaka
lengvo pobudzio galvos traumy (angl. Mild Traumatic Brain Injury, mTBI) létiniams
simptomams. Autoriai pri¢jo prie iSvados, kad rezultatai pateiké daug zadanciy
jrodymy, jog meditacija, joga ir sgmoningumu pagrjstos intervencijos buvo susijusios
su statistiSkai reikSmingu, bet nedideliu simptomy, ypa¢ nuovargio, depresijos ir
gyvenimo kokybés, pageréjimu, palyginti su kontrolinémis grupémis [127]. Kitos
metaanalizés autoriai pri¢jo prie iSvados, kad joga gali buti susijusi su maZesniu
migdolinés smegeny skilties aktyvavimu ir mazesniu neigiamy jausmy, kylan¢iy
reaguojant j emociskai nerima kelian¢ius paveikslélius, skai¢iumi; jogos taikymas

40



gydant tam tikras neurologines ir psichosocialines bikles gali bati naudingas
pacientams dél galimo neuroplastinio poveikio [128].

Taigi, siekiant jvertinti jogos vaidmenj gydant glaukoma (ir ypa¢ NTG),
reikalingi papildomi jogos pratimy jtakos tyrimai, juos parenkant priklausomai nuo
tirilamyjy grupés. Viena vertus, atsizvelgiant j tam tikry pratimy (pvz., galva zemyn)
keliamas rizikas GL (ypa¢ HTG, dél galimo I0P padidéjimo) pacientams, Kita vertus,
jvertinant pratimy jtakg smegeny sveikatai.

Poskyrio isvados

1. Glaukomos pacienty CA gali bati jvertinama vykdant nCA stebéseng bei
apskai¢iuojant CA parametrus: VRX indeksg bei jo iSvestinius parametrus — LCAI
trukme ir LCAI dozg.

2. CA parametry statistiniy testy rezultatai rodo, kad CAnre ir CAus skiriasi
statistiSkai reikSmingai, t. y. CAnte yra sutrikusi (detCAnrc), palyginti su CAgs;
skirtumai tarp CAurc ir CAns bei tarp CAurc ir CAnre atitinkamy parametry verciy
statistiS$kai nereik§mingi. Rezultatai suponuoja idéjas:

2.1. HTG atveju CA statusas artimas HS, t. y. CA néra sutrikusi, todél detCAnrc

nepatenka j papildomy HTG biozymeny kandidaty gretas;

2.2. NTG priezastys gali buti susijusios labiau su sutrikusios CA negu su akies

patologijos veiksniais; todél detCA gali biti naudojamas kaip NTG biozymuo,

suteikiant pridéting verte NTG (ir apskritai glaukomos) diagnostikai.

3. Reikalingi didesnés apimties GL (ypa¢ NTG) pacienty nCA matavimo
tyrimai, siekiant jvertinti PSO rekomenduojamy gyvensenos intervencijy ir jogos
pratimy jtakg smegeny sveikatai, sutrikusios CA normalizavimui ir NTG gydymui.

2.3. Zmogaus akies arterija kaip neinvazinio intrakranijinio slégio stebéjimo
jutiklis: skaitmeninis modeliavimas ir bandomasis in vivo tyrimas

Originalus straipsnio pavadinimas: ,,Human ophthalmic artery as a sensor for
non-invasive intracranial pressure monitoring: numerical modeling and in vivo pilot
study* [11].

Sios studijos tikslas — nedideliam dalyviy skai¢iui istirti nNICP (ICPnon-inv)
nuolatinés stebésenos (iki 1 val. trukmés) galimybe su fiziologiSkai sgmoningy
pacienty (tarp jy ir serganciy glaukoma) stebéjimo perspektyva; papildomai naudojant
OA kaip slégio jutiklio koncepcijg. ICP ir IOP vertés keiciasi paros laikotarpiu,
veikiamos cirkadiniy svyravimy, todél trumpalaikiai $iy slégiy matavimai tik tam
tikru metu gali suteikti nepakankamai informacijos. Apzvalgoje aptariami tik esminiai
momentai, nusakantys $j aspekta. Autoriaus indélis: formalioji analizé ir pirminio
teksto rasymas, diskutuojant su kitais bendraautoriais; papildomos i$vados ir naujy
biozymeny rekomendacijos, zvelgiant i$ holistinio atskaitos tasko.
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Metodai

OA Kaip slégio jutiklio skaitmeninio modeliavimo metu siekta jvertinti, kokig
jtaka OA kraujo tékmeés dinamikai daro stebésenos procedira. COMSOL Multiphysics
v 5.1. programine jranga buvo sumodeliuota tiesi idealizuota OA, sprendziant skys¢io
ir struktdiros sgveikos (FSI) modelj.

Atlikus modeliavimg, Respublikinés Vilniaus universitetinés ligoninés
Neurochirurgijos skyriuje metodas buvo kliniskai iSbandytas in-vivo. Tyrime
dalyvavo 6 TBI pacientai su implantuotais ICP stebésenos jutikliais. Stebésena buvo
vykdoma invaziskai (ICPinv) ir neinvaziskai (ICPnon-inv) vienu metu, stebéjimo
schema pavaizduota 2.3.1 pav. ICPinv buvo stebimas Codman ICP monitoriumi su
kateterio antgalio jutikliu (Johnson & Johnson Professional, Inc.). Signalas buvo
skenuojamas 300 Hz dazniu ir apdorojamas ICM+ v8.2 (Cambridge, UK) programine
jranga, Kkartu su gyvybiniy pozymiy monitoriumi (Datex-Ohmeda, Inc., USA).
ICPnon-inv stebésenai skirtas 2 MHz ultragarsinis keitiklis buvo pritvirtintas prie
individualiai pritaikyto galvos rémo. Kraujo greitis IOA ir EOA segmentuose buvo
registruojamas naudojant dviejy gyliy TCD.

- [ ICP .
BFV nlCP stebésenos nog-1ny

- gy“u TCD prictaisas

~UT
ICP
" jutiklis

Codman o A

l ICP_
’ Datex - Ohmeda }—» PC (ICM+) ——»

2.3.1 pav. Vienalaikio ICPinv ir ICPnon—inv stebéjimo sgranka. UT ultragarsinis keitiklis,
BFV kraujo tékmés greitis, TCD transkranijinis dopleris (adaptuota is [11])

Atskiri ICPinv rodmenys buvo naudojami atliekant pradinj kiekvieno paciento
matuojamo parametro kalibravima, siekiant gauti ICPnon—inv vertes slégio vienetais.
Toliau vyko 1 val. nepertraukiama ICPinv ir ICPnon-inv stebésena be pakartotinio
kalibravimo. ICPinv ir ICPnon—-inv duomeny pora buvo gaunama kas 10 s, ir per 1
val. susikaupé 360 duomeny tasky, kurie buvo apdorojami ir analizuojami. Blando ir
Altmano bei tiesinei regresinei analizei atlikti naudota MATLAB v.R2015b
programing jranga.

Rezultatai

Kiekvienam pacientui buvo naudojama individuali tiesiné kalibravimo lygtis,
siekiant gauti ICP vertes slégio vienetais, po to jos lyginamos su ICP vertémis.
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Pagalinus TCD signalo artefaktus, buvo gautos 1928 poros duomeny galutiniam
palyginimui. Bendras iSmatuoty skirtumy tarp duomeny pory vidurkis ir SD yra 0,086
+ 1,34 mmHg. 2.3.2 pav. pateiktas pirmojo paciento (Nr. 1) 223 duomeny pory verciy
grafikas. Abiem rodmenims islyginti naudotas 60 s slenkancio vidurkio filtras.
Didziausias poriniy duomeny tasky skirtumas buvo 1,61 mmHg. Visy 6 pacienty
iSmatuoti skirtumai tarp duomeny pory pateikti Blando ir Altmano diagramoje 2.3.3
pav. 6 pacienty duomenys atskirti 6 spalvomis: juoda Nr. 1, violetiné Nr. 2, mélyna
Nr. 3, raudona Nr. 4, oranziné Nr. 5 zalia Nr. 6. Vientisa horizontali linija rodo bendra
skirtumy vidurki, o dvi bruksninés linijos — standartinj nuokrypj (SD) + 1,96.
Skirtumy krastutinés reik§més yra —3,94 ir 4,68 mmHg, 0 95 % stebéjimy patenka j
intervala nuo —2,55 iki 2,72 mmHg.

Regresiné analizé parodé, kad tarp duomeny, gauty naudojant dviejy gyliy TCD
ir Codman ICP monitoriy, yra stiprus teigiamas rySys (r = 0,94). Pacienty duomenys
atskirti 6 spalvomis: juoda Nr. 1, violetiné Nr. 2, mélyna Nr. 3, raudona Nr. 4, oranziné Nr. 5
7alia Nr. 6 (2.3.4 pav.). Tiesiné lygtis y = 0,94x + 0,84 rodo, kad OA galima naudoti
kaip tiesinj slégio jutiklj, kurio nuokrypis (sisteminé paklaida) tiriamame ICP
diapazone yra 0,84 mmHog.
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2.3.2 pav. Paciento Nr.1 suporuoty ICPinv ir ICPnon—inv duomeny pavyzdys (adapt. i§ [11])

43



44

0 2 4 6 8 10 12 14 16 18 20 22 24
(ICP +ICP, )/2 [mmHg]
non-inv inv

2.3.3 pav. Skirtumo tarp duomeny pory pasiskirstymo (slégio diapazone) diagrama
(adaptuota is [11])
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2.3.4 pav. Visy duomeny tasky tiesinés regresijos grafikas (adaptuota i$ [11])



Rezultaty interpretavimas

Invaziné ICP stebésena jau kurj laikg taikoma TBI pacientams, taciau ICP
stebésenos poreikis didéja ir oftalmologijos bei kosminés medicinos srityse [11].
Kadangi iy sri¢iy pacientai fiziologiskai sgmoningi, stebésenai tinka tik neinvazinés
technologijos. Siame tyrime istyréme galimybe naudoti OA kaip ICP slégio jutiklj
ilgalaikei trukmés ICPnon—inv stebésenai, pagrjstai dviejy gyliy TCD [11].

ICPnon—inv stebésenos metodas parodé stiprig teigiamg koreliacija (r = 0,94)
su ICPinv duomenimis. Siekiant patikrinti hipotez¢ apie OA rezultaty tiesiSkuma,
pradiniam kalibravimui buvo naudojamos ICPinv vertés, t. y. neinvazinio dviejy gyliy
TCD duomenys konvertuojami j ICPnon-inv vertes slégio vienetais. Regresiné
analizé parodé, kad OA gali veikti kaip tiesinis ICP jutiklis tiriamame ICP diapazone.

Sitlomu metodu be pakartotinio kalibravimo galima stebéti ICPnon—inv iki
vienos valandos. Pradiniam kalibravimui ir periodiniam perkalibravimui galéty bati
naudojamas ICPnon—inv. momentinio matavimo metodas, pasizymintis kliniskai
priimtinu tikslumu ir preciziskumu [11]. Siuo atveju siilomas metodas biity visiskai
neinvazinis ir biity iSvengta bet kokiy invaziniy procediiry sukeliamy komplikacijy.

Poskyrio isvados

1. Rezultatai rodo, kad OA galima naudoti kaip linijinj nataraly nICP jutikl;j ir
kad ICP galima stebéti neinvaziskai iki 1 val. be pakartotinio kalibravimo.

2. Si technologija galéty padéti isspresti fiziologiskai samoningy asmeny,
jskaitant glaukomos pacientus, nICP stebésenos ir diagnostikos problemas.
Glaukomos pacienty ilgalaiké nICP stebésena leisty tiksliau jvertinti ICP, palyginti
su nICP trumpalaikiu matavimu, dél cirkadiniy ICP svyravimy, suteikiant pridéting
verte GL diagnostikoje. Naudojant nICP kaip bioZyemenj, stebésena jgalinty tiksliau
ji ivertinti, palyginti su trumpalaikiu matavimu.

3. Reikalingi glaukomos pacienty neinvazinés ilgalaikés nICP stebésenos
tyrimai.

2.4. Ar gali normalaus slégio smegenu vandenligés gydymas sukelti normalaus
akispudZio glaukomg? Siuolaikiniy Ziniy naratyviné apZvalga

Originalus straipsnio pavadinimas: ,,Can the Treatment of Normal—Pressure
Hydrocephalus Induce Normal-Tension Glaucoma? A Narrative Review of a Current
Knowledge* [12].

Sio straipsnio tikslas — naratyviai apzvelgti paskelbty literatiirg apie NPH
gydymo ir NTG galimg i$sivystymo rysj, pabrézti neurooftalmologinio stebéjimo
bitinybe pacientams, sergantiems Suntavimo biidu gydoma NPH. Autoriaus indélis:
dalies atrinkty straipsniy analizé, diskutuojant su kitais bendraautoriais; papildomos
iSvados ir naujy biozymeny rekomendacijos, zvelgiant i$ holistinio atskaitos tasko.
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Straipsnyje apzvelgti Sie aspektai ir saltiniai:

patofiziologinis NTG ON pazeidimo mechanizmas;

NPH ir NTG rysys;

perspektyviniai tyrimai;

retrospektyviniai tyrimai;

atvejy ataskaitos;

apzvalginiai dokumentai, kuriuose pateikiamos medicininés hipotezés;
paieska buvo vykdoma naudojantis Pubmed internetiniu resursu.

Nook~wdE

Rezultatai

Hipotezé apie rysj tarp NPH gydymo naudojant Suntg ICP mazinti ir NTG
i8sivystymo patvirtinta apzvelgtuose retrospektyviuose tyrimuose, atvejy ataskaitose
ir apzvalginiuose straipsniuose. Rezultatai sufleruoja idé¢ja, kad neurologiniams
pacientams (ypa¢ Suntavimo badu gydomiems NTG pacientams) reikéty jvertinti ir
pradéti naudoti apating saugios ICP vertés ribg. Jei taip, saugios virsutinés ICP ribos
paradigma (kaip rekomenduojama neurochirurgijoje ICP < 20 mmHg arba ICP < 22
mmHg, o neurologijoje ICP < 14,7 mmHg [12]) turéty bati modifikuota j saugaus ICP
intervalo paradigma, taikoma neurologijoje ir oftalmologijoje, siekiant iSvengti NTG
progresavimo.

IOP matavimas, nors ir netiesioginis, yra neinvazinis ir lengvai realizuojamas
naudojant aplanacinj tonometrag. O ICP matavimas paprastai yra sudétingas, nes,
norint gauti patikimg ICP verte, reikia atlikti invazines procedaras neurochirurginiu
biidu. nICP matavimas leisty geriau valdyti pooperacinj Suntu gydomy pacienty
gydyma ir paskatinty biisimus tyrimus, kuriais biity ieSkoma saugiy apatiniy ICP arba
virSutiniy 4Pxt slenkstiniy verciy. Sitilomi neinvaziniy ICP vertinimo metodai. Buvo
aptiktas tik vienas glaukomos pacienty tyrimas (aktualiai datai), kuriame buvo
matuojamas nICP dviejy gyliy TCD [56]. Sios neinvazinés ICP technologijos
tikslumas, preciziSkumas, diagnostinis jautrumas ir specifiskumas buvo isbandytas
nepriklausomai tiriant jvairiy grupiy neurologinius pacientus; ateityje dviejy gyliy
TCD nICP matavimo technologijos turéty leisti ieskoti saugiy Zemesniy ICP verciy
slenks¢iy, kurie leisty gydyti NPH be NTG issivystymo rizikos arba su minimalia
rizika ir j kliniking praktika jdiegty saugaus ICP intervalo paradigma [12]. 2.4.1 pav.
pavaizduota suntavimu gydomos NPH LC veikianciy slégiy schema.
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2.4.1 pav. LC veikiantys slégiai NPH gydymo metu (adaptuota is [12])

Nors per zemas ICP daro jtaka glaukomos vystymuisi, atsiranda publikacijy,
rodanciy, kad dar vienas papildomas fiziologinis mechanizmas pradéjo aiskéti kaip
veiksnys, galintis turéti jtakos GL vystymuisi — bitent CA; §i tendencija palaiko miisy
tyrime [12] tikrintg hipotezg.

Poskyrio i§vados

1. Egzistuoja rysys tarp NPH gydymo Suntavimu ir NTG i$sivystymo.

2. Saugaus virSutinio ICP slenks¢io paradigma (pvz., rekomenduojama
neurochirurgijoje ICP < 20 mmHg arba ICP < 22 mmHg, o neurologijoje ICP < 14,7
mmHg) turéty buti pakeista j saugaus ICP intervalo paradigma, taikoma neurologijoje
ir oftalmologijoje, ypa¢ suntavimu gydomiems NPH pacientams ir NPH pacientams,
sergantiems ir NTG, siekiant iSvengti NTG progresavimo rizikos.

3. Néra duomeny apie saugias mazZesnes (konkre¢iam NPH pacientui
pritaikytas) ICP slenkstines vertes su minimalia NTG rizika. nICP matavimas ir
reguliari oftalmologiné apzitira gali padéti ieskoti tokiy verciy.

4. Kai kurie duomenys rodo, kad CA gali turéti jtakos glaukomos patogenezei.
Reikia NPH pacienty, kuriems yra NTG issivystymo rizika, nCA stebésenos
perspektyviy tyrimy.
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3. ISVADOS

1. Tiek auksto akispudzio glaukoma (HTG), tiek normalaus akispdzio
glaukoma (NTG) serganéiy pacienty statistiskai reik§mingai (p < 0,05) Zemesnis uz
normaly (sveiky asmeny, HS) vidutinis intrakranijis slégis lowlCP (nICPurc = 8,11
mmHg < nICPnrc = 9,42 mmHg < nICPus = 10,73 mmHg), ypac kartu su aukstesniu
uz normaly vidutiniu akisptidziu highlOP (I0Pxre = 25,68 mmHg > IOPyre = 14,77
mmHg > 10Pys = 13,77 mmHg), signalizuoja apie anormaly slégiy skirtumag
IOP—ICP, galintj sukelti akytosios plokstelés (lot. Lamina Cribrosa, LC)
deformacija, kuri yra viena i$ pagrindiniy mechaniniy priezas¢iy, sukelian¢iy pirming
atviro kampo glaukomg (ypa¢ HTG). Todél lowlCP galéty bati vertinamas kaip
papildomas glaukomos biofizinis biozymuo (Nr. 1), signalizuojantis apie glaukoma
(ypa¢ HTG) arba jos vystymosi rizikg. Toks netiesioginis neinvazinis LC
deformacijos (arba jos rizikos) identifikavimas leisty jvertinti fizioterapiniy akiy
procediiry bei tikslingai parinkty jogos pratimy poreikj bei jy taikymo galimybes,
normalizuojant LC formg po deformacijos ar net gydant glaukoma. Todél tikslinga
jtraukti nICP matavimg j glaukomos diagnostikos (ypac¢ profilaktinés) protokols, tuo
suteikiant jai (ypa¢ ankstyvajai) papildomg verte.

2. HTG sergan¢iy pacienty smegeny kraujotakos autoreguliacija (CA)
nesiskiria nuo sveiky tiriamyjy (HS), 0 NTG pacienty CA yra sutrikusi; ta rodo:

2.1. NTG tarinio reaktyvumo indekso vidurkio teigiama reik8mé (VRXnte =
0,056 > 0), kuri skiriasi nuo sveiky asmeny VRXps reikSmés (VRxws = —0,179)
statistiskai reik§mingai (p = 0,025 < 0,05). O HTG serganciy pacienty (VRXure =
—0,070 < 0) skyrési nuo sveiky asmeny VRXws statistiskai nereik§mingai (p = 0,360 >
0,05);

2.2. NTG ilgiausio CA sutrikimo jvykio (LCAI) trukmé (esant VRx > 0:
LCAINTg =281 5 > LCAlytg = 231 s > LCAlxs = 127 S) ir statistiskai reikémingas jOS
skirtumas, palyginti su HS verte (p = 0,007 < 0,05); LCAlnre skirtumas nuo LCAlws
statistiS$kai nereikSmingas (p = 0,347 > 0,05);

2.3. NTG ilgiausio CA sutrikimo jvykio dozés (LCAId) verté (esant VRx > 0:
LCAldnre =107 s > LCAldute = 75 s > LCAIldws = 31 ); ir statistiSskai reik§mingas jos
skirtumas, lyginant su HS verte (p = 0,006 < 0,05); LCAldure skirtumas nuo LCAldws
statistiskai nereikSmingas (p = 0,121 > 0,05).

Todél detCA gali buti vertinama kaip papildomas glaukomos biofizinis
biozymuo (Nr. 2), signalizuojantis apie normalaus akispudzio glaukoma arba jos
vystymosi rizika. detCA identifikavimas leisty jvertinti CA normalizavimo poreikj,
siekiant suvaldyti NTG vystymasi, pasitilant pacientams holistiniu pozitiriu j smegeny
sveikatg paremtus sprendimus, tokius kaip Pasaulinés sveikatos organizacijos
rekomenduojamos gyvensenos intervencijos, skirtos smegeny sveikatai gerinti, ir
tikslingai parinkti jogos metodai. Tokie sprendimai aktualis ir ICP normalizavimui,
kadangi ir NTG atvejais buvo nustatytas lowlCP. Todél nCA matavima tikslinga
jitraukti | glaukomos diagnostikos (ypa¢ profilaktinés) protokola, tuo suteikiant jai
(ypa¢ ankstyvajai) papildoma verte.
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3. Nustatytas normalaus intrakranijinio slégio smegeny vandenligés (NPH)
gydymo Suntavimu ir glaukomos rizikos rysys kelia idéja, kad, minéto gydymo metu,
vietoj ICP saugios virSutinés vertés (neurochirurgijoje ICP < 20 mmHg arba ICP <
22 mmHg, o neurologijoje ICP < 14,7 mmHg) batina naudoti saugaus ICP intervala,
jvertinantj ir apating ICP saugios vertés riba, ir rekomenduoti pacientams reguliarius
neinvazinius ICP matavimus bei oftalmologing apzitira, kad, esant nICP Zemiau
apatinés intervalo ribos, galima baty suvaldyti glaukomos rizikg reguliuojant Sunta.
Taip pat i NPH gydymo protokolg sitiloma jtraukti papildomus minétus glaukomos
biozymenis: lowlCP ir detCA. Analogiskai kaip ir lowlCP bei detCA atvejais, NPH
pacientams galima sitlyti holistiniu pozitriu | smegeny sveikata paremtus
sprendimus.

4. Pavyko pademonstruoti rysj tarp glaukomos diagnozés ir mechaniniy
veiksniy lowlCP ir detCA, naudojant santykinai portatyvius, mobilius ir nebrangius,
pakankamai tikslius (klaidos tikimybé p < 5%) ir efektyvius neinvazinius metodus,
suformuluojant paradigmy patikslinima:

4.1.a. dabartiné glaukomos paradigma: highlOP yra auks$to akispudzio
glaukomos biofizinis biozymuo; HTG yra liga, jtakojama vieno slégio (I0P); NTG
priezastys yra neaiskios.

4.1.b. patikslinta glaukomos paradigma: highlOP yra auksto akispidzio
glaukomos biofizinis biozymuo; lowlCP yra auksto akispudzio glaukomos ir
normalaus akisptdzio glaukomos biofizinis biozymuo; detCA yra normalaus
akispudzio glaukomos biofizinis biozymuo; HTG yra liga, jtakojama dviejy slégiy
(IOP, ICP); NTG yra liga, jtakojama trijy slégiy (IOP, ICP, CA);

4.2.a. dabartiné normalaus slégio smegeny vandenligés gydymo Suntu
paradigma: Zemesné uz auks¢iausig ribine vertg ICP verté yra saugi;

4.2.b. patikslinta normalaus slégio smegeny vandenligés gydymo Suntu
paradigma: per zema ICP verté néra saugi, nes gali sukelti glaukomos rizika;
egzistuoja saugaus ICP intervalas, kurio ribose bitina uztikrinti ICP, norint suvaldyti
glaukomos rizika.

Sitlomos tolesniy tyrimy idéjos

1. Naujy sitilomy biozymeny lowlCP ir detCA jtakos glaukomai studija,
tikrinanti atvirkstinj priezasties ir pasekmés ry§j, t. y. besiskundZiantiems regos
sutrikimais pacientams, kuriems dar netirti glaukomos pozymiai (ar net tiriant
profilaktiskai), reikéty matuoti nICP ir nCA, siekiant patikrinti lowICP ir detCA, ir tik
po to atlikti oftalmologine apzitrg. Taip siekiant istirti lowlCP bei detCA ir GL
diagnozés bei stadijos rysj, identifikuoti GL rizikg ankstyvojoje stadijoje (taip pat ir
profilaktinés diagnostikos metu), kai néra akivaizdziy GL pozymiy, matuojamy
iprastiniais biidais, jeinanciais ] GL diagnostikos protokolus.
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2. Glaukomos pacienty nlOP, nICP ir nCA matavimy ir (arba) stebésenos
tyrimai surenkant kuo daugiau papildomy konkretaus paciento duomeny ir parametry,
kad tolesniame etape, panaudojant dirbtinio intelekto jrankius, buty galima vykdyti
visy jmanomy priezasties ir pasekmés rySiy paieska (kuriy gali nepastebéti Zmogus)
ir jy jvertinima.

3. Fizioterapijos poveikio, HTG gydant LC formos normalizavimo bidu,
tyrimai; jogos pratimy poveikio, siekiant normalizuoti IOP ir ICP, tyrimai; siekiant
jvertinti jy jtakg nlOP ir nICP ir jau besivystancios glaukomos eigai arba galimos GL
rizikai.

4. PSO rekomenduojamo fizinio aktyvumo ir kity gyvensenos intervencijy
(gerinan¢iy smegeny sveikatg ir, galimai, tuo paciu, CA), jogos pratimy jtakos tyrimai,
siekiant jvertinti jy jtakag NnCA ir nICP bei jau besivystan¢ios GL eigai arba galimos
GL rizikai.

5. Suntavimo biidu gydomy NPH sergan¢iy pacienty, kuriy regai kyla
glaukomos rizika, nICP ir nCA matavimy tyrimai, siekiant jvertinti jy jtaka jau
besivystancios GL eigai arba galimos GL rizikai.
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SUMMARY
1. INTRODUCTION
Scope, type and structure of the dissertation

This dissertation belongs to the field of medical measurements. Its topics
include investigation of the additional biomarkers:

1. lower than normal intracranial pressure (lowlCP);

2. deteriorated cerebral blood flow autoregulation (detCA);
and exploration of the potential for their inclusion into the diagnosis of glaucoma.

The dissertation is a conceptual and holistic summarisation based on four
published articles. The topic of additional biomarkers for glaucoma diagnosis is
analysed within the framework of the published articles, from a holistic point of view,
providing ideas and insights for a more precise diagnosis and (noninvasive) treatment
of glaucoma and its risk management during Normal Pressure Hydrocephalus (NPH)
treatment, in the conclusions.

The doctoral thesis consists of the following parts: introduction, literature
review, review of 4 articles, general conclusions, ideas for further research
development, references, copies of 4 publications:

1. Deimantavicius M, Hamarat Y, Lucinskas P, Zakelis R, Bartusis L,
Siaudvytyte L, Januleviciené |, Ragauskas A. Prospective Clinical Study of Non-
Invasive Intracranial Pressure Measurements in Open-Angle Glaucoma
Patients and Healthy Subjects. Medicina (Kaunas). 2020 Nov 30;56(12):664. doi:
10.3390/medicina56120664.

2. Hamarat Y, Deimantavicius M, Dambrauskas V, Labunskas V, Putnynaite
V, Lucinskas P, Siaudvytyte L, Simiene E, Stoskuviene A, Januleviciene I, Petkus
V, Ragauskas A. Prospective Pilot Clinical Study of Noninvasive Cerebrovascular
Autoregulation Monitoring in Open-Angle Glaucoma Patients and Healthy
Subjects. Transl Vis Sci Technol. 2022 Feb 1;11(2):17. doi: 10.1167/tvst.11.2.17.

3. Lucinskas P, Deimantavicius M, Bartusis L, Zakelis R, Misiulis E, Dziugys
A, Hamarat Y. Human ophthalmic artery as a sensor for non-invasive
intracranial pressure monitoring: numerical modeling and in vivo pilot study.
Sci Rep. 2021 Feb 26;11(1):4736. doi: 10.1038/s41598-021-83777—X.

4. Hamarat Y, Bartusis L, Deimantavicius M, Lucinskas P, Siaudvytyte L,
Zakelis R, Harris A, Mathew S, Siesky B, Januleviciené I, Ragauskas A. Can the
Treatment of Normal-Pressure Hydrocephalus Induce Normal-Tension
Glaucoma? A Narrative Review of Current Knowledge. Medicina (Kaunas). 2021
Mar 3;57(3):234. doi: 10.3390/medicina57030234.
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Relevance of the problem and importance of research

Vision is the dominant human sense that underpins society, playing a crucial
role in every aspect of life, and its disorders have serious consequences. Eye diseases
such as cataracts, glaucoma (GL), etc. can lead to visual impairment and blindness.

Glaucomais a group of eye diseases that cause damage to the optic nerve, which
leads to impairment and/or loss of vision; GL is the 2" leading cause of blindness
after cataract and the 1% leading cause of irreversible blindness in the world; the
prevalence of blindness due to GL is about 12.3% [1], whereas the prevalence of GL
in the world population aged 40 years and over is around 3-5% [2].

Worldwide, approximately 64 million people have glaucoma [3], of whom 6.9
million (10.9%) suffer from moderate to severe visual impairment [4]. The World
Health Organisation (WHO) estimates that, in 2020, there were 76 million people
aged 40-80 with glaucoma [5], and this number could increase to 112 million by 2040
[1]. Thus, the need for eye care worldwide will increase dramatically and will become
a challenge for health systems [5].

According to the WHO, visual impairment caused by GL is incurable and
cannot be corrected. However, there are effective treatments that can delay or prevent
the progression of the disease if diagnosed early and in time [5].

There are many criteria for the classification of GL, the most important of
which are that GL may be primary or secondary; open or closed angle; high intraocular
pressure glaucoma (high tension glaucoma, HTG) or normal intraocular pressure
glaucoma (normal tension glaucoma, NTG). Primary open—angle glaucoma (POAG)
is the most common worldwide.

e X
=

Figure 1. Geography of GL prevalence, cases per 100,000 population (adapted from [6])

52



0.254

o
-
6]

Prevalence of POAG (%)
o
)

0.00+

o

N

o
L

o

=]

o
L

Male (32 studies)

Female (32 studies)

All (50 studies)

~e

N
Y
Soc—u—
e X
e

/,-’,’ ‘,/ / o

Ity & Joros ’
;‘ N 7 ,/ /,i ’7 ‘-, /+
O = AERS 5 - g

/ - - F
(/;4‘ 'ﬁtﬂf b ,‘,,
z’ o ~

9 O 19 O ¢ O 19 9 ¢ 19
50" 0% ‘b° 0P 00 505 0% %0

LN XN

Africa

Asia
Europe

N. America
Oceania

S. America

Figure 2. Global prevalence of POAG in different age groups, % (adapted from [7])

Recently, it has been hypothesised that GL may also develop as a consequence
of treatment for hydrocephalus (CH) [12]. CH comprises a heterogeneous group of
pathologies characterised by abnormal dilation of the cerebral ventricles. CH is most
prevalent in Asia (Figure 3). Untreated CH can lead to progressive neurological injury
and death, but early diagnosis and surgical intervention can lead to complete
disappearance of the symptoms [8]. In the normal pressure CH (NPH), the ICP is
within normal limits. This thesis involves only NPH type of CH.
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Figure 3. Prevalence of CH (per 100,000 population) in children and elderly populations

(adapted from [8])

NPH is a neurological disorder common in adults and geriatric patients, with

symptoms including enlarged cerebral ventricles,

clinical gait disturbances,

incontinence, and cognitive decline [12]. The most popular treatment for NPH is
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ventriculoperitoneal shunt to drain excess cerebrospinal fluid (CSF). The procedure
is performed in approximately 5.5 patients per 100,000 population each year. The
problem is that draining CSF reduces ICP, which increases the risk of GL.

This thesis contributes to the global GL problem by addressing the topics of GL
diagnosis, management, and improvement of the effectiveness of treatment by adding
2 additional biomarkers (BM) for HTG and NTG diagnosis and NPH treatment.

Scientific-technological problem

Can technological developments help improve the management (and even
treatment) of glaucoma (and its risks) by improving its diagnosis by adding new
biomarkers?

Working hypothesis

The management of glaucoma (and its risks): diagnosis, delay of its
development and, prospectively, its treatment, can be improved by technological
development, adding value to its diagnosis by adding two new biomarkers to the IOP
measurement routine in ophthalmology:

a) by noninvasive measuring of ICP (nICP) to check whether it is lower than
normal (lowlCP, biomarker No. 1), indirectly assessing the deformation (or risk of it)
of the Lamina cribrosa (LC) due to the abnormal IOP—ICP pressure difference;

b) by noninvasive monitoring of CA (nCA) to check whether it is deterioriated
(detCA, biomarker No. 2);

c) in the case of NPH, refining the paradigm of safe low ICP by upgrading it to
the paradigm of a safe ICP range.

Aim and objectives

Aim of the study: to test the working hypothesis that the treatment of GL can
be improved by adding 2 biomarkers to GL diagnosis.

The following objectives were formulated to achieve the aim:

1. to interpret and summarise the data of measured nICP in HTG and NTG
patients and healthy controls (HS) and to compare the results among all groups; to
investigate the potential for long—term monitoring of nICP; to investigate the potential
for incorporating nICP as a new BM No. 1 in the GL diagnostic process and to explore
the potential for improving GL treatment;

2. to interpret and summarise nCA parameters measured in HTG patients, NTG
patients and HS groups by using a non—invasive CA monitoring method based on
ultrasound’s time of flight (TOF) measurements (Vittamed 505) and the arterial blood
pressure (Finapres) measurements for the calculation of CA parameters; to compare
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the results among the 3 groups in terms of CA impairment; to investigate the
feasibility of including an additional biomarker, detCA measurement, in the diagnosis
of glaucoma, and to explore the possibility of improving the management of glaucoma
(or its risk) by suggesting ideas for treatment;

3. to perform a narrative review of the literature regarding the potential for GL
risk as a consequence of ICP reduction during NPH treatment by shunt; to investigate
the feasibility of incorporating measurement of the additional biomarkers such as
lowICP and detCA into the NPH treatment process to improve glaucoma risk
management.

Logic of the research and articles

The research reviewed in this dissertation and the articles published on the basis
of it are logically linked. Two main research studies and two complementary studies
were carried out in order to meet the objectives of the thesis (Figure 4). The division
of subjects into 3 groups (HTG patients, NTG patients and HS subjects) was known
a priori.

1. A prospective study of nICP measurements in GL patients was designed to
test part a) of the working hypothesis [9]. The results of the study showed that,
although the difference in nICP between any 2 groups was statistically significant, the
results of the comparison between the HTG and HS groups suggested that, whereas
in HTG, lowICP may influence the development of HTG (due to LC damage), in
NTG, other factors besides lowICP may be present, e.g. an impaired CA.

2. Therefore, to test part b) of the working hypothesis, a prospective follow—up
study of nCA in GL patients was performed [10]. CA status was assessed by
comparing the mean values of the volumetric reactivity index (VRX) and its derivative
parameters among all 3 groups.

3. An additional study of the modelling and in vivo validation of nICP
monitoring [11] was performed to assess the influence of circadian variations in ICP
and the potential for long—term monitoring of nICP.

4. A narrative review of the literature [12] was performed to evaluate the idea
of the risk of developing glaucoma (due to ICP lowering) during normal pressure
hydrocephalus (NPH) treatment with bypass surgery; and the idea of measuring nICP
and nCA in NPH patients.
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1. 2.

nICPure << nICPus ? YES! (p << 0.05) Poca(NTG vs HS) < 0.052 YES!
nICPra < nICPxs 2 YES (p < 0.05) PrcalHTG vs HS) < 0.05? NO
nICPwts < nICPxre ? NO (p < 0.05) PrcalHTG vs NTG) < 0.052 NO

1a (3). nICP measuring vs monitoring
1b (4). NTG risk in NTH

/ 1a. nICP monitoring
1-nich I — anch
measuring in GL \ monitoring in GL
1b. GL risk in NPH

Figure 4. Logic of 2+2 studies and articles.
1. Measurement of nICP in GL patients (influence of GL on ICP); 2. Monitoring nCA in GL
patients (influence of GL on CA); 1a (3). nICP long—term monitoring (influence of ICP
circadian variations); 1b (4). GL risk in the treatment of NPH by bypass surgery

Scientific novelty

1. Two additional non—-invasively measured biomarkers have been proposed
with added value for ophthalmic and neurological diagnostics:

1.1. For HTG and NTG cases, in addition to the classical glaucoma biomarker
— higher than normal intraocular pressure (highlOP) used in ophthalmology, the
measurement of nICP, verifying the lowICP status (new BM No. 1), at the Lamina
Cribrosa (LC) has been proposed to indirectly investigate the influence of abnormal
difference IOP—ICP on the deformation of the LC; ideas for the noninvasive treatment
of HTG (through the restoration of LC shape after deformation), based on
physiotherapy procedures, selected Yoga methods and holistic approach to brain
health have been proposed.

1.2 For NTG case, in addition to measuring 10P, monitoring the nCA to check
the status of the detCA has been proposed (new BM No. 2); ideas for the treatment of
NTG (through the normalization of CA) based on WHO recommendations and a
holistic approach to brain health have been proposed.

1.3 For the treatment of NPH case, in addition to the use of a ventricular shunt,
the measurement of nICP and monitoring of nCA (BM No. 1 and BM No. 2) have
been proposed to assess the risk of glaucoma and to recommend ophthalmological
examination of patients if necessary.

2. Proposed paradigm corrections.

2.1 Current paradigm for glaucoma: glaucoma is a ‘1-pressure disease’,
highlOP is a biomarker for HTG, reasons of NTG are unclear; proposed paradigm:
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glaucoma is a ‘2 or even 3-pressures disease’, highlOP is a biomarker for HTG;
lowlCP is a biomarker for both HTG and NTG; detCA is a biomarker for NTG;

2.2 The current paradigm for NPH treatment: low ICP is safe; the proposed
paradigm: too low an ICP can lead to a risk of glaucoma; there is a range of safe ICP
within which ICP must be maintained.

3. The feasibility of non-invasive monitoring of nICP and nCA in patients with
sufficient accuracy for clinical practice has been confirmed.

Methods

1. Measurements of nICP in GL (HTG and NTG) patients and HS groups were
performed with a 2-depth Doppler Vittamed 205, developed at KTU Health
Telematics Science Institute (HTSI). Patients were divided into HTG and NTG groups
by the specialists of the Eye Diseases Clinic (EDC) of LSMU Kaunas Clinics. nICP
was measured in the EDC, together with HTSI specialists. The results were compared
among the groups, IBM SPSS Statistics software v23.0 package was used to process
the results.

2. The nCA monitoring in GL (HTG and NTG) patients and HS groups was
performed by using a Vittamed 505 cerebrovascular autoregulation monitor in
combination with the Finapres non—invasive arterial blood pressure (ABP) monitor.
nCA was assessed by calculating the VRx as the correlation coefficient between
intracranial bood volume (IBV) and ABP slow waves; and the derivative parameters
of VRX, such as the longest CA impairment event (LCAI) duration and LCAI dose.

3. The modelling of the ophthalmic artery blood flow and nICP measurements
was performed at the Lithuanian Energy Institute using COMSOL Multiphysics
software v5.1 software package. In vivo validation was performed at the neurosurgical
department of Vilnius Clinical Hospital; invasive ICP was monitored by using a
Codman ICP monitor with a catheter tip sensor and ICM+ v8.2; non—invasive ICP
was monitored by using a 2-depth Vittamed 205 transcranial doppler developed by
STMI.

4. A narrative review of the literature on potential GL risk in shunted NPH
patients was performed in the Pubmed online database.

Practical relevance of the results

The results of the 4 studies analysed in this thesis contribute to the refinement
of the diagnosis of HTG and NTG; they add value by proposing 2 new biomarkers,
lowlICP and detCA, which can be measured non-invasively in a specific patient by
using mobile and relatively inexpensive equipment. The introduction of additional
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glaucoma biomarkers in GL diagnostics is in line with the trend towards precision
medicine [14] and could contribute to slowing down or even curing the development
of glaucoma, by implementing HTG and NTG treatment ideas based on the above
BMs, respectively: restoration of LC normal shape by negative pressure, after
deformation, tailored Yoga exercises (for HTG), and restoration of normal CA by
lifestyle interventions, exercises (for NTG); and could also contribute to glaucoma
risk management in NPH.

Claims to be defended

1. The results of the non—invasive measurements of intracranial pressure (nICP)
study showed that the nICP is lower than normal (of HS) in patients with (especially)
high—tension glaucoma (HTG) as well as normal-tension glaucoma (NTG); a lower
than normal nICP value (lowlICP) signals an abnormal IOP—ICP pressure difference,
which may lead to LC deformation and glaucoma risk, and can therefore be seen as
an additional biomarker for HTG and NTG, thus adding value to the diagnosis of
glaucoma (especially HTG) and suggesting ideas for non—invasive treatment.

2. The results of the non—invasive cerebral blood flow autoregulation (nCA)
monitoring study showed that NTG patients have impaired CA, whereas HTG patients
do not have impaired CA; impaired CA (detCA) status may be seen as an additional
biomarker for NTG, thus adding value to the diagnosis of glaucoma (especially NTG)
and suggesting ideas for non—invasive treatment.

3. The results of the study on glaucoma risk in the treatment of normal pressure
hydrocephalus (NPH) imply the need to use a safe ICP range instead of a safe ICP
upper threshold; and to recommend that patients should have regular nICP and nCA
measurements and regular ophthalmological examinations to assess and manage
glaucoma risk.

Dissemination of results

The results of the study have been published in 4 articles [9-12] in WoS (IF,
Q1-Q2) journals and presented at 4 international scientific conferences.
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2. OVERVIEW OF THE ARTICLES
General Introduction

The summary of the 4 articles reflects the results of the 4 studies with the aim
of interpreting them and analysing from a holistic perspective the possibilities of
including additional biomarkers to add value to GL diagnosis and treatment. The main
(2.1, 2.2) and the additional (2.3, 2.4) studies cover the following aspects:

1. Measurement of nICP in HTG and NTG patients and HS and comparison of
the results among the groups to test part (a) of the working hypothesis;

2. Monitoring of nCA in HTG and NTG patients and HS and comparison of
the results among the groups to test part (b) of the working hypothesis;

3. Study on the feasibility of long—term monitoring of nICP;

4. Study on the risk of NTG due to decreasing ICP during NPH treatment to
test part (c) of the working hypothesis.

2.1 Prospective Clinical Study of Non-Invasive Intracranial Pressure
Measurements in Open-Angle Glaucoma Patients and Healthy Subjects

The aim of this study was to evaluate the differences in nICP among GL
patients (HTG and NTG) and healthy subjects (HS) groups. The overview discusses
the main aspects related to the working hypothesis. Author contributions: drafting the
original manuscript, including analysis of the results and the literature, in discussion
with the co-authors; additional conclusions and recommendations for the new
biomarkers and treatment ideas for HTG from the holistic point of view.

Results

Data from 217 subjects (95 NTG, 60 HTG, 62 HS) were included in the
statistical analysis. NTG patients had a significantly (p < 0.05) lower IOP compared
with HTG patients, whereas HS patients had a significantly (p < 0.05) lower IOP
compared with HTG patients (Figure 5).

Tukey’s test (0.05 level of significance) demonstrated the following results for
the mean nICP between groups: nICPnre (9.42 + 2.83 mmHg) was significantly (p =
0.007) lower than nICPys (10.73 £ 2.16 mmHg); nICPurc (8.11 + 2.68 mmHg) was
significantly (p = 0.008) lower than nICPnre (9.42 + 2.83 mmHg) and significantly (p
< 0.001) lower than nICPys (10.73 + 2.16 mmHg). The results are shown in Figure 6.
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Figure 5. Mean 10P values with standard deviation for NTG, HTG and HS groups.
@ — statistically significant difference (p < 0.05) of mean 10P between NTG and HS;
# — statistically significant (p < 0.05) of mean IOP difference between NTG and HTG;
# — statistically significant difference (p < 0.05) of mean IOP between HTG and HS
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Figure 6. Mean nICP values with standard deviation for NTG, HTG and HS groups.
¢ — statistically significant difference (p = 0.007) of mean ICP between NTG and HS;
¥ — statistically significant difference (p = 0.008) of mean ICP between NTG and HTG;
§ — the difference is statistically significant (p < 0.001) of mean ICP between HTG and HS
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Table 1. Comparison of mean nICP values between groups;
Tukey’s test results at 0.05 significance level

Groups P nICP difference
NTGvs HS | 0.007 significant
HTG vs NTG | 0.008 significant
HTGvs HS | 0.001 significant

Ideas and perspectives for the treatment of HTG

HTG is currently treated by lowering 10P by medical and surgical means, but
medication only slows down the progression of the disease, and invasive procedures
are still risky [81]. Against this background, the ideas and research of American
ophthalmologist John Berdahl, MD & Colleagues stand out in particular, with
publications from 2018 to 2021 demonstrating a new trend in the potential non-
invasive treatment of HTG involving ocular physiotherapy procedures based on
pressure exercise [80-87]. For the very first study in healthy subjects, a portable
mobile multi—pressure dial (MPD) consisting of a pump connected via a hose to a
negative pressure (vacuum) ‘swimmer’s’ goggles that envelops the eyes was
developed and used (Figure 7).

Figure 7. MPD pressure regulator (adapted from [80])

The air pump of the regulator causes a negative pressure in the eye area,
resulting in a reduction of intraocular pressure. In a pilot study of 30 healthy subjects,
the right eye was exposed and examined and the left eye used as a control. The results
[80] show a decrease in IOP in both eyes already on the first (‘zero’) day.
Measurements of all parameters, including 10P, were taken before MPD was applied
and were repeated immediately after its removal. After the adjustment of MPD, the
negative pressure in the subject’s eye was gradually increased to —15 mmHg, a value
that was maintained for 30 min and then slowly reduced to the baseline. After the
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removal of the device (day 0), baseline measurements were immediately repeated.
Subjects returned for a repeat test within a week (days 6-8). At the 1 week post-test,
both subjects and controls showed a statistically significant decrease in ocular IOP,
but its clinical significance has not yet been established. No adverse events were
observed, and the participants tolerated MPD well. Key safety parameters remained
stable after short—term exposure. The favourable safety results of this study confirm
the safety profile of MPD and encourage further investigation of this device and
method as a potential treatment for GL.

The further studies are devoted to development of the initial idea: safety,
increase of statistical robustness, modelling [81-87].

Another potentially effective way to reduce 10P is through some yoga
techniques. In the recent decades, there has been a growing body of research,
evidence and articles on the impact of yoga on health. A search for the keyword
‘yoga’ in Pubmed e—resource shows that the earliest studies date back to 1948,
but the number of publications has increased exponentially since the 2000s
[117]. The results of studies measuring the effect of yoga on IOP in GL patients
suggest that yoga can both increase and decrease I0OP, depending on the type
of exercises chosen. The results of a pilot study by Jasien et al. showed that
head—down yoga exercises induced a statistically significant and rapid increase
in IOP shortly after the start of the exercises; and a decrease shortly after the
cessation of the exercises [118]. Another study demonstrated that yoga and
meditation caused a persistent decrease in the IOP-related profile, but none of
the associated changes were statistically significant [119]. The study by Dada
et al. states that meditation has been shown in previous studies of GL patients
to reduce 10P, stress biomarkers, improve cerebral oxygenation, along with
the quality of life, and that this is the first study to show that mindfulness—
based stress reduction (MBSR) is a useful tool for reducing IOP. MBSR can
improve optic nerve perfusion measured by optical coherence tomography—
angiography; MBSR can be recommended as an adjunct treatment to medical
therapy to increase ON head perfusion and reduce IOP, which may reduce
glaucoma progression [120]. Kulkarni et al. found that certain pranayama
techniques (right and left nostril breathing, alternate nostril breathing) were
safe and had no adverse effect on increasing 10P in healthy subjects; they may
also have a beneficial effect on reducing IOP [121].

2.2 Prospective pilot clinical trial of non-invasive monitoring of cerebrovascular
autoregulation in patients with open-angle glaucoma and healthy subjects

In this study, for the first time, non-invasive ultrasound techniques were
applied to investigate the dynamics of CA in three groups: NTG, HTG and HS, and
to compare the results of all groups against each other. Author contributions include
data analysis, full writing of the first version of the manuscript in discussion with the
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other co—authors; extended interpretation of the results, 2 attempts to submit to free
WoS journals; additional conclusions and recommendations for new biomarkers and
treatment ideas for NTG from a holistic perspective.

Results

The 28 study participants comprised 3 groups: 10 NTG patients, 8 HTG and 10
HS. The results of the nCA monitoring of the groups, i.e. the VRx and its derived
parameters, and the results of the statistical analysis are shown in Figures 8-11 and
Tables 2-5. The duration of LCAI at two VRX thresholds is presented: VRx > 0 (the
mathematical threshold separating impaired CA from intact CA) and VRx > 0.4 (the
threshold at which the highest statistical significance was obtained between the
respective groups of the participants).

Statistically significant differences were found when comparing NTG and HS.
The differences were not statistically significant when comparing any of the other
groups.
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Figure 8. Mean VRx between groups (adapted from [10])

Table 2. Comparison of the results of the Mann-Whitney U test for VRx values
between groups; significance threshold P < 0.05

Groups P

HS; NTG | 0.025
HS; HTG 0.360
NTG; HTG | 0.237
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Figure 9. LCAI duration, s (VRx > 0) (adapted from [10])

Table 3. Comparison of Mann-Whitney U test results for LCAI duration (VRx > 0)
between groups; significance threshold P < 0.05

Groups P

HS; NTG | 0.007
HS; HTG 0.347
NTG; HTG | 0.096
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Figure 10. LCAI duration, s (VRx > 0.4) (adapted from [10])
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Table 4. Comparison of Mann-Whitney U test results for LCAI duration (VRx > 0.4)
between groups; significance threshold P < 0.05

Groups P

HS; NTG | 0.002
HS; HTG 0.204
NTG; HTG | 0.151
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Table 5. Comparison of Mann-Whitney U test results for LCAI dose (VRx > 0)
between groups; significance threshold P < 0.05

Groups P

HS; NTG | 0.006
HS; HTG 0.121
NTG; HTG | 0.172

Ideas and perspectives for the treatment of NTG. A holistic approach to brain
health

Research shows that physical activity is a relatively simple, feasible, effective
and viable part of a lifestyle to ensure that cognitive decline is slowed [114].

A study based on the American Association of Retired Persons (AARP) Global
Council on Brain Health (GCBH) recommendations on maintaining brain health as
we age discusses factors that offer opportunities to improve brain health: mental well—
being, exercise, cognitive—enhancing activities, sleep, nutrition, and social
relationships [115]. The World Health Organisation’s Recommendations for
Reducing Cognitive Impairment and Dementia Risk [116] identify a number of
important lifestyle interventions, such as: physical activity, tobacco cessation,
nutrition, interventions for alcohol use disorders, cognition, social functioning, weight
management, hypertension management, diabetes management. The strongest
recommendations cover areas such as physical activity, tobacco cessation, nutrition,
hypertension management and diabetes management. As in the review of the nICP
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measurement study in glaucoma patients [9], the potential of yoga exercises must also
be considered when looking at the prospects of NTG treatment through the prism of
CA and brain health. Although the number of headlines linking yoga and brain health
in particular is relatively small, the results suggest that yoga also has a positive impact
on brain health. A literature review published in 2015 suggests that yoga promotes
activation of the brain’s alpha, beta and theta waves, which is associated with
improvements in cognition, memory, mood and anxiety; alternate nostril breathing
(pranayama) has been found to activate the contralateral hemisphere of the brain, thus
providing neurocognitive benefits, with an increase in interhemispheric coherence and
symmetry [122]. Another study demonstrates that yoga and aerobic exercise can
reduce some of the symptoms of multiple sclerosis, along with such associated factors
as the cost and duration of treatment [123]. Gothe et al. conclude in their study that
yoga behavioural interventions may be promising to mitigate age-related and
neurodegenerative decline [124]. Yoga as a creative lifestyle intervention is a
promising tool to improve motor and imitation skills in children with autism spectrum
disorder (ASD) [125]. Findings from a meta—analysis of studies published in 2019
suggest that yoga practice may have an effect on functional connectivity of the DMN,
activity of the dorsolateral prefrontal cortex during cognitive tasks, and the structure
of the hippocampus and the prefrontal cortex, areas of the brain that show significant
age—related changes, and may therefore be promising for mitigating age—related and
neurodegenerative decline [126]. Acabchuk et al. in a meta—analysis published in
2021 reviewed the impact of yoga and mindfulness—based behavioural interventions
on the development of mild head injuries. The authors concluded that the results
provided promising evidence that meditation, yoga and mindfulness—based
interventions were associated with statistically significant but modest improvements
in symptoms, particularly fatigue, depression and quality of life, compared to controls
[127]. Another meta—analysis concluded that yoga may be associated with less
activation of the amygdala and fewer negative feelings in response to emotionally
distressing images; the use of yoga in the clinical management of certain neurological
and psychosocial conditions may benefit patients due to its potential neuroplastic
effects [128].

In summary, further studies on the impact of yoga exercises are needed to assess
the role of yoga in the treatment of glaucoma (and in particular NTG), and these
should be tailored according to the subject group. On the one hand, taking into account
the risks of certain exercises (e.g. upside down) for GL patients (especially HTG, due
to a possible increase in IOP), on the other hand, assessing the impact of the exercises
on brain health.

2.3 The human ophthalmic artery as a sensor for non-invasive intracranial
pressure monitoring: numerical modelling and in vivo pilot study

The aim of this study was to investigate, in a small number of participants, the
possibility of nICP (ICPnon-inv) continuous monitoring (up to 1 h) with the
perspective of monitoring conscious patients, including GL; additionally introducing
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the concept of OA as a pressure sensor. The ICP and I0P values change over the
course of the day, influenced by circadian variations, and short-term measurements
of these pressures at only a limited time may fail to provide sufficient information.
The review only discusses the key points in this respect. Author contributions: formal
analysis and writing of the initial draft in discussion with the other co-authors;
additional conclusions and recommendations for new biomarkers from a holistic point
of view.

Results

An individual linear calibration equation was used for each patient to obtain the
ICP values in pressure units, which were then compared with the ICP values. After
the removal of TCD signal artefacts, 1928 pairs of data were obtained for the final
comparison. The overall mean and SD of the measured differences between the pairs
of data is 0.086 + 1.34 mmHg. Figure 22 shows a plot of the 223 pairs of data values
for the first patient (No. 1). A 60 s moving average filter was used to smooth both
readings. The maximum difference between the paired data points was 1.61 mmHg.
The differences between the pairs of data points measured in all 6 patients are shown
in Figure 23. The extremes of the differences are —3.94 and 4.68 mmHg, and 95% of
the observations fall in the range of —2.55 to 2.72 mmHg.

Regression analysis showed a strong positive correlation (r = 0.94) between the
data from the two—depth TCD and the Codman ICP monitor (Figure 24). The linear
equation y = 0.94x + 0.84 indicates that OA can be used as a linear pressure sensor
with a bias (systematic error) of 0.84 mmHg over the ICP range studied.
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Figure 12. Example of paired ICPinv and ICPnon—inv data for patient #1 (adapt. from [11])
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Figure 13. Bland—Altman plot of the distribution of the difference between data pairs (over
the pressure range); data from 6 patients separated by 6 colours: black #1, purple #2, blue #3,
red #4, orange #5, green #6. The solid horizontal line shows the overall mean of the
differences, and the two dashed lines show the standard deviation (SD) of + 1.96 (adapted
from [11])
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Figure 14. Linear regression plot of all data points. The r = 0.94 indicates that there is a
strong positive relationship between ICPnon-inv and ICPinv. Patient data are separated by 6
colours: black #1, purple #2, blue #3, red #4, orange #5 green #6 (adapted from [11])
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2.4 Can treatment of normal-pressure glaucoma cause normal-pressure
glaucoma? A narrative review of current knowledge

The aim of this article is to narratively review the published literature on the
possible association between the treatment of NPH and the development of NTG, and
to highlight the need for neuro—ophthalmological follow—up in patients with NPH
treated with bypass surgery. Author contributions: analysis of a subset of the selected
articles, in discussion with the co—authors; additional findings and recommendations
of new biomarkers from a holistic point of view.

Results

The hypothesis of an association between the treatment of NPH with a shunt to
reduce ICP and the development of NTG was confirmed in all retrospective studies,
case reports and review articles reviewed. The results imply the idea that a safe lower
limit of ICP should be maintained in neurological patients (especially in NTG patients
treated with shunt). If so, the paradigm of a safe upper ICP limit (as recommended in
neurosurgery for ICP < 20 mmHg or ICP < 22 mmHg, and in neurology for ICP <
14.7 mmHg [12]) should be modified to the paradigm of a safe ICP range in neurology
and ophthalmology to prevent the progression of NTG.

The measurement of 10P, although indirect, is non—invasive and easily realised
by using an applanation tonometer. In contrast, the measurement of ICP is usually
difficult because invasive neurosurgical procedures are required to obtain a reliable
ICP value. nICP measurement would allow better management of postoperative
shunt-treated patients and would stimulate future studies looking for safe lower ICP
or upper APxt thresholds. Methods for non—invasive ICP assessment are proposed.
Only one study of GL patients (to date) was identified that measured nICP in two—
depth TCD [56]; the accuracy, precision, diagnostic sensitivity and specificity of this
non—invasive ICP technology have been independently tested in different groups of
neurological patients; future technologies for measuring nICP in two—depth TCDs
should allow for the search for safe lower ICP thresholds that allow the treatment of
NPH with no or minimal risk of NTG development and introduce the paradigm of a
safe ICP range into clinical practice [12].

Although too low an ICP influences the development of GL, there are emerging
publications showing that an additional physiological mechanism has started to
emerge as a factor that may influence the development of GL, namely CA, which is a
trend that supports the hypothesis tested in our study [12].
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3. CONCLUSIONS

1. In both high tension glaucoma (HTG) and normal tension glaucoma (NTG)
patients, a statistically significantly (p < 0.05) lower than normal (of healthy subjects,
HS) intracranial pressure (lowlCP), especially combined with a higher than normal
intraocular pressure (high IOP), signals an abnormal IOP—ICP pressure difference that
could lead to the development of an Lamina Cribrosa (LC) deformation, which is one
of the main mechanical causes of primary open-angle glaucoma (especially HTG).
Therefore, lowlCP could be considered as an additional glaucoma biophysical
biomarker (No. 1) signalling the presence of glaucoma (especially HTG) or the risk
of developing it. This indirect, non—invasive identification of LC deformity (or the
risk of it) would allow to assess the need for physiotherapeutic ocular procedures and
targeted yoga exercises and their potential for correction LC shape after deformation
or even for treating glaucoma. It is therefore appropriate to include nICP measurement
into the protocol for glaucoma diagnosis (especially preventive), thus adding value to
the (especially early) diagnosis.

2. Cerebral blood flow autoregulation (CA) is impaired (detCA) in normal
tension glaucoma (NTG) patients statistically significantly (p < 0.05) if compared to
CA in healthy subjects (HS), whereas CA in patients with high tension glaucoma
(HTG) was statistically insignificantly different from CA in HS. Therefore, detCA
can be considered as an additional glaucoma biophysical biomarker (No. 2) signalling
the presence of normal tension glaucoma or the risk of its development. detCA
identification would allow to assess the need for CA normalization to manage
glaucoma (especially, NTG) development, and would offer patients solutions based
on a holistic approach to brain health, such as lifestyle interventions recommended by
the World Health Organisation and targeted yoga technigues. Such solutions are also
relevant for the normalisation of ICP, as lowICP was also found in NTG cases. It is
therefore appropriate to include nCA measurement in the protocol for glaucoma
diagnostics (especially preventive), thus adding value to the (especially early)
diagnosis.

3. The association between normal intracranial pressure hydrocephalus (NPH)
treatment by shunting and the risk of glaucoma was established; that fact implies the
idea that, in NPH patients undergoing bypass surgery, it is necessary: to use a safe
ICP range instead of a safe upper value of ICP (ICP <20 mmHg in neurosurgery, or
ICP < 22 mmHg in neurosurgery, or ICP < 14.7 mmHg in neurology), which also
assesses the lower limit of the ICP safe range; and to recommend to patients the
regular non—invasive ICP measurements and ophthalmic examinations to manage the
risk of glaucoma in the presence of a nICP below the lower limit of the range. In
addition, it is proposed to include the above-mentioned potential glaucoma
biomarkers lowlCP and detCA into the NPH treatment protocol. Similar to lowICP
and detCA, comparable types of solutions based on a holistic approach to brain health
can be offered to patients.
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4. We have been able to demonstrate the association between glaucoma
diagnosis and mechanical factors lowlCP and detCA by using relatively portable,
mobile and inexpensive, reasonably accurate (error probability p < 5%) and efficient
non—invasive equipment and methods, thereby formulating a paradigm refinement:

4.1. The current glaucoma paradigm: high 10P is a biophysical biomarker of
high tension glaucoma; HTG is a disease influenced by a single pressure (IOP),
reasons of NTG are unclear. The revised glaucoma paradigm: highlOP is a
biophysical biomarker for high tension glaucoma; lowlCP is a biophysical biomarker
for high tension glaucoma and normal tension glaucoma; detCA is a biophysical
biomarker for normal tension pressure glaucoma; HTG is a disease affected by two
pressures (IOP, ICP); NTG is a disease affected by three pressures (IOP, ICP, CA);

4.2. The current paradigm for shunt treatment of normal pressure
hydrocephalus (NPH): an ICP value below the upper limit is safe; the revised
paradigm for shunt treatment of NPH: too low ICP value is unsafe because it may lead
to a risk of glaucoma; there is a safe ICP range within which ICP maintenance is
necessary to manage the risk of glaucoma.

Ideas suggested for further research

1. A study on the impact of the new proposed biomarkers lowICP and detCA
on glaucoma, testing for a reverse cause—effect relationship; i.e., measuring of nICP
and nCA to check for possible lowlCP and detCA in patients complaining of visual
disturbances who have not yet been tested for glaucoma; and only then measuring of
IOP and performing an ophthalmological examination; thus aiming to identify the risk
of GL at an early diagnostic stage, even in the absence of overt signs of GL measured
by the usual methods included in GL diagnostic protocols.

2. nICP and nCA measurements/monitoring studies in glaucoma patients,
collecting as many additional patient data and parameters as possible, in order to
search for all possible cause—effect relationships (which may be missed by human) in
the next step, by using artificial intelligence tools.

3. Studies on the effect of physiotherapy on the treatment of HTG by means of
LC deformation restoration; studies on the effect of yoga exercises to normalise IOP
and ICP; to assess their influence on nlOP and nICP and on the course of glaucoma
already developing or on the risk of possible GL.

4. Studies on the effect of WHO recommended physical activity and other
lifestyle interventions (to improve brain health and possibly also CA), yoga exercises;
to assess the impact on nCA and nICP and on the course of or the risk of preexisting
or developing GL.

5. Studies of nICP and nCA measurements in patients with NPH treated with
bypass surgery (shunting) who are at risk of glaucoma, to assess their impact on the
course of or the risk of developing GL.
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Abstract: Background and Objective: Glaucoma is a progressive optic neuropathy in which the optic
nerve is damaged. The optic nerve is exposed not only to intraocular pressure (IOP) in the eye,
but also to intracranial pressure (ICP), as it is surrounded by cerebrospinal fluid in the subarachnoid
space. Here, we analyse ICP differences between patients with glaucoma and healthy subjects (HSs).
Materials and Methods: Ninety-five patients with normal-tension glaucoma (NTG), 60 patients with
high-tension glaucoma (HTG), and 62 HSs were included in the prospective clinical study, and ICP
was measured non-invasively by two-depth transcranial Doppler (TCD). Results: The mean ICP
of NTG patients (9.42 + 2.83 mmHg) was significantly lower than that of HSs (10.73 + 2.16 mmHg)
(p =0.007). The mean ICP of HTG patients (8.11 + 2.68 mmHg) was significantly lower than
that of NTG patients (9.42 + 2.83 mmHg) (p = 0.008) and significantly lower than that of HSs
(10.73 + 2.16 mmHg) (p < 0.001). Conclusions: An abnormal ICP value could be one of the many
influential factors in the optic nerve degeneration of NTG patients and should be considered as such
instead of just being regarded as a “low ICP”.

Keywords: primary open angle glaucoma; normal-tension glaucoma; high-tension glaucoma;
intracranial pressure; non-invasive ICP measurement

1. Introduction

Glaucoma is a progressive optic neuropathy leading to irreversible vision loss, and is also
characterised by structural degeneration of the optic nerve head. The lamina cribrosa (LC), located deep
within the optic nerve head [1], is a sieve-like structure in the posterior portion of the sclera that allows
optic nerve fibres to exit from the eye [2,3]. The LC plays an important role as a barrier between
intraocular pressure (IOP) and intracranial pressure (ICP) [4,5]. Elevated IOP was formerly considered
to be the main risk factor in the development of glaucoma, however, elevated IOP is not always
present in all forms of glaucoma [5,6]. Primary open-angle glaucoma, which is the most common
type of glaucoma worldwide, can be clinically classified into two subgroups: high-tension glaucoma
(HTG), in which elevated IOP plays a major role, and normal-tension glaucoma (NTG), in which IOP is
within the normal range [7]. Three studies where direct measurements of ICP were performed have
demonstrated that ICP is significantly lower in NTG patients than in HTG patients or healthy subjects
(HSs) [6,8-10], suggesting that ICP has an impact on glaucoma [11,12]. However, two studies have
contradicted this idea and reported no significant differences in ICP between NTG patients and healthy
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controls [8,13], suggesting that the ICP regulatory system is not the major component of the NTG
pathophysiology [13].

ICP can be monitored in a limited group of patients due to the invasive nature of the measurement.
However, a non-invasive measurement method of ICP which has clinically acceptable accuracy,
precision, and diagnostic reliability can overcome this limitation [14-16] and can be applied to a wider
range of patient groups. The method is based on the principles of a non-invasive arterial blood pressure
measurement and uses two depth transcranial Doppler (TCD) ultrasonography to assess blood flow
velocity of the ophthalmic artery (OA) during a gradual externally applied pressure (Pe) over a closed
eyelid that is transmitted to the eye and orbital (peri-ocular) tissues [17,18].

The aim of this prospective clinical study was to assess ICP differences between glaucoma patients
(HTG and NTG) and healthy subjects.

2. Materials and Methods

The prospective clinical study was performed at the eye clinic of the Lithuanian University
of Health Sciences. The study was approved by the Kaunas Regional Biomedical Research Ethics
Committee (No. BE-2-41, date: 2013-09-03), and all participants provided written informed consent,
according to the Declaration of Helsinki.

Glaucoma patients (HTG and NTG) and healthy subjects were enrolled in the study. Only one eye
per subject was used for ICP measurement. The eye with greater glaucomatous damage was selected
in the glaucoma patient, while the eye was selected randomly in healthy subjects. The inclusion criteria
were as follows: clinical diagnosis of glaucoma confirmed by an ophthalmologist, characteristic optic
nerve head changes present, and visual field loss consistent with glaucoma. A neurologist examined all
patients to exclude neurological disorders that could affect ICP. The exclusion criteria were as follows:
pregnant or nursing women, patients with uncontrolled systemic diseases and patients with a history
of allergy to local anaesthetics, and orbital/ocular trauma or other diseases that could bias study results.
Current medical treatment was continued with the exception of oral carbonic anhydrase inhibitors
due to their known effects on ICP. In the case of HSs, volunteers with no history of glaucoma or other
diseases that could bias the results were included. Details of inclusion, exclusion criteria, and the study
population are shown in Table 1.

The non-invasive measurement method of the absolute value of ICP, which does not need an
individual patient-specific calibration, is based on the two-depth high-resolution TCD technique for
simultaneously measuring blood flow velocity in the intracranial and extracranial segments of the
ophthalmic artery (OA) [14]. A 2-MHz ultrasonic transducer is installed into the head frame together
with an air-filled toroidal-shaped soft plastic pressure cuff. Due to the nature of non-compressible
orbital tissues as well as the segmentation by the dura mater, the externally applied pressure (Pe) via
pressure cuff is transmitted to extracranial OA, but not the intracranial OA. The intracranial segment of
the OA is compressed by ICP, and the extracranial segment of the OA is compressed by the externally
applied pressure. Blood flow parameters, such as flow velocity pulsations in both OA segments,
are approximately equal when Pe = ICP. In this study, Pe was gradually increased from 0 to 20 mmHg
by 4 mmHg steps. All subjects were in a supine position during the procedure. The duration of the
measurement procedure was up to 10 min [17]. IOP was measured with a Goldmann applanation
tonometer just before the non-invasive ICP measurement procedure. All examinations were performed
at daytime between 8 am and 2 pm.

Statistical analysis was performed using IBM SPSS Statistics software (version 23.0;
IBM Corporation, Armonk, NY, USA). All variables were defined by methods of descriptive statistics.
The analysis of the quantitative variables included the calculation of the mean value (Mean) and
standard deviation (SD). The Kolmogorov—-Smirnov test for the testing of data normality distribution
was used for the analysis of all three groups: HTG, NTG, and HSs. The one-way ANOVA test and
Tukey multiple comparisons test were performed between subject groups.
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Table 1. Details of inclusion and exclusion criteria according to the study group.
Group Identified Excluded Included
100 patients:
NTG confirmed by a glaucoma S g
NTG specialist: fvl,\]]e, sah::sts excluded due to a lack of 95 patients
Diurnal IOP lower than 21 mmHg gness.
before and during treatment.
40 patients excluded:
17 patients did not want to participate
g in the study;
100 patients: 8 patients changed their telephone
HTG confirmed by a glaucoma i
HTG specialist number or were not reachable; 60 patients
3 5 7 9 patients had an artefact in ICP
Diurnal IOP higher than 21 mmHg 5 3
before and during treatment. measurement;
4 patients had trabeculectomy;
1 patient underwent cataract surgery;
1 patient died.
65 subjects:
HSs }a]ge—matched healthy adults withno  Three subjects had an artefact in ICP 62 subjects
istory of glaucoma or other measurement.

diseases that could bias the results.

NTG: normal-tension glaumma panenls, HTG high-tension glaucoma patients; HSs: healthy subjects;
IOP: intraocular p ICP:

P

3. Results

Two-hundred-seventeen subjects, of which 95 were patients with NTG, 60 were patients with
HTG, and 62 were HSs, were included in the statistical analysis of this study, after the exclusion criteria
were applied. Demographic data and medication of the subjects are depicted in Table 2. NTG patients
had significantly (p < 0.05) lower IOP compared to HTG patients (Figure 1). HSs had significantly
(p < 0.05) lower IOP compared to patients with glaucoma (Figure 1).

Table 2. Composition of the study groups.

G Age (Mean + SD), Gender, Glaucoma Glaucoma Systemic
P Years Female, % Surgery Medications, N Medications, N
Diuretics, 8
Pgamaloguiesi B blockers, 23
NTG 57.52 + 10.88 79 No & p Alsg 2 ACE inhibitor, 25
o % ts. 2 ARBs, 4
S80S, Others, 38
Diuretics, 8
Pﬁ bloikcrs, ]317 B blockers, 14
HIG 57.47 +10.90 54 No 8 1o ACEinhibitor, 17
o ARBs, 4
ARty Others, 22
Diuretics, 2
Pff :;Zfﬁerse’so 0 B blockers, 10
HS 57.39 + 10.62 60 No & CAIg‘(; ’ ACE inhibitor, 6
. ARBs, 1
SO Others, 14
NTG: normal-tension glaucoma patients; HTG: high-t glaucoma patients; HSs: healthy subjects; SD: standard

deviation; N: number of sub;ed;, QAIs carbomc anhydrase inhibitors; ACE: angiotensin converting enzyme;
ARBs: angiotensin II receptor blockers.
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IOP, mmHg

14.77

25.68

13.77

NTG

HTG

Figure 1. Mean IOP values with standard deviation for NTG, HTG, and HSs. NTG: normal-tension
glaucoma patients; HTG: high-tension glaucoma patients; HSs: healthy subjects. @—the difference is
statistically significant (p < 0.05) comparing the means of the IOP data of NTG patients and HSs. #—the
difference is statistically significant (p < 0.05) comparing the means of the IOP data of NTG patients
and HTG patients. $+—the difference is statistically significant (p < 0.05) comparing the means of the
10P data of HTG patients and HSs.

HSs

40f8

The Kolmogorov-Smirnov test for the testing of data normality distribution was used for all three
groups: NTG, HTG, and HSs. The mean ICP values and tests of data normality are presented in Table 3.

Table 3. Results of the ICP values and tests of data normality.

Group Icp (r:‘a; gt SD) ':::/o J[Z:;:‘f Med Min Max K‘—:]I?t df p-Value Sk:;vnl;)ess K\(\;té))sis
,\"\l .:rg;s 942 +283 8.84-10.00 9.25 321 1579 0.05 9 0200 (—00??; (_005%/;
I\I’{=T§0 8.11 +2.68 7.42-8.80 8.08 337 1517 0.06 60 0200 0.49 (0.31) (_00621;
Now  l7s2i6 0128 06 726 57 000 @ 00 kb O

NTG: normal-tension glaucoma patients; HTG: high-tension glaucoma patients; HSs: healthy subjects; SD: standard
deviation; CI: confidence interval; Med: median; K-S test: Kolmogorov-Smirnov test; df: degrees of freedom;
SE: standard error.
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Data did not deviate significantly from the normal distribution, so for the comparison of three
independent samples, one-way ANOVA-test was used. Levene's test for the homogeneity of variances

was used. The assumption of equal variance was not rejected (Levene statistic value = 2.343, p = 0.1).

The average ICP values were found to be different across the groups (F(2.214) = 15.315, p < 0.001).

Tukey multiple comparisons performed at the 0.05 significance level found that the mean ICP
of NTG patients (9.42 + 2.83 mmHg) was significantly lower than that of HSs (10.73 + 2.16 mmHg)
(p = 0.007). The mean ICP of HTG patients (8.11 + 2.68 mmHg) was significantly lower than that of NTG
patients (9.42 + 2.83 mmHg) (p = 0.008) and significantly lower than that of HSs (10.73 + 2.16 mmHg)
(p < 0.001). Results are presented in Figure 2.

15

0
14 < -

- §
13

9.42

—_
N
|

._.
=
]

10.73

ICP, mmHg
=
]

©
|

8 - 8.11

NTG HTG HSs

Figure 2. Mean ICP values with standard deviation for NTG, HTG, and HSs. NTG: normal-tension
glaucoma patients; HTG: high-tension glaucoma patients; HSs: healthy subjects. ¢—the difference
is statistically significant (p = 0.007) comparing the means of the ICP data of NTG patients and HSs.
¥—the difference is statistically significant (p = 0.008) comparing the means of the ICP data of NTG
patients and HTG patients. §—the difference is statistically significant (p < 0.001) comparing the means
of the ICP data of HTG patients and HSs.
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4. Discussion

Although the potential role of low ICP in the pathogenesis of glaucomatous optic neuropathy
was described in the late 1970s [19], the underlying mechanism has remained elusive. Some animal
studies have been performed to clarify the association between the cerebrospinal fluid (CSF) pressure
and glaucoma [20,21]. A limited number of clinical studies have identified lower CSF pressure in
patients with NTG compared to individuals without glaucoma [9,22]. A large number of clinical
trials are not available yet due to the invasive nature of CSF pressure measurements. The standard
clinical procedure to measure ICP is either to use a lumbar puncture technique or to insert a transducer
inside the skull. Thus, in some studies of glaucoma patients, ICP was measured not behind the sieve
plate but in the spine by means of lumbar puncture [8,9,22,23]. In this study, we have measured ICP
non-invasively closer to lamina cribrosa, and this method allows us to distinguish the pressure in both
the intracranial and optic nerve subarachnoid spaces.

In this prospective clinical study that included healthy subjects and patients with glaucoma
(NTG and HTG), the mean ICP in HTG patients was significantly lower than in NTG patients and in
HSs, while the mean ICP in NTG patients was significantly lower than in HSs. Using the non-invasive
method to measure ICP, we calculated the mean ICP value in the NTG patients as being similar to
values reported in previous studies [9,22]. In a previous pilot study, the same non-invasive device
showed similar mean ICP values for HTG patients and for HSs [24] as those reported in this study.
In contrast, the mean ICP of the current study for NTG patients was not similar to the previous
pilot study [24]. Furthermore, in our study, we found a large variability in ICP, ranging from 3.21
to 15.79 mmHg in the patients with NTG, 3.37 to 15.17 mmHg in the patients with HTG, and 7.2 to
15.17 mmHg in the case of HSs. The ICP begins to decline progressively after the age of 50 years, with a
mean ICP of 10.7 + 2.6 mmHg at age 60-64 years [25], which is similar to our finding, a mean ICP of
10.73 £ 2.16 mmHg in the case of HSs with a mean age 57.39 + 10.62 years.

The underlying reason for NTG remains somewhat unclear. A significant percentage of NTG
patients have a family history of glaucoma [26], yet NTG is considered a multifactorial disease,
and vascular dysregulation could be the key factor in the disease pathway [26]. There is an ongoing
debate about disturbed CSF dynamics in the NTG pathway. Some studies have reported increased
optic nerve sheath diameters in patients with NTG [23,27], which contradicts the idea of decreased
ICP in NTG patients. The conflict might be explained by higher tissue elasticity in such patients and
compartmentation of the subarachnoid space by means of disturbed CSF flow [23].

Our prospective clinical study is contradictory to a result obtained in an Asian and in an American
population, where the lumbar CSF pressure measurements were significantly lower in NTG patients
than in HTG patients [6,9]. Our findings also contradicted two other studies (in Switzerland and in
Sweden) where no significant differences in ICP were observed between NTG patients and healthy
controls [8,13]. Several reasons could explain the differences between the results obtained in our
study and other studies. First, ICP is influenced by body position. The lumbar puncture procedure is
generally performed at lateral decubitus position, while non-invasive ICP measurement is taken at the
supine position. Second, CSF pressure was measured in-between lumbar vertebrae L3/L4 or L4/L5
in the studies mentioned above, while in our study, it was measured close to the region of interest,
the optic nerve. This can influence the measurement result, as a cerebrospinal fluid pathway might
not fully communicate because the central nervous system has multiple and rigid subdivisions [26].
The optic nerve compartment syndrome could limit the free flow of CSF [5]. Third, ICP and IOP
fluctuate over time, and this makes it difficult to evaluate pressure at a certain time [8,26]. Although
the time of measurement is important, we did not compare differences between ICP and IOP in
this study. Due to a high number of patients and shortage of staff in the clinic, only one IOP and
non-invasive ICP measurement were taken per subject (which took place between 8 am and 2 pm). Next,
we used a non-invasive ICP measurement method instead of the invasive lumbar puncture technique,
which might represent sample errors yet to be revealed. Also, this study did not include a wash-out
period; consequently, hypotensive agents might have affected the ICP value. Also, ICP measurements
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could be influenced by blood pressure, body mass index, age, and undetermined neurological and
systemic disease in different study groups and ethnicities.

5. Conclusions

Here, we found that NTG patients had significantly lower ICP compared to HSs, while HTG
patients had significantly lower ICP than NTG patients and HSs. The abnormal ICP value on lamina
cribrosa could be one of the many factors influencing optic nerve degeneration of NTG patients and
should be considered as such instead of being regarded separately as just a “low ICP”.
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Results: The VRx value, the LCAI dose, and duration in healthy subjects were signifi-
cantly lower than in patients with NTG (P < 0.05). However, no significant differences
were noted in these parameters between healthy subjects and HTG and between NTG
and HTG groups.
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Conclusions: NTG is associated with the disturbed cerebral blood flow and could be
diagnosed by performing noninvasive CA assessments.

develop glaucoma. However, patients with normal-
range IOP can also develop glaucomatous optic
neuropathy. Primary open-angle glaucoma is the

Glaucoma is a multifactorial, progressive most common type of glaucoma worldwide and
neurodegenerative disorder that results in optic can be clinically classified into two subgroups:
nerve head damage and visual field loss. Patients high-tension glaucoma (HTG), in which IOP
with high range intraocular pressure (IOP) can is greater than 21 mm Hg, and normal-tension

Copyright 2022 The Authors
tvstarvojournals.org | ISSN: 2164-2591 1

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. I

93



94

translational vision science & technology-

Noninvasive CA Monitoring in Glaucoma Patients and Healthy Subjects TVST | February 2022 | Vol. 11 | No. 2 | Article 17 | 2

glaucoma (NTG), in which IOP is within the normal
range.'

The pathogenesis of glaucoma is not fully under-
stood. However, several theories have been put forward
such as mechanical and vascular theories to explain the
pathogenesis of glaucoma.” * The mechanical theory
considers glaucomatous optic neuropathy to be a
direct consequence of IOP, which damages the laminar
cribrosa and neural axons.>-® However, the vascular
theory considers glaucomatous optic neuropathy as a
consequence of low perfusion pressure of the optic
nerve.”:’ The decreased optic nerve perfusion may
result from vascular failure that includes vasospasms,
small vessel disease, and autoregulatory dysfunction.®?

However, explanations of NTG are still controver-
sial. Studies believe that glaucoma causes dysfunction
of the autoregulation of the ocular blood flow.!*:!!
Typically, the ocular blood flow autoregulation is
characterized by local vascular constriction or dilation,
which makes vascular resistance reciprocally increase
or decrease, thereby keeping a relatively constant
temperature for ocular and constant pressure for retinal
perfusion.!0:!!

Other studies suggest that disturbed ocular blood
flow is a major factor associated with the pathogen-
esis of NTG.%!2 Disturbance in the autoregulatory
pathway may decrease perfusion and lead to ischemic
damage of the optic nerve or retinal ganglion cells.'®
Although several methods have been put forward,
no single vascular indicator can completely evaluate
ocular blood flow.'?

Vascular dysregulation in glaucoma is one of
the results of impaired cerebrovascular autoregula-
tion'* and probably explains the association between
glaucoma and disorders such as vasospasm, endothe-
lial dysfunction, and migraine.'-'* Retinal circulation
mirrors cerebral circulation,'” and they share similar
anatomic, physiologic, and embryologic characteris-
tics.'® Abnormalities of the retinal arterioles are a
useful indicator of systemic and neurodegenerative
diseases such as diabetes, hypertension, multiple sclero-
sis, Alzheimer disease.!” Thus, blood flow in the
retina is autoregulated in the same way as cerebral
blood flow—that is, constant blood flow in the eye
is maintained in the retina despite changes in the
perfusion pressure,’® but only within certain limits.
Moreover, the diameter of the blood vessels in the
retina depends on the activity of the neurons in the
retina. This process is known as neurovascular inter-
action.

When the ocular perfusion pressure decreases below
a patient-specific lower threshold, the autoregulation
of the retina blood flow is impaired. Hypothetically,
it may lead to the development of glaucoma. As for
the brain, the cerebral vascular system must respond

to changes in arterial blood pressure (ABP) or cerebral
perfusion pressure (CPP) to maintain stable cerebral
blood flow. The mechanism of stabilizing cerebral CPP
despite fluctuations in cerebral blood flow is known
as cerebrovascular autoregulation. Thus, the blood
autoregulation of the central nervous system and that
of the eyes is similar, which has inspired a hypothesis
that the impairment of eye blood flow in the case of
glaucoma is associated with cerebrovascular autoregu-
lation impairment.

Conventional methods for cerebrovascular autoreg-
ulation measurement have several limitations (e.g.,
invasive methods such as surgical access, catheteriza-
tion, arterial puncture). Several noninvasive methods
for cerebrovascular autoregulation monitoring were
suggested to overcome these limitations. Transcra-
nial Doppler (TCD) technologies are used to monitor
blood flow measurement from the local artery. The
mean flow index can provide different information
about cerebrovascular autoregulation in patients with
strokes, cerebrovascular disease, or traumatic brain
injury, depending on the hemisphere.'® Approximately
10% to 20% of the population are missing the tempo-
ral window. Therefore, TCD measurements are impos-
sible for cerebrovascular autoregulation monitoring.
In the case of near-infrared spectroscopy (NIRS)-
based technologies, regional cerebral oxygen satura-
tion from the external cortex region is used for
cerebrovascular autoregulation monitoring.'® Thus,
the main advantage of the volumetric reactivity
index (VRx) is the ability to assess cerebrovascu-
lar autoregulation more globally, because intracranial
blood volume (IBV) changes are measured in both
hemispheres, averaging them over the entire acoustic
path.'®

The present prospective study applied noninvasive
ultrasound techniques to explore the cerebrovascu-
lar autoregulation (CA) dynamics in patients with
glaucoma (NTG and HTG) and healthy subjects for the
first time.

This prospective clinical study was conducted at
the eye clinic of the Lithuanian University of Health
Sciences. The study was approved by Kaunas Regional
Biomedical Research Ethics Committee (No. BE-2-
41, date: September 3, 2013), and according to the
Declaration of Helsinki, written informed consent was
obtained from all participants.

Patients with glaucoma (HTG and NTG) and
healthy subjects were enrolled in the study. The inclu-
sion criteria were as follows: an ophthalmologist-
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confirmed clinical diagnosis of glaucoma, the presence
of changes in the optic nerve head, and visual field
loss consistent with glaucoma. The exclusion criteria
were pregnant patients or nursing mothers, patients
with uncontrolled systemic diseases, and those with a
history of allergy to local anesthetics, orbital/ocular
trauma, or other diseases that could bias the study
results. Healthy subjects included age-matched volun-
teers with no history of glaucoma or other diseases that
could bias the results.

Thickness of the retinal nerve fiber layer (RNFL)
was analyzed using confocal scanning laser ophthal-
moscopy (Heidelberg retinal tomography, HRTS3,
software version 3.1; Heidelberg Engineering, Heidel-
berg, Germany). Standard automated perimetry was
conducted using the Humphrey 24-2 Swedish inter-
active thresholding algorithm perimeter (Humphrey
Standard Perimetry; Carl Zeiss Meditec, 07745 Jena,
Germany). Visual field testing was considered unreli-
able if the fixation losses exceeded 20% and if the
false-negative or false-positive errors exceeded 33%.
Mean deviation (MD), pattern standard deviation
(PSD), and visual field index (VFI) were assessed.
Color Doppler imaging (Accuvix, Seoul, Korea) was
used for retrobulbar blood flow measurements in
the ophthalmic, central retinal, and short posterior
ciliary arteries. In each vessel, peak systolic velocity
(PSV) and end-diastolic velocity (EDV) were assessed,
and resistance index (RI) was calculated (Porcelot’s
formula: RT = (PSV — EDV)/PSV).

The status of cerebrovascular autoregulation was
monitored in participants using the innovative nonin-
vasive ultrasonic technique (Vittamed 505 monitor;
Boston Neurosciences, Lexington, MA, USA) based
on the ultrasonic time-of-flight (TOF) measurement
principle, capable of sensing intracranial density
changes within the acoustic path, due to IBV fluctu-
ation used as a surrogate of intracranial pressure (or
cerebral blood flow) slow changes for cerebrovascu-
lar autoregulation assessment.'” >> A head frame with
a pair of ultrasonic transducers (2 MHz), positioned
on opposite sides of the head on temporal bones, was
used to transmit and receive an ultrasound pulse that
crossed the brain parenchyma and cerebral ventricles
(Fig. Al). Fluctuation of TOF is inversely propor-
tional to changes in IBV because the ultrasound
speed in the blood is greater than in other intracra-
nial components (parenchyma and cerebrospinal fluid).
Thus, an increase in blood volume within the acous-
tic path leads to an increase in the average relative
ultrasound speed and decrease in TOF changes,
AIBV(t) ~ I/TOF(t) ~ — ATOF(t). Assuming that
slow IBV changes are correlated to slow intracranial
pressure changes (or slow cerebral blood flow changes),
we use reverse ATOF(t) data for the VRx calculation:

VRx = r (ABPsw(t); IBVsw) = r (ABPsw(t):
— ATOF(1)),'8:23:24

where ABPsw(t) are arterial blood pressure slow waves,
and IBVsw(t) are intracranial blood volume slow
waves.

ATOF(t) — slow changes of time-of-flight that
inversely reflects slow IBV changes; slow waves with
period of 0.5 to 2.0 minutes reflect the vasogenic activ-
ity of cerebrovascular autoregulation. ICM + software
(Cambridge, UK) was used for monitoring data
collection and real-time VRx calculation. The ABP
monitor (Finapres Nova, Enschede, Netherlands) was
employed for this study (Fig. Al). The sampling
frequency of TOF data collection was 50 Hz. Two-
minute moving time windows of slow IBV(t) and
ABP(1) slow waves were used for temporary VRx(t)
calculation.'®23 A band-pass filter as used to extract
waves from IBV and ABP data.

The CA monitoring session lasted up to 15 minutes
for each subject. All subjects were asked to perform
the Valsalva maneuver (up to 15-20 seconds) once per
minute to generate repetitive slow waves and physio-
logic reactions needed for CA assessment.”> Negative
values (VRx(1) < 0) correspond to intact CA status,
whereas positive values (VRx(t) > 0) indicate CA
impairment.'$->

For each episode of CA impairment, we estimated
the duration of the single longest CA impairment event
(LCAI) and the LCAI dose. The LCAI duration was
calculated using thresholds of VRx > 0, which repre-
sents the mathematical threshold for CA impairment,
in which VRx > 0.4, associated with patient outcome
(similar thresholds of 0.4-0.5 are also used for other
noninvasive CA indexes, such as the mean flow index
[transcranial Doppler-based CA measurements]*® and
cerebral oximetry index [NTRS-based CA indexes]).?
The LCAI dose was calculated as the area under the
curve of VRx > 0. The average VRx, duration of a
single LCAI event, and LCAI dose were chosen to
evaluate and compare the CA impairment in patients
with glaucoma and healthy subjects.

Statistical data analysis was conducted using 1BM
SPSS (version 23.0; IBM Corporation, Armonk, NY,
USA). All variables were defined and summarized
using descriptive statistics, presented as the mean
values and standard deviations (SDs). The Shapiro—
Wilk normality test was used to assess normal distribu-
tion. The Mann-Whitney U test was used to calculate
differences between continuous variables and differ-
ences between groups for two independent samples.
The Kruskal-Wallis test was used to calculate differ-
ences between continuous variables and differences
between groups for more than two independent
samples.
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In this prospective clinical study, the 28 participants
were divided into three groups: 10 patients with NTG,
8 patients with HTG, and 10 healthy subjects. Table
1 presents the composition of the study groups. In
healthy subjects, the means of RNFL thickness in

superior, nasal, inferior, and temporal quadrants were
measured as 124.1 + 13.6, 79.8 + 12.2, 1424 +
134, and 76.6 £ 9.0 pm, respectively. In the case
of NTG, the means of RNFL thickness in superior,
nasal, inferior, and temporal quadrants were 106.9 +
19.3,76.9 £ 13.4, 111.0 & 35.4, and 67.9 &+ 12.5 pm,
respectively. However, the means of RNFL thickness
in superior, nasal, inferior, and temporal quadrants of

Table 1. Basic Parameters of the Study Group
Characteristic HS NTG HTG x?  df PValue
Number of subjects 10 10 8 — — —
Age, mean +SD, y 71.1 £ 5.1° 67.5+:2:3¢ 732 +£27°¢  12.899 2 0.020
Gender (male), % 20 10 125 — — —
Body mass index, mean + SD 27.97 £ 5.01 2849 4+ 537 2693 + 3.18 0140 2 0932
Family members with glaucoma, % 0 40 0 - — —
Glaucoma surgery No No No — — —
Iliness period, mean £ SD, y — 43 £ 4.98 497 + 5.03 1361 1 0243
Glaucoma medications, n (%)
B-Blockers 0(0) 2(20) 2(25) — — —
Pg analogues 0(0) 7 (70) 5(62.5) — — —
CAls, N (%) 0(0) 4 (40) 3(37.5) — = -
«2-Agonists 0(0) 0(0) 4(50) — — —
Systemic medications, n (%)
Diuretics 0(0) 0(0) 2(25) — — —
B-Blockers 2(20) 6 (60) 5(62.5) = == =
ACE inhibitors 1010 1(10) 0(0) — — —
ARBs 1(10) 1(10) 0(0) —_ — —
Others 8(80) 9(90) 4(50) —_ —_ —_
Mean ABP, mean =+ SD, mm Hg 98:3::55 104.7 £ 9.3 974 £+ 13.7 3110 2 0211
I0P, mean + SD, mm Hg 145 £ 2.0° 142 + 1.7¢ 189 + 48>  8.034 2 0.018
OPP, mean =+ SD, mm Hg 559 + 4.3° 60 + 4.9° 524 + 99 5561 2 0.059
RNFL, mean =+ SD, um 106.7 + 8.0*° 90.8 + 16.72 77.0 £ 25.1° 9.837 2 0.007
Superior RNFL, mean = SD, um 1241 £ 136> 1069 £ 193 85.1 + 37.5° 6.527 2 0.038
Nasal RNFL, mean + SD, pm 798 £122 769 + 134 63.8 + 27.4 2286 2 0319
Inferior RNFL, mean =+ SD, um 1424 £ 13.4*° 1110 £ 354° 96.1 +284° 12.406 2 0.002
Temporal RNFL, mean =+ SD, pm 766 £+ 9.0 679 + 125 595 + 213 3415 2 0181
Visual field parameters
MD, mean + SD, dB —0.89 &+ 0.62*° —437 +296° —6.76 + 6.67° 4921 2 0.007
PSD, mean + SD, dB 1.65 + 0.35° 4.79 + 2.67° 5.60 + 4.88 6.793 2 0.014
VFI, mean =+ SD, % 98.80 + 0.63*° 90.20 + 7.89° 84.88 &+ 17.21® 5.934 2 0.005

Pvalueis based on nonparametric Kruskal-Wallis test for more than two independent samples. ACE, angiotensin-converting
enzyme; ARB, angiotensin Il receptor blocker; CAl, carbonic anhydrase inhibitors; HS, healthy subjects; OPP, ocular perfusion

pressure; Pg, prostaglandin; —, XXX.

2Cases of statistically significant (P < 0.05) differences between two independent samples based on Mann-Whitney test

between HS and NTG.

bCases of statistically significant (P < 0.05) differences between two independent samples based on Mann-Whitney test

between HS and HTG.

“Cases of statistically significant (P < 0.05) differences between two independent samples based on Mann-Whitney test

between NTG and HTG.
Bold values indicate that p < 0.05.
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Table 2. Flow Velocities and Resistance Index in the Ophthalmic, Central Retinal, and Short Posterior Ciliary Arter-
ies at Baseline

HS (n=10), NTG (n=10), HTG (n =8),
Characteristic Mean + SD Mean + SD Mean + SD x2 df P Value
Ophthalmic artery
Peak systolic velocity, cm/s 34.38 + 851 31.80 + 834 35.53 + 7.49 0.498 2 0.780
End-diastolic velocity, cm/s 6.83 + 1.81 8.01 + 243 9.88 + 4.73 2.860 2 0.239
Resistance index 0.79 + 0.05 0.75 &+ 0.04 0.73 £+ 0.06 4.305 2 0.116
Central retinal artery
Peak systolic velocity, cm/s 931 & 2.28 10.15 £ 2.05 9.89 £ 2.01 0.836 2 0.658
End-diastolic velocity, cm/s 333 £ 052 3.55 £+ 0.84 348 £+ 044 0.594 2 0.743
Resistance index 0.62 + 0.06 0.64 + 0.06 0.63 + 0.07 0.188 2 0910
Short posterior ciliary arteries
Peak systolic velocity, cm/s 8.06 + 1.24 8.84 + 1.63 824 + 1.92 1.125 2 0.570
End-diastolic velocity, cm/s 4.19 &+ 0.92 4.05 + 049 3.87 £ 0.58 0.547 2 0.761
Resistance index 0.47 + 0.04 0.53 & 0.07 0.51 £ 0.09 2430 2 0.297

P value is based on nonparametric Kruskal-Wallis test for more than two independent samples.

Cases of statistically significant (P < 0.05) differences between two independent samples based on Mann-Whitney test
between HS and NTG.

Cases of statistically significant (P < 0.05) differences between two independent samples based on Mann-Whitney test
between HS and HTG.

Cases of statistically significant (P < 0.05) differences between two independent samples based on Mann-Whitney test
between NTG and HTG.

Table 3. Cerebrovascular Autoregulation-Related Parameters

HS (n=10), NTG(n=10), HTG(n=38),
Characteristic Mean + SD Mean + SD Mean + SD x2 df PValue
VRx, mean + SD —0.18 + 0.22* 0.06 + 0.17° —0.07 & 0.25 5362 2 0.068
LCAI duration, mean & SD, VRx > 0, s 127 + 66° 281 £+ 151 231 £ 218 7.858 2 0.020
LCAIl duration, mean + SD, VRx > 04, s 13 + 382 73 + 59° 42 + 65 7.156 2 0.028
LCAIl dose, mean + SD, s 31+£29° 107772 75 + 85 8.794 2 0.012

P value is based on nonparametric Kruskal-Wallis test for more than two independent samples.

2Cases of statistically significant (P < 0.05) differences between two independent samples based on Mann-Whitney test
between HS and NTG.

Cases of statistically significant (P < 0.05) differences between two independent samples based on Mann-Whitney test
between HS and HTG.

Cases of statistically significant (P < 0.05) differences between two independent samples based on Mann-Whitney test
between NTG and HTG.

Bold values indicate that p < 0.05.

HTG were 85.1 £ 37.5, 63.8 & 27.4, 96.1 & 28.4, and Table 3 shows the CA monitoring results. From

59.5 & 21.3 pm, respectively. Statistically significant
differences were detected between the three groups, as
shown in Table 1. Patients with glaucoma had signif-
icantly worse visual field measures (VFI, MD, PSD)
compared to healthy subjects.

Table 2 shows the flow velocities and RI in the
ophthalmic, central retinal, and short posterior ciliary
arteries at baseline. No significant difference was
detected in blood flow velocities. The RI in all three
vessels did not differ in the three study populations.

the Shapiro-Wilk normality test, the CA monitoring
data failed to show a normal distribution; therefore, a
comparison was made by the Mann-Whitney U test.
The average VRx was —0.18 £ 0.22 for healthy subjects,
0.06 £ 0.17 for patients with NTG, and —0.07 & 0.25
for patients with HTG. The VRx value for healthy
subjects was significantly lower than that of patients
with NTG (P < 0.05). No significant differences were
noted between the healthy subjects and HTG groups
and between the NTG and HTG groups (P = 0.36 and
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Figure 1.

HTG

(A) Distribution of VRx among the study groups. (B) Longest cerebral autoregulation impairment event duration (VRx = 0) for

different study groups. (C) Longest cerebral autoregulation impairment event duration (VRx = 0.4) for different study groups. (D) Longest
cerebral autoregulation impairment event dose for different study groups. The longest cerebral autoregulation impairment event dose was

calculated as the area under VRx = 0 curve. HS, healthy subjects.

P = 0.24, respectively). The VRx distribution among
study groups is presented in Figure 1A.

The LCAI duration (VRx > 0) was 127 & 66 seconds
for healthy subjects, 281 & 151 seconds for patients with
NTG, and 231 + 218 seconds for patients with HTG.
The LCAI duration for healthy subjects was signif-
icantly lower than that of patients with NTG (P <
0.05). However, no significant differences were noted
between healthy subjects and patients with HTG and
between patients with NTG and HTG (P = 0.35 and
P = 0.10, respectively). The results of the LCAI
duration for the study groups are shown in Figure 1B.

The LCAI duration (VRx > 0.4) was 13 +
38 seconds in healthy subjects, 73 £ 59 seconds in
patients with NTG, and 42 + 65 seconds in patients
with HTG. The LCAT duration of healthy subjects was

significantly lower than in patients with NTG (P <
0.05). However, no significant differences were noted
between healthy subjects and patients with HTG and
between patients with NTG and HTG (P = 0.20 and
P =0.15, respectively). The results of the study group’s
LCAI duration are shown in Figure 1C.

The LCAI dose (VRx > 0) was 31 £ 29 seconds
in healthy subjects, 107 & 77 seconds in patients with
NTG and 75 + 85 seconds in patients with HTG.
The LCAI dose of healthy subjects was significantly
lower than that of the patients with NTG (P < 0.05).
However, no significant differences were noted between
healthy subjects and patients with HTG and between
patients with NTG and HTG (P = 0.12 and p =0 .17,
respectively). The results of the LCAI dose for different
study groups are presented in Figure 1D.
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In this prospective clinical study, compromised
cerebral autoregulation was observed in patients with
NTG through CA impairment parameters based on
VRx and the duration and doses of LCALI. No statisti-
cally significant difference was noted between patients
with HTG and healthy subjects. The findings support
our hypothesis regarding the association between CA
impairments and NTG development, showing that
NTG can disturb cerebral blood flow rather than eye
pathology.

Other studies also present the hypothesis regarding
the role of CA in NTG or glaucoma formation. Tutaj
et al.' suggested that the compromised CA in patients
with glaucoma can be associated with vascular dysreg-
ulation. Impaired vascular autoregulation that causes
nonconstant blood flow to the retina and optic nerve
may contribute to changes in the optic nerve head,
thereby provoking glaucoma.

Cerebrovascular disease plays a critical role in the
pathogenesis of glaucoma® and is more frequent
in patients with NTG than in patients with HTG
or healthy subjects.”® Thus, our prospective clinical
research provides evidence of cerebrovascular dysfunc-
tion in patients with NTG. Recent studies have shown
reduced cerebrovascular blood flow velocities***! and
increased risk of Alzheimer disease or other dementia
in patients with NTG.*> However, few studies revealed
changes in a hemodynamic parameter of the middle
cerebral artery in patients with glaucoma,-33:3

Thus, glaucoma progression is associated with
decreased cerebral blood flow.”> Moreover, vascu-
lar insufficiency through unstable ocular blood flow
leads to retinal ganglion cell loss*®37 and visual field
deficits. Therefore, glaucoma plays an important role in
the pathogenesis of glaucomatous optic neuropathy.*
Treatment based on the increasing systematic blood
flow can improve the visual field in some patients with
NTG.*>** The endothelium is the primary regulator
of vascular homeostasis,*' and it plays a vital role in
controlling blood flow.*>:*> Although several studies
have shown endothelial dysfunction in patients with
NTG,* # direct evidence of local ocular endothelial
dysfunction is difficult to establish. Therefore, the link
between endothelial dysfunction and progression in
patients with NTG is unclear.

Our findings and evidence from other studies
discussed above independently confirm the NTG
association between cerebral blood flow pathology
and disturbed CA. Therefore, a CA assessment test
(Valsalva maneuver,'® cold pressor,*® squat-stand,*®
etc.) using noninvasive technologies (VRx, TCD, or

NIRS) is recommended for personalized identification
of glaucoma-related factors and for choosing appro-
priate treatments for patients with NTG and HTG.

For CA assessment, we have chosen a noninvasive
ultrasonic TOF technique capable of deriving CA-
related VRx indexes from IBV fluctuation averaged
over the ultrasound wave propagation path from the
left to right sides of the temporal bones crossing both
hemispheres. The ability to provide a more global CA
estimation over the entire cranium is the main advan-
tage of the VRx-based CA assessment technique over
other noninvasive CA assessment techniques (TCD
or NIRS based). The TCD-based technique is based
on blood flow measurement in regional cerebral arter-
ies, and the NIRS-based technique measures intracra-
nial blood fluctuations in the cortex only, which is
limited to a 2- to 3-cm depth. Moreover, the appli-
cation of the TCD-based technique is limited due
to temporal window failure in 8% to 20% of the
subjects.”” Meanwhile, the TOF technique used in
this study can measure IBV fluctuation for all tested
subjects. A study that tested this novel noninvasive
TOF technique for patients with TBI showed a signifi-
cant coincidence between noninvasive (VRx) CA and
invasive (pressure reactivity index) CA, estimating
the significant associations between VRx indexes and
outcome of patients with TBL'® An additional clini-
cal study of this noninvasive CA technique on cardiac
surgery patients with cardiopulmonary bypass showed
that duration of CA impairment events more than
5 minutes during surgery is associated with postoper-
ative cognitive deterioration. '

Our previous studies also showed that CA impair-
ment events and their duration can be detected using
the VRx index at different thresholds: VRx > 0 and
VRx > 0.4, a theoretical threshold value separating
intact CA (VRx < 0) and impaired CA (VRx >
0). In this study, we obtained the highest statistical
significance between healthy subjects and NTG groups
when measuring the LCAI duration with a thresh-
old of VRx > 0.4 (Table 3, Fig. 1C). Similar thresh-
olds (0.4-0.5) have also been used for other nonin-
vasive CA indexes (pressure reactivity index, mean
flow index, and cerebral oximetry index) to detect CA
impairment®®->"-*% in the noisy data and cases with low
slow-wave amplitude. The limited number of patients
in the groups was the main limitation of this pilot
study. Larger numbers of subjects are needed to obtain
statistically significant results and test the hypothe-
sis regarding the relationship between glaucoma and
CA impairments. Another limitation is the absence of
a gold-standard index of CA. The invasive pressure
reactivity index requires invasive sensors as it only
provides a rough estimate of CA status, and it is used
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only for patients with TBI. Our previous prospective
clinical studies showed that the VRx index could be
used for CA assessment in patients with TBI'™ and
patients undergoing cardiac surgery with cardiopul-
monary bypass.>

Conclusion

In this pilot study, we demonstrated that NTG is
associated with disturbed cerebral blood flow, which
can be diagnosed by performing noninvasive CA
assessments based on VRx monitoring. Further clinical
studies are needed to prove this hypothesis.
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The CA monitoring setup includes the noninvasive ultrasonic TOF monitoring device with the head frame, noninvasive blood

pressure monitoring device, and a personal computer with “ICM+"software for real-time calculation of CA index (VRx). A head frame bearing
a pair of ultrasonic transducers (2 MHz) on either side of the patient’s head was positioned to transmit and receive the ultrasound wave.
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Human ophthalmic artery

as a sensor for non-invasive
intracranial pressure monitoring:
numerical modeling and in vivo
pilot study

Paulius Lucinskas!, Mantas Deimantavicius?, Laimonas Bartusis(®?, Rolandas Zakelis®*,
Edgaras Misiulis 2, Algis Dziugys©? & Yasin Hamarat "

Intracranial pressure (ICP) monitoring is important in managing neurosurgical, neurological, and
ophthalmological patients with open-angle glaucoma. Non-invasive two-depth transcranial Doppler
(TCD) technique is used in a novel method for ICP snapshot measurement that has been previously
investigated prospectively, and the results showed clinically acceptable accuracy and precision. The
aim of this study was to investigate possibility of using the ophthalmic artery (OA) as a pressure sensor
for continuous ICP monitoring. First, numerical modeling was done to investigate the possibility,
and then a pilot clinical study was conducted to compare two-depth TCD-based non-invasive ICP

ing data with readings from an invasive Codman ICP microsensor from patients with severe
traumatic brain injury. The numerical modeling showed that the systematic error of non-invasive ICP
monitoring was < 1.0 mmHg after eliminating the intraorbital and blood pressure gradient. In a clinical
study, a total of 1928 paired data points were collected, and the extreme data points of measured
differences between invasive and non-invasive ICP were - 3.94 and 4.68 mmHg (95% Cl - 2.55 to 2.72).
The total mean and SD were 0.086 + 1.34 mmHg, and the correlation coefficient was 0.94. The results
show that the OA can be used as a linear natural pressure sensor and that it could potentially be
possible to monitor the ICP for up to 1 h without recalibration.

Continuous intracranial pressure (ICP) monitoring is limited due to the invasive nature of some techniques.
Nevertheless, the high risk/benefit ratio allows for the usage of invasive ICP monitors in certain groups of
patients who could have sudden pathophysiological ICP variation. Such spontaneous ICP changes are common
in traumatic brain injury (TBI) patients’. Therefore, invasive ICP monitoring is mostly performed in patients
with severe TBI (Glasgow Coma Scale score of 3-8)%. The gold-standard ICP-monitoring method is considered
to be an intraventricular drain connected to an external pressure transducer. Another major technique for con-
tinuous ICP monitoring involves intraparenchymal devices, which are not as accurate as intraventricular drains
and cannot be recalibrated once inserted**.

ICP monitoring is in demand in many clinical applications, including conscious patients (ophthalmology,
neurology, aerospace medicine, etc.). In the case of ophthalmology, glaucoma is the second leading cause of
irreversible vision loss worldwide. Tt affected 76 million people in 2020 and is predicted to reach 111.8 million
cases by 2040, Prospective and retrospective studies using lumbar puncture technique have revealed that glau-
coma patients have lower ICP than age-matched healthy subjects® ®, which suggests that ICP might be one of
the influential factors in the pathophysiology of glaucoma'. However, ICP monitoring is not employed in daily
practice for glaucoma patients due to its invasiveness. In the case of aerospace medicine, visual impairment of
astronauts who are exposed to long-term microgravity is induced by changes in ICP"', which must be monitored
non-invasively in this case. Unfortunately, such a non-invasive device is not available in clinical practice.

Ragauskas et al. reported a novel non-invasive snapshot method for the measurement of ICP based on the
two-depth transcranial Doppler (TCD) technique, which can be used for simultaneously measuring blood flow
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velocities in the intracranial and extracranial segments of the ophthalmic artery (OA)'”. In this method, the
intracranial segment of the ophthalmic artery (IOA) is compressed by ICP while the extracranial segment of
the ophthalmic artery (EOA) is compressed by externally applied pressure (Pe). Blood flow velocity parameters
in both of these OA segments are approximately equal when Pe = ICP. A review paper has discussed many
TCD-based methodological approaches for non-invasive ICP monitoring, and the overall accuracy is around
+ 12 mmHg". The innovative two-depth TCD-based invasive ICP snapsh technique has
clinically acceptable accuracy, precision, and diagnostic reliability'* .

The aim of this study was to investigate the possibility of using the OA as a pressure sensor for continuous
ICP monitoring. The idea is that periodic non-invasive ICP snapshot measurements'” could be used for non-
invasive recalibration of a non-invasive ICP monitoring method. A key problem in glaucoma diagnosis and
treatment is minimizing the deformation of the lamina cribrosa caused by the pressure difference between the
intraocular pressure (IOP) and ICP (IOP-ICP)"”. Our previous studies showed that our non-invasive ICP snap-
shot measurement method is accurate and precise enough to be applied for abnormally low ICP value diagnosis
in normal-tension glaucoma (NTH) and high-tension glaucoma (HTG) patients'®'®.

ICP and IOP have circadian fluctuations over time, so snapshot measurements of these pressures at a certain
time do not provide sufficient diagnostic information'**. The monitoring of ICP and IOP is needed for precise
and individual patient specific NTG and HTG diagnosis in cases where ICP values are below the normal range.
In this study, numerical modeling was employed to investigate the possibility of using OA as an ICP sensor for
monitoring. Then, a pilot clinical study was conducted to obtain the first clinical evidence on the linearity and
accuracy of the OA as an ICP sensor.

Methods

Numerical modeling of ophthalmic artery as a pressure sensor.  To understand and prove the con-
cept of the non-invasive ICP monitoring method, it is important to estimate how the dynamics of the blood
flow in the OA is affected during the monitoring procedure. Therefore, numerical modeling was performed on
a straight idealized OA (Fig. 1).

COMSOL Multiphysics software (v.5.1 COMSOL AB, Stockholm, Sweden) was used to solve the fluid-struc-
ture interaction (FSI) model of a compliant OA while considering the two-way coupling between the pulsatile
blood flow and the artery wall (please see Online Appendix 1 for more details).

‘The following values of acting pressures were considered and used only for numerical modeling of non-
invasive ICP snapshot measurements: ICP = {0, 10, 20, 30} mmHg?', intraorbital pressure Pio = 4 mmHg®, and
Pe = [0:2:34] mmHg'***.

For every combination of the considered parameters, three cardiac cycles were modeled. During the initial
cardiac cycle, all the acting pressures were ramped up from zero to the prescribed values, while during the sec-
ond cardiac cycle the momentum produced by the initial ramp-up settled down. The difference of the temporal
results of the cross-sectional areas at presumable measurement locations of OA between the second and third
heart pulse cycle differed by less than 0.01% over the complete cardiac cycle. Therefore, it was concluded that the
momentum produced by the initial ramp had negligible influence on the results of the third heart pulse cycle, and
the results of the third cardiac cycle were used for the analysis by collecting data at every 0.004 s. This resulted
in a 250 time moments per cardiac cycle.

Blood flow factor used for the non-invasive ICP monitoring.  The cross-sectional areas in the intrac-
ranial and the extracranial segments of the OA depend on the pressures acting on the walls of the OA. Further-
more, the cross-section area of the artery is associated with the intensity of the Doppler signal (Online Appendix
2). Consequently, variations of the OA cross-sectional area in the intracranial and extracranial segments can be
related to ICP by the integral factors derived from the intensity of the Doppler signal. We constructed the blood
flow factor BFF for non-invasive ICP monitoring as an integral of the logarithm of the ratio of the Doppler signal
intensity P, obtained from the IOA and the EOA segments of the OA (Online Appendix 2).

Clinical material. 'The non-invasive ICP (ICP,, ,,) monitoring method was investigated clinically after
numerical modeling. This pilot study was conducted at the Department of Neurosurgery, Republic Vilnius Uni-
versity Hospital. The study was based on 7 TBI patients that underwent surgery, during which ICP monitoring
sensors were implanted. The exclusion criteria were age less than 18 years and a lack of invasive ICP or arterial
blood pressure (ABP) data.

The study was approved by the Vilnius Regional Biomedical Research Ethics Committee (No. 158200-15-
801-323, date: 2015-10-06), and parents/legal representative of participants provided written informed consent,
according to the Declaration of Helsinki. ICP monitoring data were collected between May 2016 and January
2018.

ICP monitoring and data sampling. The simultaneous invasive and non-invasive ICP monitoring is
illustrated in Fig. 2. Invasive ICP was measured by a Codman ICP monitor with a catheter tip sensor (Johnson
& Johnson Professional, Inc., Raynham, MA, USA). It was sampled at 300 Hz and recorded on a computer by
ICM+ software (version 8.2; ICM+ software, University of Cambridge, UK) with a vital sign monitor (Datex-
Ohmeda, Inc., Madison, WI, USA).

In the case of non-invasive ICP monitoring, a 2-MHz ultrasonic transducer was mounted on an individually
fitted head frame. The locations of the TOA and EOA segments were determined using the edge of the internal
carotid artery as a reference point®. The blood flow velocities of both segments of the OA were recorded using
a two-depth TCD. Signal processing was performed to remove artifacts and to calculate BFF data points with a
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Figure 1. Diagram of the numerical model of an idealized straight ophthalmic artery. ICP intracranial pressure,
Pe externally applied pressure, Pio the intraorbital pressure, IOA intracranial segment of the ophthalmic artery,
EOA extracranial segment of the ophthalmic artery, OC optic canal.
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Figure 2. 'The set-up for simultaneous invasive and invasive intracranial p monitoring. UT
ultrasonic transducer, BFV blood flow velocity, T'CD transcranial Doppler, ICP,,, invasively monitored
intracranial p; , ICP,,, i», NoN-invasively monitored intracranial pressure.

sampling frequency of 0.1 Hz. In this pilot study, individual invasive ICP readings were used for initial patient
specific BFF data calibration to obtain non-invasive ICP values in pressure units. Next, we monitored ICP
continuously for a 1 h period without recalibration. In contrast to the invasive ICP snapsh

method, Pe was not needed for the non-invasive ICP monitoring procedure.

Statistics. 'Typically, one paired set of ICP,, and ICP,,, ,,, data points was obtained every 10 s, resulting in
a total of 360 data points during a 1 h monitoring session.

Paired data were analyzed using a Bland-Altman analysis. Linear regression analysis was used to test the
hypothesis that the OA can be used as a linear ICP sensor.

MATLARB software (version R2015b; MathWorks Corporation, Natick, MA, USA) was used to process the
data and to perform the Bland-Altman and linear regression analyses.

Results

Numerical modeling. The blood flow velocities were extracted at the presumed ICP,,,;, ;,, monitoring loca-
tions in the IOA and EOA segments (Table 7 in Appendix 1). The obtained blood flow velocities were averaged
across the artery lumen cross-sections in their vicinity and over the cardiac cycle. The difference between the
resulting velocities in TOA and EOA segments is noted as Av, which is close to zero when Pe is about 6 mmHg
lower than the ICP (Fig. 3). This suggests that the systematic error of the physical ICP,, ;,, monitoring is about
6 mmHg.

Part of this error is due to the intraorbital pressure, which was Pio = 4 mmHg in our case. Another part is
due to the ophthalmic arterial p gradient, which was 1.25 mmHg. Such systematic errors are known a
priori, so they can be eliminated in a software solution provided with the proposed non-invasive ICP monitor-
ing technology. Consequently, the patient-specific component produced systematic error less than 1.0 mmHg.
The patient-specific component incorporated the arterial pulse wave and the patient-specific mechanical non-
equivalence between OA segments, which are not known a priori.

Clinical study. Demographic data and clinical conditions of the patients are presented in Table 1. An indi-
vidual linear calibration equation (Table 2) was used for each patient to calibrate BFF data points to derive non-
invasive ICP values in pressure units. Then, the obtained values were compared with simultaneously monitored
ICP;,,. One out of the 7 patients was excluded due to invasive ICP or ABP not being monitored. TCD signal
artifacts were then removed, after which a total of 1928 paired data points were obtained for the final compari-
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1 12-22

1 44 Male 3 DAI with skull apen fractures | Intraparenchymal ICP | 1
2 39 Male 8 DAL SDH Intraparenchymal ICP | 5
3 26 Female 7 DAL SDH Intraparenchymal ICP | 1
4 29 Female 5 DAL Intraparenchymal ICP | 4
5 20 Female 4 DAI Intraparenchymal ICP | 3

6 20 Mae 7 DAI Intraparenchymal ICP | 3

Table 1. Demographic data and clinical conditions of the patients included in this pilot study. GCS Glasgow
coma scale, GOS Glasgow outcome scale, DAT diffuse axonal injury, SDH subdural hematoma, ICP intracranial
pressure.

0.43+091 223

16-19

263.8 x BFF +11.8 -022+123 360

8-11

-0.65+1.07 356

10-19

2189 x BFF +4.5 1.61+ 161 280

8-10

109.8 x BFF +3.8 0.18+0.64 360

afw[alw]n

13-17

586.2 x BFF +6.9 -0.39 4 1.20 349

Table 2. The individual parameters obtained from each patient included in this pilot study.
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Figure 3. The difference of the blood flow velocities between p | p— in the int ial

dI
and extracranial segments of the ophthalmic artery with respect to the intracranial and extracranial pressures.
‘The polynomial curves are fitted to the data points.

son. The corresponding individual bers of paired data points are presented in Table 2. The total mean and
SD of the measured differences between ICP,,, and ICP,,,,, ;,, are 0.086 + 1.34 mmHg. The individual means and
SD are presented in Table 2.

As an example, Fig. 4 shows a plot of 223 paired invasive and non-invasive ICP monitoring data points of
the first patient. A 60-s moving average filter was used for smoothing both readings. The maximum difference
between the paired data points was 1.61 mmHg. The measured differences between ICP;,, and ICP,, 5 i, of all 6
patients are presented in Fig. 5 as a Bland-Altman plot. The extremes of the measured differences between ICP,,,
and ICP,,,, ,,,, are — 3.94 and 4.68 mmHg, and 95% of the observations fall in the interval of - 2.55 to 2.72 mmHg.

The regression analysis showed that there is a strong positive relationship (r = 0.94) between the data obtained
with two-depth TCD and the Codman ICP monitor (Fig. 6). The linear equation y = 0.94x + 0.84 demonstrates
that OA can be used as a linear pressure sensor with a bias (systematic error) of 0.84 mmHg in the tested ICP
range.
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Figure 4. An example of paired invasive and non-invasive ICP data points of the first patient after filtering
(60-s moving average filter).
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Figure 5. Bland-Altman plot showing the distribution of the measured differences between intracranial
pressure monitored directly using invasive Codman ICP monitor (ICP,,) and indirectly using two-depth
transcranial Doppler (ICP,, ) in the entire pressure range obtained in all six patients. Paired data points
collected from each of the six patients are separated by colors: first patient—black, second patient—violet,

third patient—blue, fourth patient—red, fifth patient—orange, sixth patient—green. The thick horizontal line
indicates the total mean of the measured differences, while the two dashed horizontal lines indicate the standard
deviation (SD) of + 1.96 of the measured differences.

Discussion

ICP monitoring has been used for decades in the management of TBI patients®. However, the demand for ICP
monitoring is also increasing in the fields of ophthalmology®®*®'* and aerospace medicine'"?’. In this study,
we investigated the possibility of using the OA as a pressure sensor for non-invasive ICP monitoring based on
two-depth TCD.

‘The modeling was performed to investigate the blood flow dynamics in the OA and the possible systematic
error due to several mechanisms: the ophthalmic arterial pressure gradient, intraorbital pressure, arterial pulse
wave, and patient-specific mechanical non-equivalence between IOA and EOA segments. The results of the
modeling showed that errors of 4 mmHg and 1.25 mmHg were produced by the intraorbital pressure and the
average ophthalmic arterial blood pressure gradient, respectively. The average ophthalmic arterial blood pressure
gradient corresponds well with the theoretical value of 1.225 mmHg based on the Hagen-Poiseuille flow assump-
tions. The patient-specific component, resulting from the arterial pulse wave and the mechanical non-equivalence
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produced an error less than 1.0 mmHg. This error is unknown a priori, so it sets possible limiting boundaries for
the random error. Based on the clinical standards the random error should be close to + 2 mmHg**

Previous studies showed that the systematic error of the modeled ICP,,,, ;,, monitoring based on the blood
velocity was within the limits of [1.6, 1.8] mmHg for the idealized straight OA and [0.04, 4.6] mmHg for the
subject-specific curved OA”**, which are similar to the value of + 1.0 mmHg obtained in this study. The cur-
rent state of the neuroimaging techniques allows for the implementation of subject-specific models considering
the OA branching from the internal carotid artery. This allows for the quantitative estimation of the ICP,q, iy
monitoring process and more detailed reasoning about the systematic error in specific patients.

In the pilot study, the non-invasive ICP monitoring method showed a strong positive correlation (r = 0.94)
with invasively monitored ICP data. In order to test our hypothesis about the linearity of the OA results, invasive
ICP values were used for initial calibration, which means the non-invasive two-depth TCD data is converted
into non-invasive ICP values in pressure units. The regression analysis showed that the OA can act as a linear
ICP sensor in the tested ICP range.

Several important limitations of our study must be mentioned. The main limitation of this pilot study is the
small number of patients with relatively narrow ICP variation (8-22 mmHg). A substantially larger sample of
patients with different conditions would guarantee the achievement of statistical significance in a prospective
study. At the same time, the OA would be tested as a pressure sensor in a wide range of ICP values. Next, the
reproducibility of the proposed method was not investigated in this study, although it has been tested by remov-
ing and re-applying the head frame in an ICP snapshot measurement study'*. Both non-invasive ICP monitoring
and snapshot measurement methods employ the same principles, which involve locating OA segments and using
two-depth TCD data acquisition.

The accuracy of the ventricular ICP monitor depends on periodical recalibration by opening the transducer
to atmospheric pressure and returning it to a zero reference point®'. The patient positioning in relation to the
transducer affects the accuracy of ICP readings™. The complications in the case of ventricular catheters included
a1-10% risk of infection and a 1-2% risk of bleeding™. Parenchymal monitoring devices also require calibration
and zeroing, and the pneumatic ICP monitor even runs recalibration every 15 min during monitoring. The risk
of complication in the case of parenchymal monitoring is lower compared to ventricular catheters, but it still
exists nonetheless™.

‘The suggested method can monitor ICP non-invasively for up to one hour without recalibration. We used
invasive ICP sensor data for initial calibration in this study, but a non-invasive ICP
method that has clinically acceptable accuracy and precision'*'® could be used for the lmual calibration and
periodic recalibration. In this case, the suggested method would be completely non-invasive and avoid any
complications caused by invasive procedures.

Conclusion

‘The numerical modeling and pilot clinical study have demonstrated that the OA can be used as a pressure sensor
for non-invasive ICP monitoring. We have observed that it is possible to monitor ICP non-invasively for a one
hour without recalibration. This technology could solve the problems of ICP monitoring and diagnosis in con-
scious subjects, including open-angle glaucoma patients. Nevertheless, further studies are needed to investigate
the method in patients with relatively low and high ICP values.

Appendix 1: Numerical modeling of ophthalmic artery as a pressure sensor

The non-invasive intracranial pressure (ICP,,,,.i,,) monitoring was investigated numerically while considering
an idealized, straight, compliant OA composed of the intracranial (IOA), optic canal (OC), and extracranial
(EOA) segments. The lengths of the TOA, OC, and EOA segments used were those most commonly found in
humans (Table 3).

The OA lumen volume and wall thickness were assumed to be unaffected by aging or any other processes
(Table 3).

‘Lhe material properties of the blood and OA wall corresponded to those of an average healthy human
(Table 4).

The blood was modeled as an inc ible, h N ian fluid*. From basic theoretical consid-
erations, the Reynolds number in the OA was calculated as less than 150, while the Womersley number was less
than 1, which correspond to the prescribed laminar, fully developed velocity profile at the inlet. The magnitude of
the blood flow velocity changed over time according to the typical OA velocity waveform (Fig. 7). To the best of
our knowledge, only the peak ophthalmic arterial blood pressure values are available®. Therefore, the ophthalmic
arterial blood pressure waveform was prescribed at the outlet as a rescaled version of the velocity waveform with
the peak pressure values corresponding to those of a healthy human (Table 5).

"To capture the exponential stiffening and the anisotropy, the OA walls were modelled as a fiber-reinforced,
hyperelastic, nearly incompressible material with two mechanically equivalent fiber families*. To the best of our
knowledge, the values of the additional artery wall parameters, required by the constitutive material model for
the OA wall are unavailable, so internal carotid artery parameters were used instead (Table 6). The mean fiber
directions of the two fiber families were defined according to a previously proposed method®.

The TOA segment was compressed by the ICP. No additional pressure acted on the OC segment, and the EOA
segment was compressed by the intraorbital pressure (Pio) and the added external pressure (Pe). It was assumed
that ICP, Pio, and Pe were uniformly distributed on the outer surface of the artery wall. To limit the rigid artery
wall motion, a spring foundation with a relatively small a spring constant was prescribed on the interface bound-
ary such that would not alter the stress field.
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initial lumen diameter 1.3
length of the OA ™ 25.783
length of (I0A) * 4116
length of (OC) 12
length of (EOA) * 9.667
wall thickness *' 0.177

Table 3. Geometrical parameters of the ophthalmic artery. OA the ophthalmic artery, TOA intracranial
segment of the ophthalmic artery, EOA extracranial segment of the ophthalmic artery, OC optic canal.

Blood properties

Effective dynamic viscosity [ 0.003675 | Pass
Density * [1060  [kgm™
OA wall properties

Density * [1100 [kgm™

Table 4. Basic parameters of blood and wall of the ophthalmic artery.

y=0.94%+0.84

0 2 4 6 8 10 12 14 16 18 20 22 24
ICPmv [mmHg]

Figure 6. A linear regression graph of all data points shows a strong positive relationship (r = 0.94) between the
non-invasively obtained intracranial pressure values (ICP,,, ;,) and the invasive ICP values (ICP,,,). Paired data
points collected from each of the six patients are separated by colors: first patient—black, second patient—violet,
third patient—blue, fourth patient—red, fifth patient - orange, sixth patient—green.

‘The geometry was discretized into 71,644 finite elements with 49,734 linear elements for the blood domain
and the remaining 21,910 quadratic elements for the artery wall domain.

The fluid-structure interaction (FSI) model considering the two-way coupling between blood and artery wall
was solved with COMSOL Multiphysics software (v.5.1. COMSOL AB, Stockholm, Sweden). The Navier-Stokes
equations in the Arbitrary Lagrangian Eulerian (ALE) formulation were used to describe the dynamics of the
blood flow, while the equation of motion in the material configuration was used to describe the dynamics of the
artery walls. The computational mesh of the blood domain was moved according to the Winslow smoothing
method™*. A linear MUItifrontal Massively Parallel Sparse direct Solver (MUMPS) was used in conjunction
with a nonlinear Newton method. For time stepping, the variable-order-accuracy (from first to second) Back-
ward Differentiation Formula (BDF) solver was used with an adaptive time stepping routine. A relative global
tolerance of 10~ and a scaled global absolute tolerance of 5 x 10~ were used for all solved variables (Table 7).
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Figure 7. Typical maximum blood flow velocity waveform in ophthalmic artery that was implemented in the
numerical model.

P

| Duration of one heartbeat pulse cycle

| Systolic arterial blood pressure ** 80 mmHg

| Diastolic arterial blood pressure * 10 |mmig

Table 5. Basic simulation parameters.

| Isotropic, kPa 297

| Anisotropic, kPa 278

| Anisotropic, 642

| Fiber angle, deg 220

| Dispersion, 08

Table 6. Ophthalmic artery wall p used for fiber-rei ed double layer model based on internal

carotid artery wall parameters according to *.

| distance from the OA starting location at which the data was collected at TOA segment 2.058

| distance from the OA starting location at which the data was collected at FOA segment | 20.834 |

Table 7. Locations of cross-sections were data was extracted. OA the ophthalmic artery, JOA intracranial
segment of the ophthalmic artery, EOA extracranial segment of the ophthalmic artery.

Appendix 2: Definition of blood flow factor used for non-invasive ICP monitoring

‘The variations of the blood flow velocity parameters and OA cross-sectional area in the IOA and EOA can be
compared by the integral factors derived from the intensity of the reflected ultrasound Doppler signal. The blood
flow factor (BFF) is defined as an integral of the difference of logarithms of Doppler signal intensity P, obtained

from the TOA and EOA:
! (Pm.:on(t -1 u))
[ SIOAN " et

dudz, t = [10, 20,..., 3590]s, 1
Py roa(t — T u) . . W

10
BFF(t)== j‘o I
=0

where P (t, u)—is the ultrasound signal intensity distribution over the velocity # measured by the Doppler signal.
In order to compare BFF with the ICP monitored non-invasively, the factors were processed. The factor BFF and
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invasively monitored ICP;,, were smoothed by a moving average with Tsmooth = 60's, and the smoothed factor
BFF was rescaled according to ICP;yy values by:

f(t) =a+b - BFF(t). )

The scale coefficients a and b must satisfy the condition of equality of standard deviations and the means of

rescaled factor fand ICPjq:

t = [Tonooths tendl, 3)

std(f(t)) = std(ICPiny(t))
mean(f(t)) = mean(ICPi, (1))’
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Abstract: Ventriculoperitoneal shunt placement is the most commonly used treatment of normal-
pressure hydrocephalus (NPH). It has been hypothesized that normal-tension glaucoma (NTG) is
caused by the treatment of NPH by using the shunt to reduce intracranial pressure (ICP). The aim of
this study is to review the literature published regarding this hypothesis and to emphasize the need
for neuro-ophthalmic follow-up for the concerned patients. The source literature was selected from
the results of an online PubMed search, using the keywords “hydrocephalus glaucoma” and “normal-
tension glaucoma shunt”. One prospective study on adults, one prospective study on children,
two retrospective studies on adults and children, two case reports, three review papers including
medical hypotheses, and one prospective study on monkeys were identified. Hypothesis about
the association between the treatment of NPH using the shunt to reduce ICP and the development
of NTG were supported in all reviewed papers. This suggests that a safe lower limit of ICP for
neurological patients, especially shunt-treated NPH patients, should be kept. Thus, we proposed
to modify the paradigm of safe upper ICP threshold recommended in neurosurgery and neurology
into the paradigm of safe ICP corridor applicable in neurology and ophthalmology, especially for
shunt-treated hydrocephalic and glaucoma patients.

Keywords: normal-pressure hydrocephalus; normal-tension glaucoma; ventriculoperitoneal shunt;
intracranial pressure; lamina cribrosa

1. Introduction

Normal-pressure hydrocephalus (NPH) is a neurological disease characterized by
enlarged cerebral ventricles and clinical features of gait disturbance, urinary incontinence,
and cognitive decline [1-3]. Dilation of ventricles is caused by a disturbance in the cere-
brospinal fluid (CSF) pathway from production to absorption locations [4]. As the name
of this disease suggests, intracranial pressure (ICP) remains in the normal range most of
the time [5]. However, the name of normal-pressure hydrocephalus is misleading because
continuous monitoring of ICP shows intermittently raised ICP in association with pressure
waves [6]. NPH is generally considered to be a disorder of adult and geriatric patients.
Around 5.5 patients per 100,000 population undergo ventriculoperitoneal (VP) shunt place-
ment for the treatment of NPH annually, representing one of the commonly performed
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neurosurgical interventions [7]. VP shunt placement relieves this life-threatening disor-
der [8], but a hypothesis has recently emerged that treatment of NPH is associated with the
development of normal-tension glaucoma (NTG) [9,10].

Glaucoma is a chronic, multifactorial optic nerve (ON) disease characterized by pro-
gressive retinal nerve fibers and visual field decline [11]. NTG is a subset of open-angle
glaucoma in which intraocular pressure (IOP) is normal (IOP < 21 mmHg), in contrast to
high-tension glaucoma (HTG) in which IOP is above 21 mmHg [11,12].

The purpose of this article is to review the literature published regarding the associa-
tion between the treatment of NPH and the development of NTG, to emphasize the need
for neuro-ophthalmic follow-up for patients with shunt-treated NPH.

1.1. Pathophysiologic Mechanism of ON Damage in NTG

The pathology of glaucoma may worsen progressively and irreversibly even in cases
where IOP, the main risk factor for glaucoma, does not exceed the normal range. Thus, the
cause of ON damage in NTG remains a mystery.

It has been suggested that disturbances in ocular blood flow are a major risk factor in
the pathogenesis of NTG [13,14]. Vascular complication, such as vasospasms, vasosclerosis,
small vessel disease, and autoregulatory dysfunction, leading to perfusion deficits of the
ON head, the retina, the choroid or the retrobulbar vessels, might influence the loss of retinal
nerve fibers [13,15]. Systemic hypotension, particularly nocturnal arterial hypotension, is
another risk factor that is believed to influence the progression of glaucoma [16,17]. Ocular
perfusion pressure is defined as the difference between arterial blood pressure (ABP) and
IOP. Thus, low ABP causes low ocular perfusion pressure, and this results in ischemic
damage to the ON [16]. Yet other pathogenetic factors, such as autoimmunity [18,19],
inflammation [20], and accumulation of toxins [21], are believed to contribute to the
development of NTG.

Currently, attention has been focused on the idea formulated by Volkov back in 1976
that a low ICP may be involved in the pathogenesis of glaucomatous optic neuropathy,
because the ON immediately beyond the lamina cribrosa (LC) is surrounded by CSF [22].
Schematic representation of the relevant intraocular/retrolaminar space is depicted in
Figure 1 for the explanation of this hypothesis.

Lamina
cribrosa
7

Intraocular o )
*~ICP,"~-- Retrolaminar

space
7 space
Y Optic
0P —» Pic «1cP
I nerve
V4 .~ Pia mater
7
(«ICP__--- Retrolaminar
space

\
\ Dura mater

\ Sclera
\ Retina

Figure 1. Schematic representation of the relevant intraocular/retrolaminar space. IOP—intraocular
pressure, ICP—intracranial pressure.



Medicina 2021, 57, 234

30f10

The LC is a sieve-like structure, through which the retinal ganglion cell axons pass
before forming the ON [23]. The retrolaminar space is a CSF-filled compartment surround-
ing the ON immediately posterior to the LC [24]. The LC separates the intraocular and
retrolaminar spaces and is the possible location of axonal injury.

The pressure change across the LC, called translaminar cribrosa pressure gradient
(TCPG), has been proposed to be the primary factor responsible for axonal injury [24,25].
TCPG is calculated as TCPG = (IOP-ICP)/thickness of the LC. According to this hypothesis,
TCPG increases due to increased IOP or decreased ICP, and could be responsible for ON
damage [26]. In the case of NTG, IOP is within a normal range; therefore, decreases in of
ICP might be the cause of ON damage.

The first evidence in favor of this hypothesis appeared in 1979, 3 years after the
publication by Volkov. In an experimental study, Yablonski et al. slightly decreased the ICP
below the atmospheric pressure by cannulating the cisterna magma in cats [27]. The IOP
in one eye was decreased to slightly exceed atmospheric pressure by cannulation of the
anterior chamber, whereas the remaining eye was left untouched. After 3 weeks, the optic
disc of the eye in which IOP was unchanged showed glaucomatous optic neuropathy; in
contrast, no sign of glaucoma was identified in the eye that had reduced IOP. Since then,
little attention has been focused on the role of ICP in the development of glaucoma until
recent years.

In a retrospective study, Berdahl et al. reviewed the medical records of 62,468 patients
who had lumbar puncture readings [28]. These authors selected 57 open-angle glaucoma
patients (including 11 NTG patients) and 105 age-matched control subjects (patients with
no signs of glaucoma) for the comparison of ICP. The mean ICP was significantly lower
in open-angle glaucoma patients (9.6 & 3.1 mmHg) and NTG patients (9.3 & 3.2 mmHg)
compared with control subjects (12.7 + 3.9 mmHg).

In a prospective study, Ren et al. measured ICP via lumbar puncture on 29 HTG patients,
14 NTG patients and 71 subjects without glaucoma [29]. The mean ICP was significantly
lower in NTG patients (9.5 + 2.2 mmHg) than in the control subjects (12.9 + 1.9 mmHg) and
HTG group (11.7 + 2.7 mmHg).

In a prospective pilot study, Siaudvytyte and colleagues measured ICP using a novel
two-depth transcranial Doppler (TCD) based non-invasive ICP measurement device, in-
cluding nine patients with NTG, nine patients with HTG, and nine healthy controls [30].
The mean ICP was found to be lower in NTG patients (7.4 4 2.7 mmHg) than healthy
controls (10.5 # 3.0 mmHg) and the HTG group (8.9 & 1.9 mmHg), although differences
between the groups were not statistically significant.

In a most recent prospective study, conducted by Linden and colleagues, ICP was
measured via lumbar puncture by using the Likvor CELDA system on 13 NTG patients
and 51 healthy volunteers [31]. The mean ICP measured in a supine body position was
lower in the NTG patients (10.3 + 2.7 mmHg) than healthy volunteers (11.3 £ 2.2 mmHg).
However, differences between the groups were not statistically significant.

Although all four studies showed lower mean ICP values measured on NTG patients
compared with control subjects, a final conclusion in favor of the proposed hypothesis
cannot yet be stated. The largest study was retrospective, and the remaining three, although
prospective, did not enroll a large group of NTG patients and could be titled pilot studies.

Dysfunction of an occlusion mechanism of the ON sheath around the ON has been
proposed recently as a pathophysiologic component in NTG [32]. The unifying glymphatic
hypothesis of glaucoma, which incorporates vascular, biomechanical, and biochemical
factors to explain the pathophysiology of glaucomatous optic neuropathy, has also been
proposed [25,33].

1.2. Association between NPH and NTG

The possible role of decreased ICP in the development of NTG is relevant to the
treatment of NPH. Guidelines for the management of NPH indicate that the most effective
treatment is surgical procedures during which either ventriculoperitoneal, ventriculoa-
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trial, or lumboperitoneal shunts are implanted [34]. According to structural features,
the shunt systems are categorized into four groups: fixed differential pressure valves,
programmable valves, gravity-assisted valves, and flow-regulated valves. Currently,
there is no generally established method for setting the initial valve pressure value. Low
pressure (0.4-3.7 mmHg) or medium pressure (3.8-8.1 mmHg) fixed differential pressure
valves have been recommended and used [34]. Reference tables to set the initial pres-
sure value of the programmable valves based on the patient’s height and weight have
been suggested [34,35]. These pressure values range from 2.2 mmHg to 14.7 mmHg for
males and females. Mean ICP values measured on NTG patients (9.3 + 3.2 mmHg [28],
9.5 £+ 2.2 mmHg [29], 7.4 £+ 2.7 mmHg [30], 10.3 + 2.7 mmHg [31]) are even higher com-
pared to recommended initial pressure values of valves used to treat NPH patients.

A question can be raised as follows: does the treatment of NPH by using the shunt to
reduce ICP cause NTG? To find the answer, we have performed an online literature search
in the database PubMed using the following search terms: “hydrocephalus glaucoma”,
“normal-tension glaucoma shunt”. The references and citation indices of the selected
articles were hand-searched for additional relevant articles. Papers have been included
in this review after first screening the titles and later reading relevant abstracts with
whole articles. One prospective study on adults, one prospective study on children, two
retrospective studies on adults and children, two case reports, three review papers, and
one prospective study on monkeys were found to be relevant to the question of this paper.
A structured comparative description of the studies is depicted in Table 1.

Table 1. Summary of those studies analyzing the association between the treatment of normal-pressure hydrocephalus
using a shunt to reduce intracranial pressure and development of normal-tension glaucoma. Review papers are not included

in this table.

Study Method Sample Size Age, Years Study Group %’:“):;l Time Frame Glasgz‘n;;t:us
Gallina P, Prospective 12 males, Range of : 5
etal. [26] study 10 females 68-87 years 2 adult - Gmignths 9 patients

Yang D, Prospective 9 male Rhesus An average 4 Rhesus 5 Rhesus 12 months 3 Rhesus
etal. [36] study monkeys age of 6 years monkeys monkeys monkeys
Rudolph D, Prospective 32 boys, An average g ~ . .
etal. [37] study 24 girls age of 15 years Soichildren 12amonitis 18 paticris
Chang TC and Retrospective 67 males, An average g
Singh K. [38]. study 77 females age of 75 years 72 adult 72 adult 132 months 13 patients
Heinsbergen I, Retrospective 67 males, Range of 5
etal. [39] study 52 females 1-5 years 119 children - 96 months N/S
Sth:ln[]zg}l Case report 1 female 93 1 adult - 162 months 1 patient
Z:‘:;’f[}]ﬁ Case report 1 male 27 1adult = 300 months 1 patient

N/S: not specified.

1.3. Prospective Studies

The prevalence of NTG in patients with NPH who had implanted VP shunt for the
treatment was estimated by Gallina et al. [26]. The extent of the ON exposure (time between
the shunt placement and ophthalmic examination) to the change of the pressure difference
IOP-ICP in relation to NTG occurrence was also evaluated in this study. Nine of 22 patients
had NTG, which is 40-fold more compared with the general elderly population without
NPH. The authors concluded that the main risk factor for the development of NTG in shunt-
treated NPH patients is the duration of ON exposure to the lowering of ICP. According to
the authors of this study, the next step should be the determination of tolerated times for a
given ICP decrease.

Retinal nerve fiber layer (RNFL) thickness and neuroretinal rim area (NRA) of the ON
head were examined after reduction of ICP on Rhesus monkeys [36]. Lumbar-peritoneal
CSF shunt was implanted in nine monkeys. The shunt was opened to achieve roughly
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3 mmHg of ICP in four monkeys, while the shunt was left closed in five monkeys. A
follow-up of 1 year was done by taking optic coherence tomography and photographic
images of the ON head and RNFL of all monkeys. At the beginning of the study, RNFL
thickness and NRA did not differ significantly between groups of monkeys with an opened
shunt and closed shunt. During a follow-up, two monkeys with an opened shunt (50%)
demonstrated a progressive reduction in RNFL thickness in both of their eyes, followed by
a significant reduction in the NRA. An optic disc hemorrhage was identified at the fourth
month after the beginning of the study in the right eye of the third monkey with an opened
shunt. Mean RNFL thickness was significantly less in the monkeys with opened shunt
89.4 4 15 um than in the monkeys with closed shunt 100.9 & 7.4 um at the end of the study.
The authors of this study concluded that their findings support the concept that a low ICP
might be a risk factor in all forms of optic neuropathy, including glaucoma.

Visual field examination has been performed in children with shunt-treated hydro-
cephalus by Rudolph et al. [37]. A total of 56 ophthalmological examinations were performed
on 32 boys and 24 girls. Visual field testing was possible in 44 cases. The examination was
incomplete in 12 patients with cognitive deficits or inadequate compliance. Visual field deficits
were observed in 24 patients which is 54.5% of all completed examinations. There were visual
field constrictions between 10 degrees and 50 degrees out of the center. The authors concluded
that children with shunt-treated hydrocephalus have an increased risk of ophthalmological
abnormalities and should be more intensively ophthalmologically monitored.

1.4. Retrospective Studies

Electronic medical records of 72 NPH patients and 72 controls were retrospectively an-
alyzed by Chang and Singh to test the hypothesis that the prevalence of glaucoma is higher
in patients with NPH compared to adult age-matched and race-matched controls [38].
These authors estimated that the prevalence of glaucoma in NPH was 18.1% (13 cases) in
contrast to 5.6% (four cases) in controls. Authors of this retrospective study concluded
that the three-fold greater likelihood of glaucoma diagnosis in the NPH group is a signifi-
cant finding that deserves further prospective study. However, the number of NTG cases
was unknown. Thus, the prevalence of NTG in NPH patients was not determined. Also,
the distinction between shunt-treated and non-shunt treated patients was not performed,
which made it impossible to separate cases of glaucoma associated with CSF diversion.

Medical records of 137 shunted hydrocephalic children patients were retrospectively
reviewed by Heinsbergen et al. to identify the main risk factors for outcome [39]. The type
and prevalence of impairment, including visual function, was also listed. One-hundred-
nineteen patients were included in the analysis. The diagnosis of hydrocephalus was made
in 90% of the patients before the age of 1 year and in rest after 1 year of age. The median
age at the assessment of the outcome was 5 years. It was found that 25% of all patients
were diagnosed with visual function impairment.

1.5. Case Reports

NTG was diagnosed in a 93-year-old white woman in May 2000 [40]. A VP shunt with
a programmable valve set at 8.8 mmHg had been placed in this patient for the treatment
of NPH in September 2011. Two optic disc hemorrhages were detected in the right eye
and worsening of visual fields in both eyes was noted 1 month after implantation of the
VP shunt. The pressure value of the programmable valve was increased up to 14.7 mmHg.
After this, ophthalmic examination showed that disc hemorrhages in the right eye had
disappeared. Pressure setting of the VP shunt was decreased multiple times because the
patient developed signs of NPH; first, from 14.7 to 13.2 mmHg in November 2011; second,
from 13.2 to 11.8 mmHg in December 2011; third, from 11.8 to 11.0 mmHg in January 2012;
and fourth, from 11.0 to 10.3 mmHg in February 2012. A new optic disc hemorrhage was
detected in the right eye, and again worsening of visual fields in both eyes was noted
in August 2012. Optic disc hemorrhage was identified in the left eye in September 2013.
At this time, the pressure setting of the VP shunt was increased to 11.0 mmHg. No disc
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hemorrhages were visible in November 2013. The authors concluded that this case is the
first report of worsening of NTG obviously caused by lowering the ICP after implantation
of the VP shunt for the treatment of NPH.

A 2-year-old boy developed hydrocephalus after the treatment of malignant pineoblas-
toma [41]. VP, ventriculopleural, and ventriculoatrial shunts were placed in succession for
the treatment of hydrocephalus. The patient underwent eight shunt revisions in a period
of 25 years, during which ICP values below the normal range according to the age of the
patient have been identified at last six revisions. A diagnosis of juvenile-onset NTG was
made in his only seeing left eye after detailed ophthalmic examinations. A programmable
shunt has been implanted in the patient at the age of 27 years to relieve headaches and
reduce the risk of progressive glaucomatous visual loss. Four weeks after the implantation,
the ICP had stabilized at 6 to 13 mmHg, which approximately falls into the normal ICP
range at that age (8 to 15 mmHg). The authors concluded that this case describes a human
model of juvenile-onset NTG caused by low ICP, in which all other non-IOP-dependent
pathophysiological mechanisms have been excluded.

1.6. Review Papers Including Medical Hypotheses

Bokhari and Baeesa described the clinical and theoretical basis for their hypothesis
after reviewing literature regarding the increased prevalence of glaucoma among NPH
patients treated using a CSF diversion procedure [9]. The authors hypothesized that besides
the recently included pathophysiologic mechanism of TCPG increase in the pathogenesis
of NTG, inherently fragile neurons in NPH patients could be another possible reason for
an increased prevalence of glaucoma. The authors even suggested including TCPG into
the treatment guidelines of NPH. They expect that recent advances in the imaging of the
ON head complex might provide an opportunity to detect the mechanical changes of an
increased TCPG before ON damage happened.

Wostyna et al. have reviewed the literature and discussed low ICP as a risk factor for
the development of NTG [42]. As the authors of this paper revealed growing evidence of
the important role of low ICP in the pathogenesis of glaucoma, including the development
of NTG after treatment of NPH, they hypothesized that in the future, glaucoma could
be treated from the intracranial compartment side of the LC. The authors proposed an
implantable CSF pump—an invasive system to infuse artificial CSF into the intrathecal
space surrounding the spinal cord, thus increasing the ICP—as a novel strategy for the
treatment of glaucoma.

McCulley et al. summarized the published works regarding relationships between
ICP and glaucoma and the current evidence supporting or denying ICP as a risk factor
for glaucoma [24]. Association between NTG and treatment of NPH by the CSF shunting
procedure that reduces ICP was also discussed. The authors concluded that already
published data support the notion that low ICP is a risk factor for glaucoma and might be
responsible for the increased rate of NTG observed in NPH patients.

2. Results

The hypothesis about the association between the treatment of NPH using a shunt
to reduce ICP and development of NTG is supported in all above-reviewed retrospective
studies, case reports, and review papers. However, these works do not belong to the
first-level of evidence in evidence-based medicine. Three prospective studies—with first-
level evidence, although all including relatively small sample size (22 adult humans [26],
44 children [37], 9 Rhesus monkeys [36])—also revealed a convincing link between the
reduction of ICP and development of NTG. Summarizing all of these results, it seems
that a safe lower limit of ICP for neurological patients, especially shunt-treated NPH
patients, should be retained. If so, the paradigm of a safe upper ICP threshold (as recom-
mended in neurosurgery ICP < 20 mmHg [43,44] or ICP < 22 mmHg [44,45], and neurology
ICP < 14.7 mmHg [46,47]) should be modified into the paradigm of safe ICP corridor ap-
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plicable in neurology and ophthalmology, especially for shunt-treated hydrocephalic and
glaucoma patients, to avoid progression of NTG.

Although the ICP upper threshold values used to initiate treatment in neurosurgery
were recommended many years ago, these are still debatable [44]. Whereas no data are
available to formulate recommendations of lower ICP thresholds used to minimize or
eliminate the risk of NTG development. There is no well-established technique to set
initial postoperative valve pressure value. Reference tables to set the initial pressure value
of programmable valves based on the patient’s height and weight have been suggested
without considering the risk of NTG development [34,35]. These pressure values range
from 2.2 mmHg to 14.7 mmHg, both for males and females. Postoperative measurement
of ICP using an invasive external ventricular drain or an intraparenchymal monitor is
undesirable for shunt-treated patients because of a too high risk of infection, restricted
mobility, and short-term use, among other reasons [48]. Most of the time, anamnesis,
clinical examination, imaging studies, and the physician’s judgment are used to adjust
valve settings for proper CSF drainage. However, measurement of ICP would be valuable
in postoperative shunt complications, shunt occlusion, infection, headache, and subdural
hematoma, among other scenarios.

Gallina et al. suggested not searching for a threshold of ICP itself, but a threshold
of IOP-ICP difference (AP) multiplied by exposure time (t) of such a difference, because
they found that duration of ON exposure to the lowering of ICP is very influential for the
development of NTG in shunt-treated NPH patients [26]. First-level evidence studies will
be needed to derive these threshold values.

While IOP measurement, although indirect, is non-invasive and easily obtained by
using an applanation tonometer, ICP measurement is complicated because invasive pro-
cedures, which can be done by a neurosurgeon, are needed to obtain a reliable ICP value.
ICP measurement by non-invasive means would enable better postoperative management
of shunt-treated patients and would encourage future studies for the search of safe lower
ICP or upper AP xt threshold values. Plenty of the suggested non-invasive ICP assessment
approaches, such as measurement of the pulsatility index in the middle cerebral artery,
fundoscopy, measurement of the optic nerve sheath diameter, magnetic resonance imaging
and assessment of tympanic membrane displacement, are unable to measure absolute ICP
value accurately and have not been used in clinical studies for the NTG diagnosis [49,50].
We identified only one (recently published) study on glaucoma patients in which ICP has
been measured in a non-invasive manner [30]. A promising two-depth TCD device has
been used for the non-invasive measurement of ICP in this prospective pilot study. The
accuracy, precision, diagnostic sensitivity, and specificity of this non-invasive ICP technol-
ogy have been independently tested on neurological patients by various groups [51-53].
Although, the results showed fair agreement to invasively measured ICP with normal,
high, or slightly elevated ICP in neurological patients, there is no accurate validation of
this technology in a lower range of ICP (0-8 mmHg) tested in NTG patients.

Future advances in two-depth TCD non-invasive ICP measurement technology or
other should allow searching for safe lower ICP thresholds which would enable NPH
treatment without or with minimal risk of NTG development and would put the paradigm
of a safe ICP corridor into clinical practice.

While ICP has recently been considered to influence the development of glaucoma, yet
another physiological mechanism also from the intracranial compartment, cerebrovascular
autoregulation (CA), started to emerge as a factor that might play a role in the pathogenesis
of glaucomatous optic neuropathy [54,55].

3. Conclusions

The available data suggest that there is a link between the treatment of NPH using a
shunt to reduce ICP and the development of NTG. Unfortunately, there are no published
data on a safe lower ICP patient-specific threshold, which would help to improve NPH
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patients while the risk of NTG development would be minimal. Definitively validated
non-invasive measurement of ICP would encourage searching for such threshold values.

A limited amount of data also suggests that CA might play a role in the pathogenesis
of glaucomatous optic neuropathy. Prospective CA monitoring studies on NPH patients
who have a risk of NTG development are now needed.
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Draugams sirgaliams uz nuolatinj palaikyma jveikiant distancija.

Europos socialiniui fondui, Lietuvos mokslo tarybai, Europos regioninés plétros
fondui, Centrinei projekty valdymo agentiirai, Lietuvos sveikatos moksly universiteto

Moksliniy tyrimy ir eksperimentinés plétros fondui, Kauno technologijos universiteto
Inovacijy fondui uz parama projektams.
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