
�J�. �N�e �u�r �a�l �E �n �g�.�1 �8�( �2 �0 �2 �1�) �0 �4 �6 �0 �8 �7 �C �J �H �u �g �g�i �n�s�e�t �a�l

�( �a�)� �F �o�l �d� �1� �C �o �n�f �u�s�i �o �n� �M �a�t�r�i �x�( �b�)� �F �o�l �d� �2� �C �o �n�f �u�s�i �o �n� �M �a�t�r�i �x�( �c�)� �F �o�l �d� �3� �C �o �n�f �u�s�i �o �n� �M �a�t�r�i �x

�( �d�)� �F �o�l �d� �4� �C �o �n�f �u�s�i �o �n� �M �a�t�r�i �x�( �e�)� �F �o�l �d� �5� �C �o �n�f �u�s�i �o �n� �M �a�t�r�i �x�(�f�)� �F �o�l �d� �6� �C �o �n�f �u�s�i �o �n� �M �a�t�r�i �x

�( �g�)� �F �o�l �d� �7� �C �o �n�f �u�s�i �o �n� �M �a�t�r�i �x�( �h�)� �F �o�l �d� �8� �C �o �n�f �u�s�i �o �n� �M �a�t�r�i �x�(�i�)� �F �o�l �d� �9� �C �o �n�f �u�s�i �o �n� �M �a�t�r�i �x

�(�j�)� �F �o�l �d� �1 �0� �C �o �n�f �u�s�i �o �n� �M �a�t�r�i �x

�F�i �g �u�r �e �6�.�( �a�)  ��(�j�) �C �o �n�f �u�s�i �o �n �m �a�t�r�i �c �e�s �s �h �o �w�i �n �g �t �h �e �m �o �d �e�l �p�r �e �d�i �c�t�i �o �n�s �( �o �u�t �p �u�t �c�l �a�s�s�) �a �g �a�i �n�s�t �t �h �e �g�r �o �u �n �d �t�r �u�t �h �(�t �a�r �g �e�t �c�l �a�s�s�) �f�r �o �m
�f �o�l �d�s �1  � �1 �0 �r �e�s �p �e �c�t�i �v �e�l �y�, �r �e�l �a�t�i �n �g �t �o �t �a �b�l �e�3�.

 � �R�e�s �N�e�t�- �1 �8 � �a �n �d  � �G �o �o �g �L �e �N�e�t � �w �e�r �e �i �n �v �e�s�t�i �g �a�t �e �d �a �n �d
�c �o �m �p �a�r �e �d �t �o  � �A�l �e �x �N�e�t � �l �e �a �d�i �n �g �t �o �s �u�r �p�r�i�s�i �n �g �r �e�s �u�l�t�s�.
�R�e�s �N�e�t�- �1 �8 �h �a�s �1 �8 �c �o �n �v �o�l �u�t�i �o �n �a�l �l �a �y �e�r�s �a �n �d �m �a �k�e�s
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Al e x N et, t h e y pr o d u c e d m o d els t h at t o o k l o n g er t o
tr ai n a n d h a d w ors e a c c ur a c y r es ults. T his is s u g g es-
t e d t o b e d u e t o m or e o v erfitti n g pr es e nt d u e t o hi g h er
di v er g e n c e i n tr ai ni n g a n d v ali d ati o n l oss pl ots.

Alt er n ati v e si g n al pr o c essi n g m et h o ds c o ul d h a v e
b e e n us e d i n t his m et h o d s u c h as s h ort-t er m F o ur-
i er tr a nsf or m ( S T F T). T h e o ut p ut s p e ctr o gr a m fr o m
S T F T a n al ysis is v er y si mil ar t o t h e s c al o gr a m fr o m
C W T a n al ysis, wit h t h e m ai n diff er e n c e b ei n g t h e r es-
ulti n g fr e q u e n c y a n d ti m e r es ol uti o ns. S T F T us es a
fi x e d wi n d o w si z e r es ulti n g i n ti m e-fr e q u e n c y gr a p hs
wit h u nif or m ti m e a n d fr e q u e n c y r es ol uti o ns. A
tr a d e- off b et w e e n t h e fr e q u e n c y a n d ti m e r es ol uti o ns
m ust b e m a d e w h e n c h o osi n g t h e fi x e d wi n d o w si z e
f or S T F T, w hi c h is n ot r e q uir e d f or C W T. C W T
us es v ari a bl e, s c al e d wi n d o w si z es t o cr e at e gr a p hs
wit h n o n- u nif or m ti m e a n d fr e q u e n c y r es ol uti o ns.
T h e n o n- u nif or m r es ol uti o ns all o w l o w er fr e q u e n c y
tr e n ds i n t h e d at a t o b e s e e n at l o n g er ti m e i nt er v als
a n d hi g h er fr e q u e n c y tr e n ds t o b e s e e n at s h ort er ti m e
i nt er v als. D u e t o t h e n o n-st ati o n ar y n at ur e a n d v ar-
i e d fr e q u e n c y r a n g e of E E G si g n als, C W T w as c h os e n
as t h e m ost a p pr o pri at e si g n al pr o c essi n g m et h o d.

I n c o m p aris o n t o t h e lit er at ur e r e vi e w e d i n
s e cti o n 2 , t h e r es ults i m pr o v e o n t h e a c c ur a c y of H A
vs M CI vs A D pr es e nt e d b y t h e m ost r e c e nt st u d y
fr o m I er a cit a n o et al (2 0 2 0 ), w h o pr o d u c e d a c o m-
bi n e d Bis p e ctr u m a n d C W T f e at ur e m o d el, wit h a
m a xi m u m a v er a g e a c c ur a c y of 8 9 %. T h eir p a p er us es
m or e s u bj e cts ( n = 1 8 9) i n c o m p aris o n t o t h e s u b-
j e cts i n t his st u d y’s d at a b as e (n = 1 4 1) a n d is b al-
a n c e d b et w e e n cl ass es w hi c h m e a ns t h e d at a ar e b ett er
s uit e d f or D L a p pli c ati o ns. T h e r es ults ar e als o c al c u-
l at e d o v er a r a n g e of t e n t ests w hi c h gi v es r eli a bilit y
t o t h eir r es ults. T h e r es ults als o i m pr o v e o n t h e m a x-
i m u m a c c ur a c y f o u n d i n lit er at ur e, fr o m Bi a n d Wa n g
(2 0 1 9 ) at 9 5 % a c c ur a c y of H A vs M CI vs H A usi n g
a n alt er n ati v e m et h o d a n d d at a s et. T h e i n p ut t o t h eir
b es p o k e m a c hi n e l e ar ni n g m o d el us es a u ni q u e c o m-
bi n ati o n of s p e ctr al t o p o gr a p h y m a ps t o pr o d u c e t his
r es ult, h o w e v er, l a c ks d e pt h as t h e s u bj e ct p o ol is v er y
s m all (n = 1 6) i n c o m p aris o n t o o ur d at a s et. B ot h
p a p ers i n cl u d e d a st atisti c al a n al ysis of t h e r es ults,
s u c h as R O C c ur v es a n d c o nf usi o n m atri c es, f urt h er
all o wi n g dir e ct dis c ussi o ns a n d c o m p aris o n b et w e e n
t h e p a p ers.

T h e ot h er p a p ers i n s e cti o n 2 b y Ki m a n d Ki m
(2 0 1 8 ), F a n et al (2 0 1 8 ) a n d Z h a o a n d H e (2 0 1 5 ) ar e
all bi n ar y cl assifi ers. As t his r es e ar c h st u d y pr o d u c e d
t hr e e- cl ass cl assifi c ati o n of A D vs M CI vs H A, it h as a
cl e ar i m p a ct a d v a nt a g e. T h e si g n al pr o c essi n g m et h-
o ds of R P fr o m Ki m a n d Ki m ( 2 0 1 8 ) a n d M S E fr o m
F a n et al (2 0 1 8 ) ar e l ess c o m p ut ati o n all y c o m pl e x
c o m p ar e d t o C W T. C o n v ers el y, t h eir r es p e cti v e D N N
a n d L A S S O cl assifi c ati o n m o d els w er e m or e c o m pl e x
t h a n t h e pr o p os e d C N N i n t his st u d y. All t hr e e p a p ers
als o us e d at a b as es t h at ar e m u c h s m all er c o m p ar e d t o
t h e d at a b as e us e d i n t his st u d y, d es pit e t his still pr o-
d u c e l o w er a c c ur a c y r es ults.

D es pit e t h e pr o misi n g r es ults pr es e nt e d, o ur
st u d y h as li mit ati o ns. T h e r e c or di n g of s c al p E E G
si g n als w as c o n d u ct e d i n a c o ntr oll e d e n vir o n m e nt,
r e q uiri n g cli ni c al s p a c e a n d tr ai n e d pr of essi o n als
w hi c h c a n b e ti m e c o ns u mi n g a n d e x p e nsi v e. Bi as is
a n i m p ort a nt t o pi c i n m e di c al AI a n d D L a n d s h o ul d
b e r e d u c e d as m u c h as p ossi bl e. B y r e m o vi n g h u m a n
i nt er a cti o n i n t h e si g n al pr o c essi n g a n d cl assifi c ati o n
st a g es, t his st u d y h as att e m pt e d t o a v oi d bi as; h o w-
e v er, t h er e w er e still ar e as f or i m pr o v e m e nt. T h e d at a-
b as e r e q uir e d i niti al i n p ut of l a b els f or t his s u p er vis e d
l e ar ni n g m et h o d, w hi c h m e a ns t h at t h er e w as a p os-
si bilit y of err ors wit hi n t h e di a g n osis vi a t h e st a n d-
ar d cli ni c al crit eri a e x pl ai n e d i n s e cti o n 3. 2 ( B at u m
et al 2 0 1 5 ). T h e e d u c ati o n al l e v el of t h e s u bj e cts,
w hi c h is a k n o w n c o ntri b ut or t o A D, h as n ot b e e n
ass ess e d i n t h e d at a pr e- pr o c essi n g. T h e si mil ariti es
a n d diff er e n c es b et w e e n t h e 5 s e p o c hs wit hi n t h e
1 0 mi n s a m pl es h a v e als o n ot b e e n ass ess e d, w hi c h
c o ul d aff e ct t h e r es ults. F urt h er m or e, it is u nr e alisti c
t o c o m p ar e t h es e r es ults dir e ctl y t o t h e i n vi v o di a-
g n osti c a c c ur a c y of A D ( 7 7 %) as t h e r es ults wit hi n
t his r e p ort r el y o n pr e- d efi n e d l a b els usi n g g ol d st a n d-
ar d t e c h ni q u es. T o b e us e d i n a cli ni c al s etti n g, t his
m et h o d w o ul d n e e d t o b e v ali d at e d usi n g a d diti o n al
d at a, i d e all y pr o gr essi n g o nt o a m o d el t h at pr o d u c es
si g nifi c a nt r es ults r e g ar dl ess of t h e p ati e nt’s d e m o-
gr a p hi c al i nf or m ati o n s u c h as a g e, l o c ati o n, a n d e d u-
c ati o n al hist or y.

6. C o n cl usi o ns

I n t his st u d y, a si g n al pr o c essi n g m et h o d c o m bi n e d
wit h a n o pti mis e d D L m o d el h as b e e n d e v el o p e d t h at
pr es e nts a c c ur a c y r es ults of 9 8. 9 %, c urr e ntl y hi g h er

t h a n a n y r es ults pr es e nt e d i n lit er at ur e wit hi n t his
fi el d.

Ot h er m et h o ds w er e t est e d a n d dis c uss e d, i n cl u d-
i n g s p e ctr o gr a m ti m e-fr e q u e n c y i m a g es, alt er n ati v e
D L ar c hit e ct ur es G o o g L e N et a n d R es N et- 1 8 a n d a
v ari et y of diff er e nt h y p er p ar a m et er v al u es. T h es e dif-
f er e nt str at e gi es di d n ot pr o d u c e s u p eri or a c c ur a c y
r es ults b ut pr o vi d e d a us ef ul c o m p aris o n t o t h e fi n al
m o d el.

T his st u d y h as s h o w n s o m e v er y pr o misi n g r es ults
b ut f urt h er w or k is r e q uir e d t o pr o gr ess t his r es e ar c h,
wit h t h e e n d g o al t o pr o d u c e a cli ni c all y a c c ur at e t o ol
t h at c o ul d b e us e d t o ai d h e alt h c ar e pr of essi o n als i n
pr o vi di n g b ett er di a g n osis f or el d erl y p ati e nts wit h
s y m pt o ms t h at ar e t y pi c al of M CI or A D. R e c o m-
m e n d ati o ns f or f ut ur e w or k c o ul d e n c o m p ass t h e
f oll o wi n g:

• Test t his m o d el as a t w o- cl ass pr o bl e m b y c o m-
p ari n g t h e A D vs M CI a c c ur a ci es a g ai nst t h e M CI
vs H A a c c ur a ci es. T his l e a ds t o a h y p ot h esis t h at
a l o w er n u m b er of cl assifi c ati o n c at e g ori es w o ul d
r es ult i n i m pr o v e d a c c ur a ci es.
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• E x pl or e alt er n ati v e w a ys t o cr e at e R G B i m a g es fr o m
E E G si g n als, p ossi bl y b y c o m bi ni n g ot h er si g n al
pr o c essi n g m et h o ds q u a ntif yi n g c h a n g es i n t h es e
si g n als r el at e d t o A D.

• E x pl or e a d diti o n al pr e-tr ai n e d n et w or ks or
b es p o k e D L ar c hit e ct ur es.

• Us e t h e m o d el o n ot h er d at a b as es ( o ut of s a m pl e
d at a) t o f urt h er u n d erst a n d its r eli a bilit y a n d
a c c ur a c y.

• Test t h e us e of a ut o m ati c h y p er p ar a m et er s el e cti o n
usi n g m et h o ds s u c h as B a y esi a n o pti mis ati o n.

• Cr e at e a n ‘I nt er n ati o n al St a n d ar d’ d at a s et f or
tr ai ni n g a n d t esti n g si mil ar s yst e ms f or t h e di a-
g n osis of A D.

T h e fi n di n gs pr es e nt e d i n t his st u d y h a v e si g-
nifi c a ntl y a d d e d t o t h e c o nti n u e d k n o wl e d g e s ur-
r o u n di n g D L of E E G si g n als f or A D di a g n osis. T h e
i n cr e as e d a c c ur a c y r es ults s h o w pr o misi n g o ut c o m es
f or f ut ur e a p pli c ati o ns of D L t o t h e cl assifi c ati o n a n d
di a g n osis of A D. T his c o ul d e v e nt u all y h el p c o m b at
t h e r es o ur c e-i nt e nsi v e a n d h u m a n d e p e n d a nt m et h-
o ds t h at ar e c urr e ntl y us e d, ulti m at el y pr o vi di n g a
q u a ntit ati v e pr o b a bilit y v al u e f or t h e di a g n osis of a
p ati e nt.

A c k n o wl e d g m e nts

We w o ul d li k e t o a c k n o wl e d g e t h e i n p ut of Vi kt or
M ar k o vs kij f or t h e a g e- m at c hi n g of t h e E E G d at a b as e
b et w e e n A D, M CI a n d H A s u bj e ct gr o u ps.

O R CI D i Ds

C a m er o n J H u g gi ns  htt ps:// or ci d. or g/ 0 0 0 0- 0 0 0 3-
2 3 5 4- 9 2 3 4
J a vi er Es c u d er o  htt ps:// or ci d. or g/ 0 0 0 0- 0 0 0 2-
2 1 0 5- 8 7 2 5
M ari o A P arr a  htt ps:// or ci d. or g/ 0 0 0 0- 0 0 0 2- 2 4 1 2-
6 4 8 X
A m a n d a Vit óri a L a c er d a D e Ar a új o 

htt ps:// or ci d. or g/ 0 0 0 0- 0 0 0 3- 2 6 8 1- 4 2 4 0
D a ni el A b as ol o  htt ps:// or ci d. or g/ 0 0 0 0- 0 0 0 2-
4 2 6 8- 2 8 8 5

R ef e r e n c es

Al b ert M S et al 2 0 1 1 T h e di a g n osis of mil d c o g niti v e i m p air m e nt
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