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N5e ASE T 5 ol #d A8 Fo] Y AGES HHAA

(VR) 717] 3 Atoll A A& oz Hol A3}t

2. 7HEAVR) 717 2 HAst@A 717

(1) 7H$EA(VR) 717

HoAdqte= 7HFEA(VR) = e 9l AdAE = vheE
2Zd o] Vive Pro’" S A&t AFgA7E ZEA] HolE 3de 110
% Alokz}a} 90HzS] FAFE, 1440 x 1600 WA A ez Aysta 7)3%
o AlZtS AFrh §F 7171 90Hz A W=l d 120Hz A=
He A FA Azl W] 9lal, X E(haptic) BEE
=

Ad 874 W AAE HESZHRE ddsd o]

2) A 3HA 717
SAEHE B Al A AR Lo
ojg & Hur7lelth. Ay AFe wFE 2 |Fow AzEo Fpl,
Fp2, Fp3, F4, F7, F8¢] % 67) A do] 3hite]l Axlo o]ojx VR & =Al
S A8 w A ojuto] RFAHEE HALHUT. o] FHxpr} 7HEFEA
(VR) 71715 243 o o2 nzze &8 flo] ¥y A58 gnfz ¢

ol & & dow, Huto] FrZE(reference) AL = A&, HA

oxid Link’*?= 712 A& AF83t= ¢
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A3 A+ 27

A1 opdwol= FAX GFFFPED FA
t=stol vy Aol A ¥ s} ZHEAR(AT 1)

A7 104 olEmol= AR UFHYPET) G4 dzstoluy A
AT 367, ofURol FA HEFHIPED) 4 AAAA BT
e sgmow ool mANUCH, tho] 2 g WP e F o

al

A zr

247} 3394 FE o]

N
J

(3 1-1] AT A AT 54

AD CN

(N = 33) (N = 33)
Age (years) 68.21 + 8.88 68.64 £ 6.58 0.826
Sex 0.800
Male 12 (36.4) 13 (39.4)
Female 21 (63.6) 20 (60.6)
Education (years) 11.64 + 4.55 12.03 + 4.03 0.711
MMSE 19.36 + 4.39 27.82 + 1.74 < 0.001
Language (Z-score) -1.36 + 1.29
Memory (Z-score) -2.73 + 0.49
Visuospatial (Z-score) -1.83 £ 1.09
Executive (Z-score) -1.84 + 0.87
Average entorhinal cortical 279 + 033 344 + 034 < 0.001

thickness (mm)
Average hippocampal volume (mm’®) 2939.62 + 739.40 3943.94 + 436.76 < 0.001

AD, Alzheimer’s disease; CN, cognitively normal.
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gzatolm ] Auf APt} AAFRJAA] izt Hube [ 1-2]9F 2ol
9] (power) &t U E9] FA(network) F 7HA] SR A EAS AAJSkT) 3¢
SHo A= AEL v WEL = HE Me A JHR] Foegied g 2
Mol o]Fojglon, YESA FHAE AlEt =gt =& HEpi=ed o
3 A%t 7F(strength), F A4 (clustering coefficient, CC), 7 =7 o](path
length, PL)oll th3t #2jo] o]Foltt A¥E Aund dxslo|my |uj
Aol A= AlE M=oh vk WER WiEo A Hah SFo] wokon, =

a

ek WAL fejulah Aol YTl B Eo] 005Kk Fow

W@ dolzt gtk AL o) WEYD ZucdE A WodA A%

A (strength) 2 A2 ALY el gk Aolz} Alglen, we g
Sol A= AF A(strength)sh 7 22N PL)NA Selul@ Aol 21

[ 12] A3 9] R HEQA 242

AD CN Effect size P
(N = 33) (N = 33) ()

Power

Theta band 21.76 + 9.45 12.14 + 4.13 0.309 < 0.001
Low beta band 8.88 £ 4.11 1398 + 5.16 0.236 < 0.001
High beta band 11.31 £ 7.49 1543 + 5.78 0.089 0.039
Network

Theta band - strength 493 +£ 0.51 4.57 £ 0.23 0.172 0.003
Theta band - CC 0.27 £ 0.03 0.25 + 0.01 0.172 0.003
Theta band - PL 377 £ 034  4.03 + 0.20 0.175 0.003
High beta band - strength 294 £ 021 3.10 £ 0.24 0.114 0.017
High beta band - CC 0.16 £ 0.01 0.17 £ 0.01 0.116 0.017
High beta band - PL 6.29 £ 040 597 £ 042 0.134 0.010

* The p-value was adjusted via false discovery rate.

AD, Alzheimer’s disease; CN, cognitively normal; CC, clustering coefficient; PL, path length.
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Ao B4 AnE s BY, 3¢ EAddA e Add 39 (relative
power)®] 1 <(global) A€} W=7} h=3folwy Szl Al FrkeheE A
o2 YEyn Eeh 49 e el
A AsEE Aoz dehtov, A9 we We WE A Fxstolny
2] FApTto| A AstE = o2 YEwt EYA 24 AxE B,

dzstolm ] Aulf At A MEF W=l AT A I=(strength)9} - Al
Z(CO)7F Z7bete Ao m JEka, wwe) A wm=e #As Zol(PL)

Ao Vet £, dxsolu]y Au sl ke
W el M=o Adt i(strength)e} 3 AFCCO)E #HAHa, =& wE

(high beta) Wi=9] A= Zo|(PL):= Z7}ste= Aoz Uekwtth ojejst 2
B2 23S ), d=slolv|y Au) ol AE M=ol A A
ehil=o] 3he] gl Alet Wi=e] AjE Ak(strength)¢t w3 AF(COE T
Zbatict. wbdel, e} vk e WEel A9 e we We wee A
3 7 S(strength) 2 R AF(COE 2T asd

olglgt A¥E ‘g, UEYZ, 9¢g L HEJ=Z A4 714 54

%] $t(feature  subset) ©.#3}o] Diagonal Linear Discriminant Analysis
(DLDA) RE2 7|AgES AARSGS o, [3 1-3]9 22 EFAd50]
vsith, AdxEs B9, 99 EAE A8 A9 A g% (accuracy) =
90.91%°] ™, W7+ (sensitivity)i= 87.88%, 5 ©] &=(specificity)i= 93.94% % L}

S vENT BATE AR A, AR 8485%°H, WEE
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[3£ 1-3] &=35tolvWa A dxa 7F 39 L JEYIRLA dst
AATE B7AE
AD vs. CN
Accuracy Sensitivity Specificity
Power 90.91 87.88 93.94
Network 84.85 75.76 93.94
Power + network 93.94 9091 96.97

AD, Alzheimer’s disease; CN, cognitively normal

[2" 1-1]2 ¥ AV DEMRDS M3} 4] bl FadAE HE

W A=, AA AT A A gelek o A7]13 8 D (MR), T
B3 A9 EYa AxS ¥ A7FHIAMRI) 7] A AAE %

Abeldth. ¥ W%z 3] Z(entorhinal cortex)e] F7A 2 din &4
(hippocampal volume)> A|E} W= 3¢9} 8o AAPAS HYA, &
e 2 =2 WE M=o gfjole Fo] AuRdAE Bt o
AER MEe] 3 AFCOE 57
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{A)

44 §oas «(},491.;? 3 9.{}&6 4 4 o ~§.4¥§. P 8803
)
4 =
L [s] o
e =
B § wq © o won
g § =
Z % S8
=z “E
14 4
1} - i}
2 25 3 35 4 ¢ 1080 2000 3600 4006 3000
Average entorbina] cortical thickaess Averape hippocampal volume
30 - = 6.367, p = 8.4813 10 = (373, 5o 0,069
g )
=, =
g 2 o 2
£ £
&= £ A
(} ]
2 25 3 3% 4 4 1008 2600 36D 4000 S500
Aversge entorinad covtioal thicksness Average hippoeampal volame
(B} = =
= 0452, p = 0.002 F=BG.447, po .48
o
. o O
0.34 ° 4,204 0° og@®o P
. 3.90 °
. o ol Y ™
o =
E 0.304 5
o e 360
“ 2 0284 = £ o
2 5261 = 530 o °
0,24 a0 o 2
&22 ¥ (] T 13 ) T ) ¥ o ¥
3 15 3 13 4 p- 1.5 3 a5 4

Average enforbinal cortical thickness

Average entorhinal corfieal thickness

(2% 1-1] ¥ A7 FFFFMRYS |5 24 7ho] FHBA

CC, clustering coefficient; PL, path length.



A2 dold s 3 G 7HFE A (VR) 7] 7] 9l A 9
AAA s A3 AEA B(AT 2)

AT 2w A%t 189
(MCI) 479, &=3}o]m
o, 327t HAL A Al 7HA] A T StuEtE AAF F LHFE R
U gk dolHel ASA7E dow Ao HFHow
(SCD) 327, =1 A & (MCI) 4478, & =3}o]w¥ %7] | vl(dementia) 4
o] golgrh BAHAT [£ 2-1]12 D AT ddAEe] 548 vE
W Eolt

304 01 A A 3HSCD) 36™, 7 &1 4] 7ol

P

7l A (AD) TH o= F

[ 21] AT g4 54

HC SCD MCI AD
Number 18 32 44 4
Age in years, 67.00 68.00 73.00 63.50
median (IQR) (59.00-68.75) | (63.00-73.25) | (69.00-78.25) | (61.25-66.25)
Male 28% Male 28% Male 41% Male 0%

Gender (%)

Female 72%

Female 72%

Female 59%

Female 100%

Education in

. 13 12 13 12
years, median
(12-16) (6-13.75) (12-16) (11.25-12.5)
(IQR)
K-MMSE, median N/A 29 27 21
(IQR) (28-29) (25-29) (16.5-23.75)

HC= Healthy control; SCD=Subjective cognitive decline; MCI=Mild cognitive impairment; AD=

dementia of Alzheimer’s disease.




Aol FARE A Fol HFER Aol o] vhe] AHEY H

%= (power spectral density, PSD)E KW, AF< =3} dlo]g = F4 AHd

o

==

N

A “<w} 9] =(alpha peak)’e] HFHo] A thxwt@ wlwsle] FHAAA
ABHSCD), A=A FANMCD, L=dto]r|y %7] A vl(dementia)i 2] =

Mz ke e RoFAn [1" 2-1].

Power spectral density (%)

2 4 6 8 10 12 14
Frequency (Hz)

[27 2-1] 72 A ZdiAQ 39 ~AE=q IE(PSD)

A e H] & (decibel power ratio)’e ¥ ule] Fup Jdox EA
FEiel Hnt 9elE e AEe Hu g2 v HEE, B AN e
A FHA L H5 S F4 dEe] H3h shele} vlulskitt. whekA
[2% 2-2]e FHAAAASHSCD), 4EAAFNMCI, d=stoluy %7
2] (AD)ell Al #A] 8 F ulAE A= H]S(decibel power ratio)o] &=
stolm el 8 whA Foz FUHeta e RS HAFATH

HJr

S Rk g



A. Tricky ball B. Recall C. Depth perception

10.0 10.04
] 1.54
5.0
25
0.0

-25

Decibel power ratio
o
o

-5.0

=7.54

— HE)

-1004 — 4

-10.0 1

0 5 10 15 20 25 30 0 5 10 1‘5 20 25 30 0 5 10 15 20 25 30
Frequency (Hz) Frequency (Hz) Frequency (Hz)

(729 2-2] AAFA 59 F dAM A2 H L (decibel power ratio)

oz Al A QA 7Is Al 8 Aol AXAsT Frol| ZF Fup
MeE 2 99 S7H%)E ARG &dut, vhe HE, e wE W=

BE FHHJAASHSCD), dE=JAFNMCI), Ld=stolw %7] vl

(dementia) WA F5E F/hshe AFe BYor, 53 gHol ¥

kR
_0|L
e
12
N
_0|L
o

A (tricky ball with blinking) Z}Alo] A A7} hZxo] B
M %7] A vi(dementia)w- o] 43} 9] FUhe BAA L
(0.001 < p < 0.01). S WE 79 [27] 24]d A= FHolE & F

(tricky ball with blinking) Z}A|ol| A 17 tZtol H]ulsto] &r=3sho]mrg
7] Auj (AD) o] FAHoR Foug w2 wE 9] F7E 3
3(0.001< p <0.01), A=A =2F7] Y (forward/backward recall) 3} of] A =

2 P

e

7 dlztel wlaste] FHAQIAASHSCD) ¥ dx3dteolwy %7 A
vl (dementia)cH Aol A 2] W] g F7HE HATH0.01 < p < 0.05). =2 ¥
B 39 [29 2-5] A% QIA A S ofstE = dAR A4 s we WE
97t Srbehe AEFE BYoy FAHCR fouetA = FSkH

_ 94 — , 1 4”{;1 T



A. Tricky ball
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Alpha pawer (4]
~ w
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L

Alpha power (%)

&"

B. Recall

C. Depth perception

Alpha power (%)

[(219 2-3]
*: 001 <p < 0.05
* 10,001 < p < 0.01
#6% 00001 < p < 0.001
wREE P < 0.0001

A. Tricky ball
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it I
- B

°

=

e
e

HC sco
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AAHA 8 F ¢4 39 (alpha power)
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C. Depth perception

25

Low beta power (%)

00

AD

-

HC sCo MC1 AD

(29 24] A A

* 001 <p < 005
#0001 <p < 001

*¥*% 0 0.0001 < p < 0.001

*EXE P < 0.000
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LG
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32 el 39 (low beta power)



. Recall

A. Tricky ball C. Depth perception
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High beta power (%)
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HC SCoD MCI

[19 2-5] AAAA 3 F

*:001 <p < 005

AD HC 5C0 Mch AD HC sCo McH AD

=2 e 39 (high beta power)

*:0.001 <p < 0.01

: 0.0001 < p < 0.001
**xE P < 0.000
npAgto s HEFe], &g 71, o] A4S Hristy] s augkd
A A AREAR QA BAE AR, o] A7 Adsn o
A A8 gl whek Ao AlY SlrE Zolrh er®, 7h gl A
= AW F(correct count)?} JHH-S- H|&(correct ratio), T1¥]il WHEA|
ZF(response time)?] QA F A3}
S 3 A=



[28 2-6]14 &Aool & FH(tricky ball with blinking) ¥} 4| A] 534
QIR A BHSCD), A=A ANMCI), Ld=3slolHH %7] A vl(dementia) T
AR 242 AukS S (correct count)$} G HF-S- M| S-(correct ratio)o] =24
oz StopAnh 538 FHAJAASKSCD)S dz=solmy 7] AW

(dementia) ¥ +7Foll P < 0.0001% vj$- -F-93+ zpo]lE HIS &4 &

o

facs

Aok 29 2-71¢9) A=A} =271 Y (forward/backward recall) 3}A| o) A &= =3
2912 A 3HSCD), A=A (MCI), Fxsho]Ws =7] X vl (dementia)
GA R APAFE AukS S (correct count)?} A WH-S H]E(correct ratio)o]

Wojx| a1 o}&e] WhgAlZH(response time)E FAH o2 folu|sA F7tet

A. Correct count B. Correct ratio C. Response time

5.0

7.
) E ?
08
g
£ g
g g 08 %35
P
3 g a
04 gaw
5.0
25
0.2
25
2.0
HC sCo

HC sCD mcl AD HC sco MC1 aD

Correct ratio

Response time all level (5)
I

[ 2-6] & A o] & 33 (tricky ball with blinking) 3} A
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Max tevel forward

Response time farward all level (s)

)

Comect ratio forward

A—1. Max level forward

A—2. Max level backward

T 1

-
L — |
8 B
7 7
T
6 é 6
2
2
T
2
5 x5
=
4 4
: 3 I
HC SCD Ml AD HC sCD M AD
B—1. Correct ratio forward B—2. Correct ratio backward
r;l
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l;\ —
08 08
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i
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E 04
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HC SCD M AD

C—1. Response time forward

Response time backward all level (s)

C—2. Response time backward

=

s AD

He sco ]

2-7] A& = 3F7] o (forward/backward recall) T} A
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Z1o] A Z}(depth perception) ¥}#|2] 7Z&-[2¥ 2-8], Ys LA4E X3St

= kg B3R A e fFAES #4357 918 Kendall tau A2 E

u

wom 4w HFE AWHAGY Lol fAH HFE AR A
PEe BN gans 4Fe RelFAth Al W Ay
QAN FHHAAASHSCD)SH A EAAFAMCDANA, B EH el A 7

A—1. Correlation score from close A—2, Correlation score from far
(— | — |
100 100
095 ! 095 !
0.90 4
g .E 0.90
£ 085 S
£ =085
. H
2 080 a
E 5 0.80
2 ¥
30754 i
3 g
B g
0.704
0.70
0.65
0.65
0.60
He 5D Ml 0 HC 5D Ml 0
B—1. Response time from close B—2. Response time from far
—

~

o
-~

o

s

Response time from far (s)
& v

Response time from close (s)

w

)

;ﬁ+‘

[ 2-8] Z o] X Z(depth perception) T} A

-

HC SCo mcl AD
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A4 A8 2 3%

A1 opdwol= FAX GFFFPED FA
t=stol vy Aol A ¥ s} ZHEAR(AT 1)

AT 12 71E AT v Al 7HA SWelA FREy A, dzstol
s A Kol Hute] 5AE dolry] flste] FE A didel A
ofF Al=stth. dz=stolm® Auf A= NIA-AA 4 2 AT 7)€
S Agste] AAHIF & o AT AHMRI) HAHERE ofe} ofU R

o= FAA BFHIPET) AAE AYste] o] opuzol= wuy

EoATnd o x84 A Q4% FARHS 4] Txsolny
ol felmg Wo Axe £ESATh toloh Adel dFE WA 8]

~ 30 - ; H kl ]




BS o Eo] =(specificity) 7} 96.97%7FA] tho} 71F AFtRh #Holdk

J_Z";
A%E nol A9 ¥v AxSo] dzselrye Adst tAg vhole

A28 dojeE A3 ZFF THEEA(VR) 7] 7] 0 A €]
ANAA B} M3 AEAR(AT 2)

AT 2= Yoy E AFY Hawoezx A gFER4Y dxstolHH
ANAA B Fhell 2ol & HAFTE 53] F2] A

peak)e] WEo] A7 Yz wusle] FHA A ABHSCD), A=A

Fel(MCD, d=slolm® %7] A vl(dementia) o] =2 O R FFAGh=
HAHE & RolFs A2 AAA B A7 wdstth oy Ade
y o] b dFo] b AElelA oAlE A HoFE o)d Ao dA

Fob? @ B AT FA7]el 2u) Y S(alpha peak)o] 3H AR
olUel AXNWAE s B Y YA AX AT Fae] e 2
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Abstract

Effective Digital Biomarkers
for Screening Cognitive Impairment

in Alzheimer’s Disease

Nayoung Ryoo
Clinical Medical Sciences
The Graduate School

Seoul National University

Background: Alzheimer's disease is known to progress through a sequential
process, starting with subjective cognitive decline (SCD) before the onset of
dementia, going through mild cognitive impairment (MCI), and eventually
leading to dementia. Currently, there is no known method to stop or reverse
the progression of Alzheimer's disease, so early diagnosis and appropriate
management with medication are crucial. However, diagnosing Alzheimer's
disease is not straightforward and can involve invasive and costly diagnostic
tests such as blood tests, brain imaging, and cerebrospinal fluid analysis,

which can present social challenges. Particularly in the early stages,



individuals may experience cognitive decline but appear normal in tests,
making it easy to miss early diagnosis and intervention. The importance of
cost-effective, convenient, and quantifiable digital biomarkers for early
screening and prediction of cognitive decline is increasing. However, there is
a lack of clinical research on digital biomarkers specifically targeting
Alzheimer's  patients. In  this study, we aimed to  analyze
electroencephalography (EEG) markers in patients with cognitive decline to
develop effective digital biomarkers for screening cognitive impairment.

Method: In Study 1, we recruited a group of Alzheimer's dementia patients
showing amyloid pathology using amyloid positron emission tomography
(PET) imaging and a control group without amyloid pathology. We collected
and compared their resting-state EEG data and derived characteristic EEG
markers for Alzheimer's disease. After adjusting for age and gender, we
trained machine learning models to differentiate between the control group
and Alzheimer's dementia patients using the EEG markers. In Study 2, we
used a virtual reality (VR) device to assess frontal lobe EEG and cognitive
function-related tasks (tricky ball with blinking, forward/backward recall, depth
perception) in healthy controls and patients with SCD, MCI, and early
Alzheimer's dementia. The obtained EEG data from the device were analyzed.
Result: In Study 1, a total of 58 controls and 36 Alzheimer's dementia
patients were recruited. Among them, EEG and magnetic resonance imaging
(MRI) data were analyzed for 33 participants in each group after age and
gender adjustment. Compared to the control group, the Alzheimer's dementia
group showed increased relative power in the global theta band and increased

relative power in the low and high beta bands. When using the EEG markers
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for Alzheimer's disease diagnosis with the Diagonal Linear Discriminant
Analysis (DLDA) machine learning algorithm, the diagnostic accuracy based
on power alone was 90.91%, with a sensitivity of 87.88% and specificity of
93.94%. The diagnostic accuracy based on network metrics alone was
84.85%, with a sensitivity of 75.76% and specificity of 93.94%. When
combining power and network analysis, the diagnostic accuracy was 93.94%,
with a sensitivity of 90.91% and specificity of 96.97%, showing improved
overall discrimination performance.

In Study 2, we conducted cognitive tasks using a VR device connected to
a frontal lobe EEG measurement device in a total of 108 healthy controls
and patients with SCD MCI, and early Alzheimer's dementia. Among them,
EEG and cognitive task data from 98 participants were analyzed. We found
that the amplitude changes of the alpha peak in the resting-state EEG
decreased in the order of SCD, MCI, and early Alzheimer's dementia.
Furthermore, the decibel power ratio of the measured EEG during the tasks
decreased in reverse order during cognitive tasks compared to the resting
state.

Conclusion: In this study, using amyloid PET imaging, we analyzed EEG in
Alzheimer's disease patients with amyloid pathology and healthy individuals
without amyloid pathology as a control group. We confirmed that theta and
beta bands are characteristic EEG indicators in Alzheimer's disease patients.
We also found that when performing cognitive tasks connected to a virtual
reality (VR) device, alpha and beta bands in the frontal lobe, compared to
the healthy control group, show discriminative features for Alzheimer's

disease. Specifically, comparing with healthy controls who did not report
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cognitive decline, significant differences were observed in SCD, MCI, and
early Alzheimer's dementia indicating that as Alzheimer's disease progresses,
the brain's network connectivity and efficiency decrease, and more energy is
consumed even during the same cognitive tasks. A common significant band
found in both studies was the beta wave, which is closely associated with
cortical metabolic activity and is also a characteristic band in Alzheimer's
disease. Although further large-scale long-term studies are necessary, these
research findings suggest that non-invasive and cost-effective digital
biomarkers using quantifiable EEG can be useful for early diagnosis of
Alzheimer's disease, as they are easily accessible and can be accurately

measured.

Keywords: Alzheimer’s dementia, mild cognitive impairment, subjective
cognitive impairment, EEG, machine learning, virtual reality
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