creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

S spuba} B9 E

20143 2¥

A gteta jetel
st QAset 4

A A &



Analysis of Cerebral Cortical
Thickness in Patients with Type 2
Diabetes Mellitus

-A 6-Month Longitudinal Follow-up Study-

February 2014

The Department of Medicine,
Seoul National University
College of Medicine

Ji Hyun Kim



A28 dxy 3L

e £ B4
678 T4 54 @7

Az 24 5 A

o] BEE oAl AR on AEF
20133 10¥
Agsta et
o8t AL 5 AT
A A 4

AR el AR AFH

20143 1€
g9 (€h
2aA% (gh
S ol (gh
S ol (gh

9 < (%)




Analysis of Cerebral Cortical
Thickness in Patients with Type 2
Diabetes Mellitus

-A 6-Month Longitudinal Follow-up Study-

by
Ji Hyun Kim

A thesis submitted to the Department of Medicine in
partial fulfillment of the requirements for the Degree of
Doctor of Philosophy in Medical Science (Psychiatry) at

Seoul National University College of Medicine

January 2014

Approved by Thesis Committee:

Professor Chairman
Professor Vice chairman
Professor

Professor

Professor




zx F

rlo
>,

A E: A23 TH(type 2 diabetes mellitus: T2DM)
ol W &5 WHe F8 ¥ 8o

= O 4

=
=5qe FEA ool 11 WA sl v Aoz FAH

T, AF7A Z27] @Ae T2DMOlA Heo] FxA REE
Hugk $4 F4 A A9 AT o] A AEe A gt
d ol TIDM FAES o @ 6 2H A guud

%A g Porsag e

:L

W 714 Aol A A i Sol fle T2DM $Ak 209 (H
129, o 89, 46.8+8.4A4)F FA =Tt 249 (d 149
44.9+7.44)& B 714 Al el 4 F4 ARl A
AHFE TIAZE ¥ A7IeHIds FIeRen, olst I
3338 A A~ (glycated hemoglobin Ajc: HbA )& E&3H A HAR
ANAJNA 7 A et dlEE 9% # X=(Hamilton depression rating
scale: HDRS) % &<} Z %=(Hamilton anxiety rating scale: HARS)E

Grretlth. 714 2 el d T4 F4 AlFel T2DM $hAb et 4

e Abole] 7 9 SRR ARE vlustglon, T
FAH 71zF Eekel wigks BASSIT HbA R UM FlAl
olde] dF= AuH gkt

Ak 14 Aol A4 dxzel wekel TIDM FapEe]

AT A Fo]H(left superior frontal gyrus: LSFG) HZZ=71F 10

of

9 (Brodmann area 10)°|A] 3] & F7A2] 7+A47F 325 Sl T(corrected



P<0.05). 714 Ald< T2DM #AhaS ddo] # 2HHA g

T(HbA,>7.0%, n=10)3} 2 ZAE=  F(HbA<7.0%, n=10)2=

ol shelfw A4S Aldg A3, ddo] & A e
T2 A dzTy vnA] 7] LSFG FHolA o gk
9] A F 7 (corrected P<0.05)5 H<Ql HtH ddo] I A= I
A gzt Jogk zxkolE Holx| kTH(corrected P>0.05). ©]
oA 714 Al FHAFAE o] F FHEHA g TolA

FANA = A FAE FsAl EATHP<0.001 for linear trend).
67ldel F2 F4 7| &<t T2DM A ZA xR

Afololl A LSFG 499 7 ®3} JLe Fof3t AfolE HolA

L XTHP for interaction jgagnosis by ime=0.084). LIt 714 Al A
ddo] F ZHEEHA FE T2DM LS FH FH 77 Fek

3t Ao 98 72 (from 9.25 to 6.56%, P<0.001)¢} 37 LSFG

b

P HJA FAY FF SIS HATKP for interaction gy b
ime=0.02). 714 AHA T2DM At A dizatel] v
ANEE £5 999 75 AJE B o1 (P=0.005) HDRS HT %=
= THP=0.047). Ag FUAF o] ’H(HbA,>7.0%) 719 (P=0.023)}
AT FEP=0.008) G99 7|FAH3 P HDRSP=0.011)2F

HARS(P=0.024) H%E olgA7:  Aow Urgd wE

0
a

gaeletd W7 Axe 714 " oeld =4 AN A

AE: o] A& "uA & %7 9 T2DM 3HAE gideR

Aag Axel 4 24 oMnd A 24 AFolth o] AF



s e)

o
H

j =
AT

d

o]

A3tE TDMeZ Avd A e/HY ool

Il T2DM $Hz}ol A LSFG

ksl
pi

15 A

0

om, Al wa}

)

;O._

A=
2 T

AFe] ¥ Fe) L

ke
T

hSS

el
%

H: 2006-30491

&}



B ettt ettt ettt ettt e reneenn i
T e, iv
List 0f Tables......uvviiioiiiiciiieeeee e \4
List Of FIGUIES.....cociiiiieeiiieeeiee et Vi
List of Abbreviations...........cccceeveiiieeiiiieeeeiee e vii
A et 1
AT U s 22
ZATF oot 35
TLZE ettt 57
FEALIE T s 71
Abstract (English)........cccoeviiieiiiiiiieiieeeeeeeee e, 94

iv ]-l'i L



List of Tables

Table 1. Previous neuroimaging studies reporting structural brain changes in

type 2 diabetic PAtientS........ceevviruierieririieierie et 12

Table 2. Previous neuroimaging studies reporting structural and/or functional

brain changes with neurocognitive declines in type 2 diabetic patients.......... 14
Table 3. Demographic and clinical characteristics of study subjects.............. 36

Table 4. Detailed information of the left superior frontal cluster where type 2
diabetic patients had thinner cortical thickness than healthy controls at

DASEIINIE ettt e e e e e e et e e e e e e e e e aeeeaaaas 39

Table 5. Detailed information of the left superior frontal cluster where type 2
diabetic patients with poor glycemic control had thinner cortical thickness

than healthy controls at baseling............cccevvevrievienieiieie e 42

Table 6. Changes in the glucose control and thickness of the left superior

frontal cortex for the 6-month follow-up period...........ccoevevvirrieiencienreennee, 46

Table 7. Baseline group differences and longitudinal changes in cognitive

function domains among type 2 diabetic patients.............cceeeveriereerieeneeneennn 49

Table 8. Group differences and longitudinal changes of cognitive function
domains among glycemic control groups of type 2 diabetic patients and

healthy CONMIOLS. ......eoiieiiiiieii e 51

Table 9. Baseline group differences and longitudinal changes of HDRS and
HARS scores among type 2 diabetic patients..........ccccveveeeveeeieeseesienieeseenienns 54

Table 10. Group differences and longitudinal changes of HDRS and HARS
scores among glycemic control groups of type 2 diabetic patients and healthy

COMETOIS ottt ettt e e ettt e e e e e e e e e et s e e e eeeeeessssesaaaaeseeeessesannanes 55



List of Figures

Figure 1. Brain mask for ROI analysis of prefrontal and medial temporal

COTTICES ..ttt ettt ettt st ettt eb e s ae b e et eae b saa 32
Figure 2. Results of cortical thickness analysis at baseline...........c..ccccoceeueenee. 38

Figure 3. A cluster in the left superior frontal gyrus where the type 2 diabetic
patients with poor glycemic control had thinner cortical thickness than healthy

CONLIOIS AL DASEIINE. c..ceeeeeeeeeee et e e ee e e e eereeeeeeeeas 41

Figure 4. Thickness of the left superior frontal cortex by glycemic control...43

vi M =



A
AGE
ANCOVA
BA
CTA
CVLT
GLM
GLUT-3
HARS
HbA
HDRS
IFG
IGF
IGT
IL-6
IRB
IRS
K-WAIS
LMM
LTP
MRI
MRS
NMDA
NOS
PGC-la
PPAR-y
RCFT
RFT
ROI
ROS
SD

SE
TNF-a
T2DM
VBM
WCST

List of Abbreviations

B-amyloid

Advanced glycation end-product
Analysis of covariance

Brodmann area

Cortical thickness analysis
California verbal learning test
General linear model

Glucose transporter-3

Hamilton anxiety rating scale
Glycated hemoglobin A ¢
Hamilton depression rating scale
Impaired fasting glucose
Insulin-like growth factor
Impaired glucose tolerance
Interleukin-6

Insulin receptor f-subunit

Insulin receptor substrate

Korean Wechsler adult intelligence scale
Linear mixed-effects model

Long term potentiation

Magnetic resonance imaging
Magnetic resonance spectroscopy
N-methyl-D-aspartate

Nitric oxide synthase

Peroxisome proliferator-activated receptor-y coactivator-1a
phosphorylated peroxisome proliferator-activated receptor-y
Rey-Osterrieth complex figure test
Random field theory

Region of interest

Reactive oxygen species

Standard deviation

Standard error

Tumor necrosis factor-a

Type 2 diabetes mellitus
Voxel-based morphometry
Wisconsin card sorting test

Vi MEZ-THE
¥ 1]



A8

1. A28 x99 43 T84
I FHES AAAASRE sl SUbeal dnh
= A 3% 9 " (international diabetes federation: IDF)ol] W=, 201213
A AAA 2044 794 Abol ] ARl I T T Sk oF
39 71007 H(FHE 83%)cl ol=m, 2030 oF 59 52004t
HEEHE 99%)0° 98 Aow dAEa rkl). BAEARI}
THetE ARG SRAL Aol mEw, SFudtdA R 304
W fHE] 2005d9E 9.1%,
2007200913l 9.9%= sl SUFekE FAll ATh2). 19719
Ao SaelA sl AFom 549 fFHEC] 15%Ae<

2 A 404

)
2
o
=
2
2
-0,
-
of\
ofl
Er
ok
riot
Y
1o
=
mio
:

L
(@)
=

2
A A= o] F A FRE 20039 2867 ol A

2010 3519k How 202003 2030dolE ZFZ; 455%F W, 5459
BoE FA% S/ A%d AR st JT3)
olfgt Fuwel fad FHUetE X &35kl 2047] Fub

ofalol F7bel At Abd) o,

BMI7} wte 37 Be Aow 4HA QUrth4, 5). SAH

il AA=F A9 (body mass index:

sk g w2 2011d YU AA AP 90 F

TS Sl 107k @E 21578 AlgES HALH(6), Ol
1 |, -11
1 A =1



i 4

Lo

No
o
ToR

oI

El

)

—

T}

)

&

T ATQ3). A

=

s}k

w5 A vkar

& A UAHE).

o
T

ok A

lals

=4

el
Njo

3

ol

=

A

A

A
ok

S|
33}

3

2
J

IDF 2]

G

T

-

b oAb

h s

ke

]

2
ExEl

=

o
w ohet 4

1,8539191 0.2
oM QR A

R EAT3).

3

4,710
=

R
Aol el
A4 3x
kel

=]

he

5
1,617€9, AAMAHO=E

ke)

=
FA]
ok
o}

A

qEde] A 2 Fa4

=
=
=
=
)
T
1

ko]
yul

=

=

=

v 7} 20034
pal

e v
19.2%

AT
w2 204014 794

AL2] 73 A

=

A F7HA

] &
.

& ol

]

=
L=

1,270 8] &2
[e)

al

7

2. A28 FxHd ¢

Diabetes Atlas 539l

ZA}
9



HE 9wy degel e del ee A
FolAth Ad AT ARES As WA A28 Fagel o
&gl s TR J1do] 45 AgHE AR melth WA
ndgel A%HAW AL Ul olux el wssh Hiel

kA 2k Ax(reactive  oxygen  species: ROS)  S7F= Qlgk  Aks)

>

2F(oxidative injury)e] ZFE i mEZE=glole] 7]5o] AT

=38t J3(glycation) HAS F3 AE U HE I3} (advanced

<)

glycation end-product: AGE)7} A A OiAMG HEgo =2 <1F
F ¥ 3] A X (endothelial cell)7} 3} = o] A W o] AT
#Ark12, 13). AGEx g=stolmd Awje] EAA 4

Ql¥k(senile plaque)d} 2173 LAl 1l 5 (neurofibrillary  tangle)oll A &=

b

J

A

23w, welold 2ol Gl gamyloid: ARl WHRIIE

ABAE W FAol 7ldsts Aom dHA UArk(14, 15). ©] £l
FhAHglucose metabolism) ©] S & A3k A A E(neuron) At

Ao = v mdGe] ok 21F 7 A (neuroplasticity) A 3F7F
T8 A4S ol FoE dEA Jdom, 1 72X N-methyl-
D-aspartate (NMDA) 84| 7|5 o]/, A2 Ul ZF 5% o], ROS
A, X WHA|-3(glucose  transporter-3:  GLUT-3)9] &,
oFAd & Ax(nitric  oxide synthase: NOS)9| A 59|
Hago] Qo o]ef e rheke wkgo] H3tA A= gt

3 A AKapoptosis) 7t oF71 ], 7]9]e] A7]7%Sk(long term

2
o
)

potentiation: LTP)7} A&l ¥ & S o] ofstd & Aot <& A
ATH13). AF=r 7|(prediabetes) L A2d  Grol %74
FEHA = Q&Y A&A(insulin resistance)?} o] wE HAFA

31914 ¥ F(hyperinsulinemia) = 95 WHs 2 A 2 E(serotonin)<]



El
m
=
1o
T

2=
=
=3

Z

]

LES

&

sh2net

e
=

afjrke}l o = 1] A o] A
IRB)<]

1
15 FAHd %) AH(insulin-like growth factor: IGF) 2

kel
q 2} =& (gene expression)

h s

L &

i B

plasticity)°l] %=

B-subunit:
7H?20), AR A37d ] 7}

=

receptor
[}

= ke, 17).

7}2~7d (molecular

W E} A2 9] (insulin

A (prefrontal cortex)ll 4] phosphorylated peroxisome proliferator-

% 4=8-A] 7] A (insulin receptor substrate: IRS)2] ©](18, 19), <
activated receptor-y (PPAR-y)<]

1
87

-

o
o

o oa W o oy m; T
T T B N ™o W
T =2 MW o}
bo % om Njo <
N oy o O R
No ™ ™ O X
BoH R o T ¢ o
@ X F oW _ &
T B T K = o
% W9 > T E o =
4T R "o M o
% = = Wr AN - Njo
N CR Jlo R o
- N — M %o o
T T N o o
= S K " C)
d =% . o w3
- Wv o Ak o X % K°
N
o % ) Y 7 I __]o
— 0 —_— Q N
P ae W ow 2 ox
go o~ w0 off M K5l
< N T W T 2
o = @ = oF e
P T X
O ,Ao m .Dro mo =
~ AR il MM Wome
- — o B X ffo T
O ow A b
"XO o5 7o w°
R 30 < w
CUC: 7 o T ur

2~3u 71

Q1 2} 2 4 (22-25),
AL

2] o)

k!
EUlS

=
4

ol
1.5~24,

o

T

A9e

2 Z d#HA
21A]7]

5

]

=

33
2 o)



-

S7HA1ZTH8-10). ¢=stolmE  Xwiet A2y WxawWE Hwl
714 Fa W A& A& “El(insulin-resistant brain state) &
o7t Aom delA Ao (226), AWE FRIHA g2 T

s dem & dTdME Hx4 A5 2 A4

o

A7)
At7b dzatel] vl 7hEstE o] yehbe ddo] BHEEATH2T).
G Al ol AxZ: T FHT T Yy d9xdss
UEll = 338 A A (glycated hemoglobin Ac: HbA )7} A&
4 % (psychomotor speed), 2! 3} 7] 5 (executive function), 7]} = (memory)
s Ay G99y AAMAVE FE AEE dFche A=
B Aok10). A2¥ G BAes SxoF

%_
Are Al1Y 3l A= FASHARE, AR2E 9=

Aoz AdHA QIrk28-30). =, A1 Hl&] A2d

hyperinsulinemia)> A3 W A& A5dG A ALY o] 4 ofve}
Ap 2 HRAA4kstE EF9- © A (hyperphosphorylated tau protein)2]
=23 FaEso] k17, 32, 33). ol#d WA W

AFA3 djulold BuEx QEU (33, 34), ol Udud FEA7}
AFAe HEE gid9d, gdst 3, wHdzdd w2 dER

sl MM xR diAbe] wrefdithe A A Rk32, 35)9



lulell /] NMDA Z8AE

9|

KeR
T

™

o} Al & = ¥ (acetylcholine),

37),

3HH (36,

o

&717 5}l

& (norepinephrine)

Ry

P ER

ol

A7 1A 7]

Fod

S

7N

717 9]

Aol A

)

K

{|m
Tor

1o

o
i

-8 A (muscarinic acetylcholine receptor) 2d 3}

T ol

2 WA

o

o]
No
v
My

—

0

™

o

A QArh39, 40). Ay AF AFRES

719

=1
=

715 A 8t

Njo

Z]
S|

el

At

o
T

717 2}

Y

shel

Z

s wejel A e 5 el

o
o

_&O

j=ye]
o =

21t} Anderson

Ela s

ol

A
i

ol

21,3517 9] A<l ¥

FRATH1). ©] <ol

=2.0)2 HIils

vl 718k F(odds ratio

s
-

¥ BHH187), HIB Rt A

BH

1
T

Ao A

o

,WO
A
ﬂo

B

G

H

11.4%21

H] & o]

o3
e
NJo
o

(lifetime prevalence)<

BT E

3

I

20.5% 3 THP<0.001).



1.6)=

51,3314 9]

7}

o] Z}7} 17.6%%} 9.8%(odds ratio

Tl A= 6.8%% THP<0.0001). 19800l 4] 20051 A}o]ej

A7}
7HE A TH41). A2

9

ks
=]

=z

[c]

o
_Tj,]
x|

M o® X T o ooy ' o w
wowm o F P oy BT
ol woode Noo o — B RV o
CUNCUN: S o <A . oF
ﬂom_l 7L _ 1:1_ OT.__ ﬂ w .
3r mw._ MM 19“ of- M H o o O
<€ oo N ;]oL o T OB
1| 1 [ < © Mt N T oF
= o ° gy ok W
5o ® M o F oL ow
PN < W o X ox o <
BT oy B4R ooy oW
M ;Iryl ﬂA_.o w: ] X Mqu EO ‘_“t O# Mﬂ
° w B o= g o " R 5
0
< % w o o w o P o
g T CN o gy Mo o
o\ o . o —_
T T o og T om oW
S oA X ot No
O_ Oﬁ EO ‘Dro ,ul \M ﬂvx_ ﬂ —_
= - YR —~ ]
S S oL B
, a @ S e SO
H o= _ < o m
LL ~ — /
53 dw © A % " ww 5 o
< v oo " o o
Kok M -~ o Ao mo N
I S T e
o H o o w~ @
e T
Joo B B T o W oW E B P
~ T o RN o M W TR

o=

al

7

O
3T

2kl

2.50)°1]

)= 7dF-(hazard ratio=1.88)}.T}

55),

7] §-(hazard ratio

1.20),

Aoz LR om(54,

A A (hazard ratio

A Aol

[}

|

3%



o

A ofaka]7]

S

f 7

0

¢

B

2]

-

K

)
—~

& 724 =594 47

7

B
pil

4. A2y FuHo o

A% %

-

3|

Aol 2

-
[6)

0

oA AHE 2 A2

ok
s

JoH

o
N

o
No

o

=
=

- 1

gt} o] 7)ol A

LERACE

Eis

TAo 2 Ay W3z}

(brain magnetic
| wd, o

3

)

d

A %

© A}
=

=
2=

resonance imaging: brain MRI) 1+ 23}

?] = (atrophy) 2

A

g]

]

=

_\ﬂ
1141 S (white matter hyperintensity) <} <

)

B

77k

Njo

A1

L=3¥e)
o

Rk th(8, 27, 57-68). Brands

¥ gty Wkt

o



B EATKSS, 66, 70-73). °ol= nEGTd sl o7 Aks}

b

A, ASHE--u 8 Al -5 A1 S (hypothalamus-pituitary-adrenal — axis:

HPA axis)®| &/ stol]l o3k HAlvds=s M 7 o=

B=310H27, 71, 72, 76, T7).
A2 Fxr @Al 7195 A ee= A7),

AALEs Fr 5 AAFFH #HE AAJA TGl AstEE
Aow dHA Avh29, 30). o]¢t T#sto], HF=(frontal pole) =
AAFH Fd Fy 7ZAa(72, 78, 79), A5 WA Byl 74
N A o] i67), 7HEx A A 5FZi(frontal horn of the

lateral ventricle) &3(80) & FH 5o A2y G <ok

Ml AATY Qe AR & dee A AT
Aulgo] waslol gtk olel@d FEA ol4e e of

of.
-1 U
ol

A ws A A ey, HET S HEHW A8 =R
HbA 8l ©](72)0] Pl o3 AdFFe F=x4 o

o FupAE s Ravt At
3}

©
gt
-
iy
|
—
11
= .-
L_H



54 2 srke] 3

s

A5 A

Al

o)

1

NH

Ao YA 2

B

al

3

57 O
ST

e e

Lo

5|
pud

£
~

Aol

|-y
-

20 2(82, 83), ©|

%= (visual rating scale), 5~7| ¥ (manual tracing),

7 3

ofe] 7)ol

=1
o

(voxel-based morphometry: VBM)

1)

;L

A

el

-

Fso] B30, 85). 1, o

Ao =

K
B

Hlo

FoAvk oL A3, i oA

S

AR
N

o

\=Nye)
o

AF B, Convit

ATE

thet A3

o] f
71el olm] 7]}

17} e, oAl

S

w5eel A

5
5)

i
=

of A7 Aol M, A2d

=N
[€)

F 7] F4 3% Willette

F

2 43

K

)

Afolel

=
=

o 4 9

10



Nd

AF wF Abd-o)

=
=

HEFRLTR(79), LE, o]

Al &o]

s

R

I
]

B

gl
Cx
2

—_
fie)

11



Table 1. Previous neuroimaging studies reporting structural brain changes in type 2 diabetic patients

Authors Subjects Method Result
den Heijer et al., T2DM 41 MRI Decreased hippocampal and amygdalar volume in T2DM group.
2003 Control 465 Manual Tracing Amygdalar atrophy was associated with higher insulin resistance.
Schmidt et al., T2DM: 114 MRI . o : .
2004 Control: 1,138 Visual Rating Scale ~ C°rtical atrophy in diabetic patients.
Biessels et al., AD+T2DM: 29 MRI AD+T2DM group showed increased cortical atrophy and more common
2006 AD: 58 Visual Rating Scale infarcts than AD-only group.
T2DM: 202 MRI . . . . .
Korf et al., 2006 IGT: 137 Visual Rating Scale TgtDr(l;/I r[1)at|ent3 showed higher risk of lacunes/infarcts and hippocampal
Control: 204 + Manual Tracing phy-
T2DM: 28 MRI : :
Novak et al., 2006 Control: 22 Visual Rating Scale The diabetic group demonstrated greater WMH grade.
T1DM: 37 . — .
Brands et al., T2DM: 36 MRI T2DM patients showed significantly more deep WMHs and cortical
2007 " Visual Rating Scale atrophy than T1DM patients on MRI.
Control: 36
Jongen et al., T2DM: 99 MRI Smaller volume of gray matter and larger lateral ventricle/WMH in
2007 Control: 46 VBM diabetes patients.
van Harten et al., T2DM: 90 MRI T2DM is an independent risk factor for deep WMH in the independently
2007 control: 44 Visual Rating Scale living elderly patients.
T2DM: 52 MRI T2DM group showed smaller prefrontal(OFC and ACC) gray matter
Kumar et al., 2008  control: 25 VBM volume.

J ©
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Brundel et al., T2DM: 56 MRI Smaller cortical thickness in the hippocampal region and the middle
2010 Control: 30 CTA temporal gyrus.
de Bresser et al T2DM: 55 MRI Total brain volume at baseline: T2DM<control.
2010 v Control: 28 VBM Lateral ventricle volume increase over time: T2DM>control.
No significant association between T2DM and WMH.

Kamiyama et al., T2DM: 28 MRI T2DM patients without dementia showed hippocampal and whole brain
2010 Control: 28 VBM atrophy.

T2DM: 16 MRI . .
Chen et al., 2012 Control: 16 VBM Gray and white matter atrophy in right temporal lobe.
Hsu et al., 2012 T2DM: _40 MRI Decreased FA in the bilateral frontal white matter.

Control: 97 DTI

T2DM: 23 MRI Early T2DM patients showed prominent expansion in the bilateral frontal
Lee et al., 2013 : .

Control: 23 Shape Analysis horns.

Abbreviations: ACC, Anterior Cingulate Cortex; AD, Alzheimer's Disease; CSF, Cerebrospinal Fluid; CTA, Cortical Thickness Analysis, DTI, Diffusion
Tensor Imaging; FA, Fractional Anisotropy; IGT, Impaired Glucose Tolerance; MRI, Magnetic Resonance Imaging; OFC, Orbitofrontal Cortex; T1DM,
Type 1 Diabetes Mellitus; T2DM, Type 2 Diabetes Mellitus; VBM, Voxel-Based Morphometry; WMH, White Matter Hyperintensity
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Table 2. Previous neuroimaging studies reporting structural and/or functional brain changes with
neurocognitive declines in type 2 diabetic patients

Authors Subjects Method Result
. : Decreased peripheral glucose regulation was associated with decreased
: Nondiabetic MRI o . .
Convit et al., 2003 ) . cognitive performance, memory impairments, and atrophy of the
group: 30 Manual Tracing hi
ippocampus.
Manschot et al., T2DM: 113 MRI Deep \_N_MHs, cortical and sub(_:ort|cal atrophy_, |nfarct§, an_d |mpa|rgd
. . . cognitive performance(attention and executive function, information
2006 Control: 51 Visual Rating Scale ;
processing speed, and memory).
MRI Lower scores on recent(declarative) memory.
T2DM: 23 Visual Rating Scale Relatlvg hlppogampal vollume reduction in T2DM group: negatively
Gold et al., 2007 : : associated with glycemic control.
Control: 23 +Manual Tracing Not signifi e ) i
+VBM ot significant positive correlations of hippocampal volumes and
memory tests.
san Harenetal,  T2DME 2 R e manates v iepcenet e
2007 Control: 44 Visual Rating Scale yp yp P y ’
motor speed.
T2DM: 39 MRI . ) .
Kumar et al., 2008 Control: 428 VBM Greater total brain atrophy and poorer fine motor skill.
MRI Reduced hippocampal volume: negatively associated with obesity.
Bruehl et al.. 2009 T2DM: 41 Visual Rating Scale Reduced prefrontal volume: influenced by worse glycemic control.
" Control: 47 9 Verbal declarative memory deficits: associated with diminished cortisol

+Manual Tracing

suppression after dexamethasone and dyslipidemia.

14 2] ,



T2DM: 24

Impairment in declarative memory in diabetic patients.
Decreased FA value in frontal and temporal regions.

Yauetal., 2009 Control: 17 MRI/DTI Decreased immediate recall was associated with decreased left
temporal FA.
Worse performance in global cognitive functioning: memory and
Co T2DM: 72 information processing speed.
Tiehuis et al., 2010 Control: 40 Proton MRS No differences in NAA/Cr, Cho/Cr, NAA/Cho ratios in cerebral white
matter.
No difference in progression of WMH volume or infarction.
. MRI/ Patients with DM showed:
van Elderen et al., DM: 89 . ) .
. Automatic - Increased progression of total brain atrophy.
2010 Control: 438 e A X |
Quantification - Increased decline in selective attention and memory
- Changes in memory was assoc. with baseline brain atrophy
Reduced whole brain and frontal white matter volumes and enlarged CSF
Obese space on VBM.
adolescents MRI Reduced gray and white matter integrity in several frontotemporal
Yauetal, 2010 o5y 1g VBM+DTI regions.
Control: 16 Impaired cognitive function in adolescents with T2DM: Estimated 1Q,
verbal memory and psychomotor efficiency.
Greater insulin resistance was associated with reduced cerebral glucose
metabolic rate in frontal, parietotemporal, and cingulate regions in
PD/T2DM: 23 adults with PD/T2DM.
Baker etal., 2011 Control: 6 FDG-PET Memory encoding task: Alzheimer-like pattern in PD/T2D group.

PD/T2DM group showed more diffuse activation in bilateral medial and
inferior frontal regions.
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Accelerated cognitive decline in information processing speed, executive
. MRI o
Reijmer et al., 2011 T2DM: 68 VBM functioning and memory.
" Control: 38 Greater increase in WMH and ventricular volume, and decrease in total

Longitudinal Study brain volume were associated with cognitive decline.

Higher insulin resistance predicted less gray matter in the medial
temporal and prefrontal cortices, and the precuneus.

Higher insulin resistance was related to medial temporal atrophy.

Temporal atrophy mediated worse RAVLT encoding performance.

T2DM: 7 MRI
Willette et al., 2012 PD: 95 VBM
Control: 270 Longitudinal Study

T2DM-associated gray matter loss was distributed mainly in the medial
temporal, anterior cingulate, and frontal regions.
T2DM: 350 MRI T2DM was related with poorer visuospatial constuction, planning, visual
control: 363 VBM memory, and speed. The strength of these associations was weakened
by about 40 to 70% when adjusted for hippocampal and total gray
matter volumes.

Moran et al., 2013

Abbreviations: AD, Alzheimer's Disease; Cho, Choline; Cr, Creatine; CSF, Cerebrospinal Fluid; CTA, Cortical Thickness Analysis; DM, Diabetes
Mellitus; DTI, Diffusion Tensor Imaging; FA, Fractional Anisotropy; FDG-PET, [18F]-Fluorodeoxyglucose Positron Emission Tomography; MRI, Magnetic
Resonance Imaging; MRS, Magnetic Resonance Spectroscopy; NAA, N-Acetyl-Aspartate; PD, Prediabetes; RAVLT, Rey Auditory Verbal Learning
Test; T2DM, Type 2 Diabetes Mellitus; VBM, Voxel-Based Morphometry; WMH, White Matter Hyperintensity
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5. A7 daA
51998 WHES SulA o d7e Way

AA7HA Bad A2y e 724 HAd dTES
Ay B, Skl o3k B AR FUTERE o]&% w4l
% 9 (region of interest: ROI) =A%, & VBMS A&k Fo]
2ol ols T FITEHY AF 54 999 dAE

l'j_‘
Aol AR weh e del Alzke] el AREIL AAA

-

€ o7k Aue AV Ath92, 93). VBM= 283t
F717-E el vis] datd AyE S T Ao, diHad FE59
& A Hregistration)®] ASLE7E WolA 7] wjio]  AAF S
F-st4 WHolE Ay AdE FxA ojFo=
SHAI7E A| A= o] $kth94). B3 VBM 419 HGA Ae A F
AE AEE 7IHtez = HYgY £ 7]¥H(intensity-based
segmentation techniques), %4 ¥ 3H(optimal smoothing), &It
A7t 3k(spatial normalization)o| A I & F-3] HH7} ofard 7lgA o]
AL, ool 2 ARE ATl Ao A FYTL
8- TH95).
oA AHE Ve F2A HIY Y dHE S5
A3ske]  Fischl 5©] 70238k FreeSurfer 432 E 9] oj(Athinoula A.
Martinos Center for Biomedical Imaging, Boston, MA, USA)(96, 97)+
3o R AFAE ¥ AV|EHEFEES o, diEFHAe] oF 32%F
N ARANA AR 2 FAE SAHs L HWE T 5 JATH98).
ol st & FA 4% (cortical thickness analysis: CTA)> ol &3] 2
TEY ol FH(gyrus)@ AL (sulcus)e] FE w2 X 3(registration)©]
7bFeetel 1 AHASAAES =S ¥ oYz, UuIAAY FAE
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N

neuropathy), <214 T9H Z(proliferative retinopathy) 52 T35

@ Aol Ak W FA He A4 (diagnostic and statistical manual
of mental disorders, 4th edition, text revision: DSM-IV-TR)(106)°] 7]4}&k
Tx3E I e (structured clinical interview for the DSM-IV:
SCID)(107)°ll A4l =&t 15 AA Fefo] A,

© A Wdd A AT 1270E FF HA 13] oY FaesE
st

® “dA7e] dit(personality diagnostic questionnaire for the DSM-IV:
PDQ-IV)(108)°l Al =&t 25 Al Aol TA.

@ SCID % SFEAANN ey oFE L 43 d§ 5o o

N
1o

W,

0 sharojdt A& #]57 AH(Korean Wechsler adult intelligence scale:
K-WAIS)(109, 110)°| Al #5255 90 ©]3}.

D ¥ ANFTEGE AAE ABT g ANl ALTEF
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backward)(109, 118, 119), A| 57+ H}Z 91078} 7 F 2 9]$7|(spatial
span, forward and backward)(119, 120), =X = BF

A AH(Wisconsin card sorting test: WCST)(121)E A 8§ 3} T}

2.2.2 A3 7]°5(Executive Function)
2E&F HAKstroop test)(122), A= S17] A} B(trail making

test B: TMT-B)(123)2 A| 33} o).

2.2.3 719 ¥ (Memory)
do]-o~Eg 2~ E3JET HAKRey-Osterrieth complex figure
test: RCFT)(124)2} 722|310} ol o &% 7] AH(California verbal learning

test: CVLT)(125)5 A 33} o},
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a3 9] ZHAK(grooved  pegboard)(126), A AHA
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2.4 ¥ A71FHI

W] 24 A7l dd ARE 97 A8 1.5 Tesla GE
MR scanner(General Electric Medical System, Milwaukee, WI)E ©]-8-3}¢]
T1-742 945 2313t 3D spoiled gradient echo pulse sequence(3D-
SPGR)E  o]&3slo] 160719 A dAK(sagittal  images)=
Ao (echo time: TE=5ms; repetition time: TR=24ms; inversion time:
TI=0ms; matrix=256x192; field of view: FOV=192 X 240 X 240mm,; flip
angle: FA=45’ number of excitation: NEX=2; slice thickness 1.2mm, no skip),
Hel FxAQ ol A FHE eyl flste] T2- 4 E @ Haxil,
TE=126ms; TR=2,817ms; TI=0ms; matrix=256x192; FOV=155 X 220 X
220mm; FA=9(0% NEX=1; slice thickness=5mm, no skip)¥} Fluid Attenuated
Inversion  Recovery(FLAIR) % “/J(axial, TE=88ms; TR=8,802ms;
TI=2,200ms; matrix=256x192; FOV=155 X 220 X 220mm; FA=90; NEX=1;
slice thickness=5Smm, no skip)S ¥o] sdE Gz HdEolodA

ozlalo] o] FEE e,

25 A+ 9d A4

HGAEA e dAe FGQ A A5 (cerebral cortex
reconstruction)< |2 % A Al(Fedora Linux 13)7} AX]# A= i5
HAE=5o]  EZZANA(intel, Santa  Clara, CA, USA) 7]yt
Aol Ao A FreeSurfer 4.5.0(Athinoula A. Martinos Center for
Biomedical Imaging, Boston, MA, USA)E &3l 4~33}3th96, 97).
TAAQJ HE g5 g

Ad AN AIAN 5 TI-ZE Gl A E(raw
data)Ql 160712] tho]H(dicom) 3}U ol A= 3LF3}(radiofrequency: RF)

I vHLdEA, ¢ F(gradient-driven eddy current)e] WAy G
R
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=<

= 8hH(non-parametric non-uniform intensity normalization) 7]
Bl
U WA= R TR 9 dd HEES

)
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SAEe] A ELS WA TH129).

413t¥l < Talairach 3 {H(Talairach template)(130)ell AJvj &gk H,
FreeSurfer®  watershed 7]5& o|&3 F/=s  E2l(skull
stripping) 3} 31 3L, A (cerebellum) & TF+EES dF 7} A EEEE=
7t e AE Gt

FE EErt 5%, FreeSurfers ©]83] I A5}
“Z(subcortical structure)E Talairach &-7Fol] S30o] E-SH(subcortical
segmentation)stil, ¥ Z@sl FxEO AlE AEE ZTIS H,
s|ldx Wdel AAE & al MEY A (voxe)E
TEath. o] HAHelA I wMAHe]  AAN= A
S z}po] A 3htriangular tessellation)3}o] A S A& 1A 515 TH97).
g3, 9] = (corpus callosum)¥ I W] ZF i (midbrain)
Tx25 AAst diHade] o] (sulcus)? L (gyrus) 24
Tkl HA AFAZ FH, ¥ -3 (spherical shape) WO
H A a9 -3 3} 7] W (nonrigid high-dimensional spherical
averaging method)< &3l 7 (registration)A| ZATh. ©] IS F3}
o 9 A4S AH2E W8 X (triangular vertex) W1 = Al staL, X2 9
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HAaz 3 5 3
ANTAE wdA AHE Talairach &7k wal i g sto],
A FeE R g sin3l).

ol 409 WAANE o w H ATFHIES HAdto] 7]

Desikan 5©] A|A|gH ®WHo wel 7]

olr

T3S Ea e gy d A EE 7|Nko 2 3}o] Talairach 3 7Hl]
FARSE 5] o} =2} (probability map atlas) ¢! Desikan-Killiany
atlasoll e} A4bsh= WA olth o] Ao ALgE JfE  on|XA]
dolele] sl HA|o|A  FE(curvature)?}t 4l E 7 (intensity),

M g A3te] A7 (neighborhood relationship)= HIE O 2 9] 2z}

o2 N

o eP(abel) 3F AAE S 2 R Agsa ohug

sto), o] Ay} A o] H(superior frontal gyrus), #-7=(frontal

1z
2

pole), 3"} o] & (parahippocampal gyrus) & 34712 die I w3t
ghllo] AbZETh olHA ZEstE diY A Amdd dis] A9
¥ (pial surface), & A3} WA HA wHo| AFAdE ], Jd-HA

AA ®W oF 2w A MEsERY 4 F EW 09 A

O

23 = A& (Euclidean distance)E ¥ 3] d FAZ A2t}
A w7k Ave diHad AT FAHL dA PR
WG Amo tidl FreeSurferol A Abs FaE Ao, 55

i
Ao gle FEor 1E 237 ASHASS A5 FRlssith

26 57 24 @ Hg4 24
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ol disll F w3t HlwA] 57 7 A (independent #-test)Sr,
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Aol &3t 7 A (Fisher's exact test)S 212} A &3} T,

2.62 i FA 4

St A AA " FdA HGd A= F 714 AHe A
fzae olgsl o Aol E3W  FF(template  brain)E
AT o] RFEHE Ve z RE Izt e d¥ad
FA ARZE F oKassemble)dt A=, o= 72 e WA T

dolel2 AFEstel Qolx YHF EEM ikl AR,

2324 3ke] 10mm W] F(full width at half maximum: FWHM)2] 7}-9-A] <}
719 (Gaussian kernel)S 283l 3 S} (smoothing)st St} H - 3}t
A= E Matlab R2013a(MathWorks, Natick, MA, USA) A  SurfStat
EAH132)E o] &8 ok o] EA skl

o] A= WA H2 ek x7] 67l oo ATE

Amel g@ W A5 A Aom, BA AN GIwsl

AMEE FA0) 9 AL Ak olsh Bzl A Chu Fol

ATel B, 7IE B 2 ANE Ede B4 0 B9E
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Figure 1. Brain mask for ROI analysis of the prefrontal and
medial temporal cortices.
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n=10)2.2 Utk o]o]A HbAol wE seid o3 gAY
it e ad A &4 AAske] gk o] el e 4

T ApolE A¥EAT. o] ST F7F XA #QlE



(linear trend

bt

3|

analysis)S 2 Al

gApzol A o9 7 wste] olv)

Aol 7}

ki3

9l

Ak iz Aol

714 Al el A

¥ 5 (subject

Q9(fixed effect) O 2, 7RAI

effect) & =

8 Ql(random

2 e

variability)

It of 7)ol

S

LMM) £4& AA

23 (linear mixed-effects model:

S
=

7} (diagnosis-by-time interaction) =71

"

ST

|

19 disd Egel

wet

= el

[€]

7Fste], A2

=
T

—_
file)

1}

o

8, o

o137] ¢

o}
=

KeN
=

9

o
=

A

|A 71A S AA

RETES

of w2t Yz (3o

Ak
=

vs. ddo]
Aol A ZF 9] HbAc

(i

)

s

A
=

ZF
=

A%

S|
S

i

o
ojy
<
iz

ol

Aol s} 7} ol Aol iAWk Abolo

a7 HAel, 714 AR Sl BHiAE o]t )l

<l

)

AE

s

&l

T
P

33



A2

2.6.3 AAFH7} A F 4 A
714 Aol A

)

el
‘ao
0

==
1o

il

~

T

N

N
o

A 2=t Afolel 714 Al 670

mjn

=
;Q#

Al

=

.

of u

-
it

o, 714 Al FHiAE A

s}l

IS

4

Al 3]

H] 13} T}

=
=

g Aol ol

T
)

2.6.4 U 9F FAY AFH H7F A7 FHA
A4 ARANA D FAG 7}

o

S
o
o)
i

KR
~

Nlo

1Q)-2-
=

bt o,

Al P<0.05% 3

g

=7

%

o[
z]f

"0

o)
oF

o
il

1o

pjJ
™

bt

°©

A+

[e)

=

34

STATA/SE 12.1(StataCorp, College Station, TX, USA)



a4 3
1L ATASSE 54 2 A28 Fu B AE

1A Al A gkl Hd AR 46.84(F

N
i
Wi
=
w2
9

8.4), A4 tlzwre] Ht AHL 4494(SD 742 % F3ibol| ol
ZFo] 7} ¢l O (independent t-test, 1=-0.78, P=0.442), 67/]¥ F%
Aol Fefst At F AH-S 46.04(SD 8.5), WlEw Hat
A2 448A41(SD 7.2)2 A g Zo]7t SAATHE=-0.47, P=0.64).
717 A ehE FA AHelA T ok TRl g ARI(71A A,
=0.01, P=0.91; 6709 4 AlF, x’=0.17, P=0.68)2] z}o]= Ho|A|
gt ATAISY SAdoR, A dEadd A2d IeH
Ska}t o] §-Al&=(Fisher's exact test, P=1.00) % RS 3K x’=1.15,
P=0.28)2] ztol= 1S HH(Table 3).
AR I s K B I A= B s B2 o i o o] TS B
et FAAEEA, AhS w2 2 PGt 34710
A E G (hypoglycemic  attack)S  H W A= gldh V1A
AR A2d FaW S ZA dixde] Hlgte] g
d(=3.94, P<0.001), 2% 2Az+ FF(=2.58 P=0.014) =
7V B frostAl A Eol Ak 718

%2 2% TH(Table 3).

HbA (+=5.01, P<0.014) 53]

A3

oot

A A

=34

oM & =

N
1o
<
2
o
rlr
=)
i

o fre

35 ] 2]



Table 3. Demographic and clinical characteristics of study

subjects

Baseline

Type 2 diabetic

patients (n=20)

Healthy

controls (n=24)

Demographic characteristics

Age, mean (SD), years

46.75 (8.36) 4491 (7.37)
Female, n (%) 8 (40) 10 (41.7)
Handedness, right, n (%) 19 (95) 21 (87.5)
Education
<16 years, n (%) 14 (70.0) 13 (54.2)
> 16 years, n (%) 6 (30.0) 11 (45.8)
BMI(SD), kg/m? 25.6 (3.0)* 23.5(2.64)
Diabetes-related characteristics
ngaens(ggidr:?g:tzzls of diabetes, 3.43 (2.28) NA
FBS, mean (SD), mg/dL* 147.3 (62.8) 96.6 (5.3)
PP2, mean (SD), mg/dL* 180.5 (110.9) 122.3 (5.5)
Hemoglobin Ac, mean (SD), %* 7.70 (2.19) 5.44 (0.25)
Laboratory findings
Total cholesterol, mean (SD), 183.7 (37.5) 189.4 (32.2)
mg/dL
HDL, mean (SD), mg/dL* 48.9 (10.4) 57.5 (14.0)
LDL, mean (SD), mg/dL 104.7 (34.2) 110.7 (32.6)
BUN, mean (SD), mg/dL 14.9 (3.7) 14.0 (3.2)
Creatinine, mean (SD), mg/dL 0.88 (0.14) 0.90 (0.15)
Sodium, mean (SD), mEqg/L 141.5 (2.4) 141.5 (2.1)
Potassium , mean (SD), mEg/L 4.23 (0.26) 4.18 (0.41)
Hemoglobin, mean (SD), g/dL 14.5 (1.63) 14.4 (1.33)
Hematocrit, mean (SD), % 41.2 (4.54) 41.6 (4.19)

* Significant difference between type 2 diabetic patients

independent P<0.05

Abbreviations: BMI, Body Mass Index; BUN, Blood Urea Nitrogen; FBS, Fasting
Blood Glucose; HDL, High Density Lipoprotein Cholesterol; LDL, Low Density
Lipoprotein Cholesterol; NA, Not Available; PP2, Postprandial 2 hours Blood

Glucose; SD, Standard Deviation

and healthy controls,
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Figure 2. Results of cortical thickness analysis at baseline

A. Healthy controls (n=24)

Right Left
I:] Thickness reduction at corrected P <0.05

* A cluster in the left superior frontal gyrus where patients with type 2 diabetes mellitus had thinner cortical
thickness than healthy controls at baseline at corrected P<0.05

Brain mask for region of interest (ROI) analysis of prefrontal and medial temporal cortices is not shown.
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Table 4. Detailed information of the left superior frontal cluster where type 2 diabetic patients showed
thinner cortical thickness than healthy controls at baseline

Talairach coordinates of the

peak vertex

Number of vertices in t at the peak Cluster P
Location of the cluster X y z the cluster vertex value*
Left superior frontal gyrus (BA 10) -16 63 18 270 -4.59 0.017
Type 2 diabetes patients Healthy controls '
Mean cortical thickness (SD), mm Cohen's d 1.04
effect size

2.96 (0.24)

3.29 (0.30)

* Corrected for multiple comparisons using random field theory for non-isotropic images

Abbreviations: BA, Brodmann Area; SD, Standard Deviation
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Figure 3. A cluster in the left superior frontal gyrus where
the type 2 diabetic patients with poor glycemic control had
thinner cortical thickness than healthy controls at baseline

Right

Significant reduction of cortical thickness in type 2 diabetic patients
compared with healthy controls (Cohen's d effect size=1.04)

Significant reduction of cortical thickness in poor glycemic control group
compared with healthy controls (Cohen's d effect size=1.28)

A cluster where type 2 diabetic patients with poor glycemic control had thinner
cortical thickness was overlapped on the cluster in Figure 2.

Brain mask for region of interest(ROIl) analysis of prefrontal and medial temporal
cortices is not shown.
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Table 5. Detailed information of the left superior frontal cluster where type 2 diabetic patients with poor
glycemic control had thinner cortical thickness than healthy controls at baseline

Talairach coordinates of the
peak vertex

Number of vertices in Cluster P
Location of the cluster X y z the cluster t at the peak vertex value*
Left superior frontal gyrus (BA 10) -22 66 15 196 -5.04 0.023
Poor glycemic control group Healthy controls '
Mean cortical thickness (SD), mm gf?:;nsiszg 1.28
2.89(0.23) 3.24 (0.30)

* Corrected for multiple comparison using random field theory for non-isotropic images

Abbreviations: BA, Brodmann Area; SD, Standard Deviation
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Figure 4. Thickness of the left superior frontal cortex by
glycemic control

P<0.001 for trend
3.4

.(,\,
N
1

|
-
1

LSFC thickness, mm
w
o

B BN

Healthy Good glycemic Poor glycemic
controls control T2DM control T2DM

There was a negative linear trend(P<0.001 for trend), with type 2 diabetic patients
with poor glycemic control having the thinnest LSFC cortical thickness, followed by
those with good glycemic control and healthy controls. Error bars represent 95%
confidence intervals. Cortical thickness was adjusted for age, sex and intracranial
volume. The LSFC region is where type 2 diabetic patients with poor glycemic
control had thinner cortical thickness than healthy controls at baseline.

0.0

Abbreviations: LSFC, Left Superior Frontal Cortex; T2DM, Type 2 Diabetes Mellitus
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Table 6. Changes in the glucose control and thickness of the left superior frontal cortex for the 6-month

follow-up period

Hemoglobin A1C (%)

Cortical thickness of the cluster (mm)

Subgroups at

Baseline (SD)

6-months follow-

P for group-by-

Baseline (SD) 6-month follow-

P for group-by-

baseline up (SD) time interaction up (SD) time interaction
Poor glycemic 9.25 (2.16) 6.56 (0.69) <0.001° 2.89 (0.23) 3.06 (0.26)" 0.02°
control group
Good glycemic 6.15 (0.37) 6.26 (0.59) . 2.95 (0.29) 2.94 (0.13) 0.81
control group
Healthy controls 5.44 (0.25) NA - 3.24 (0.30) 3.19 (0.35) -

¥ Significant difference in the changes of glucose control from linear mixed effects model analysis adjusted for age, sex, visit time, and random subject

variability.

® 4.99% of recovery

¢ Significant difference in the changes of cortical thickness from linear mixed affects model analysis adjusted for age, sex, intracranial volume, visit time,
and random subject variability.

Abbreviations: NA, Not Available; SD, Standard Deviation
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Table 7. Baseline group differences and longitudinal changes in cognitive function domains among type

2 diabetic patients

Z-scores Statistical results
. 6 month Diagnosis effects at Diagnosis-by-time
Baseline follow- baseline interaction effects
(n=20) ollow-up
(n=18) Coefficient (SE) P Coefficient (SE) P
Attention and working memory function domain
Digit span -0.46 (0.97) -0.38 (0.85) -0.22 (0.28) 0.441 0.34 (0.20) 0.092
Spatial span -0.30 (0.96) -0.18 (0.93) -0.07 (0.27) 0.790 -0.07 (0.24) 0.784
WCST -1.35(1.82) -0.79 (1.65) -1.11 (0.41) 0.007 0.38 (0.35) 0.283
Domain composite scores -0.77 (1.17) -0.57 (1.14) -0.49 (0.30) 0.102 -0.06 (0.23) 0.782
Memory function domain
RCFT, immediate -0.63 (1.04) -0.20 (0.80) -0.46 (0.33) 0.163 -0.01 (0.27) 0.982
RCFT, delayed -0.32 (1.02) -0.10 (0.94) -0.10 (0.31) 0.756 -0.29 (0.25) 0.240
CVLT, immediate -0.76 (1.11) -0.56 (0.94) -0.46 (0.30) 0.129 -0.15 (0.29) 0.596
CVLT, delayed -0.43 (1.09) -0.17 (1.08) -0.11 (0.28) 0.701 -0.21 (0.21) 0.312
Domain composite scores -0.69 (0.82) -0.33 (0.81) -0.36 (0.25) 0.147 -0.21 (0.21) 0.319
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Executive function domain

Trail Making Test B -0.26 (0.95) -0.18 (1.26) -0.12 (0.30) 0.686 0.40 (0.25) 0.110
Stroop Test, interference -0.46 (0.81) -0.06 (0.84) -0.20 (0.28) 0.468 0.15 (0.25) 0.561
Domain composite scores -0.41 (0.90) -0.15 (1.04) -0.20 (0.29) 0.494 0.33 (0.20) 0.098
Psychomotor speed domain
Grooved Pegboard, Dominant -0.27 (0.55) 0.03 (0.46) -0.21 (0.25) 0.402 -0.14 (0.24) 0.552
Grooved Pegboard, Nondominant -0.57 (0.74) -0.45 (0.86) -0.53 (0.24) 0.030 -0.07 (0.19) 0.721
Digit symbol -1.07 (1.24) -0.93 (1.20) -0.81 (0.33) 0.014 -0.10 (0.32) 0.756
Domain composite scores -0.92 (0.84) -0.64 (1.02) -0.76 (0.27) 0.005* -0.01 (0.23) 0.979

Z-scores were calculated using means and standard deviations

deviations. Negative Z-score means functional decline.

* Significant group difference in cognitive domain composite

education level(P<0.05)

Abbreviations: CVLT, California Verbal Learning Test; RCFT,

Sorting Test

of raw scores of healthy controls at baseline, and are shown with their own standard

scores at baseline from general linear model analysis adjusting for age, sex and

Rey-Osterrieth Complex Figure Test; SE, Standard Error; WCST, Wisconsin Card
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Table 8. Group differences and longitudinal changes of cognitive function domains among glycemic
control groups of type 2 diabetic patients and healthy controls.

Z-scores Statistical results
Group effects of poor Group-by-time effects
Poor glycemic control at Good glycemic control at . in poor glycemic
f - glycemic control at .
baseline group baseline group . control at baseline
baseline
group
Baseline® Follow-up® Baseline® Follow-up® | Coefficient (SE) P Coefficient (SE) P
Attention and working memory function domain
Digit span -0.44 (1.10) -0.34 (0.95) -0.48 (0.89) -0.44 (0.77) -0.23 (0.35) 0.522 -0.37(0.24) 0.118
Spatial span -0.34 (1.26) -0.02 (1.22) -0.25 (0.60) -0.38 (0.30) -0.35(0.33) 0.285 0.13 (0.28) 0.637
WCST -0.66 (1.46) -0.43 (1.30) -1.97 (1.97) -1.24 (2.00) -0.75 (0.54) 0.163 0.25 (0.44) 0.566
Domain composite scores -0.34 (1.26) -0.33 (1.28) -1.16 (0.99) -0.86 (0.93) -0.33 (0.40) 0.405 --0.13 (0.28) 0.645
Memory function domain
RCFT, immediate -0.82 (1.35) -0.05 (0.80) -0.45 (0.65) -0.40 (0.80) -0.73 (0.40) 0.069 0.33 (0.31) 0.286
RCFT, delayed -0.45 (1.12) -0.06 (0.81) -0.19 (0.96) -0.14 (1.13) -0.40 (0.38) 0.286 -0.15 (0.29) 0.620
CVLT, immediate -0.80 (1.38) -0.68 (1.10) -0.72 (0.83) -0.40 (0.72) -0.62 (0.37) 0.092 -0.24 (0.35) 0.489
CVLT, delayed -0.55 (1.31) -0.27 (1.23) -0.31 (0.87) -0.05 (0.93) -0.33 (0.35) 0.336 -0.15 (0.25) 0.545
Domain composite scores -0.84 (0.97) -0.34 (0.79) -0.54 (0.66) -0.32 (0.88) -0.68 (0.30) 0.023¢ -0.06(0.25) 0.801
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Executive function domain

Trail Making Test B 0.15(0.61)  -0.05(1.59) -0.68(1.08)  -0.31(0.91) 0.12 (0.38) 0.748 0.20(0.31)  0.520

Stroop Test, interference -0.22(0.98)  -0.07 (0.88)  -0.70 (0.54)  -0.03 (0.83) -0.01 (0.34) 0.972 -0.10 (0.30)  0.743
Domain composite scores  -0.04 (0.87)  -0.11 (1.26)  -0.78 (0.80)  -0.20 (0.85) 0.02 (0.36) 0.963 0.04 (0.24)  0.852
Psychomotor speed domain

GB"O"r‘éfndaEfgb"ard’ -0.36 (0.58)  0.20 (0.41)  -0.19 (0.54)  -0.19 (0.46) -0.39 (0.30) 0.196 0.14 (0.28) 0.625

Grooved Pegboard, 052 (0.72)  -0.47 (0.91) -0.62 (0.81)  -0.43 (0.85) -0.67 (0.30) 0.026 0.02 (0.24) 0.578

Nondominant

Digit symbol 117 (1.49)  -1.03(1.26) -0.97 (0.97)  -0.80 (1.19) -0.78 (0.41) 0.055 0.04 (0.38)  0.926

Domain composite scores  -0.97 (1.10)  -0.62 (1.08)  -0.87 (0.50)  -0.67 (1.01) -0.87 (0.33) 0.008¢ 0.02(0.27)  0.931

Z-scores were calculated using means and standard deviations of raw scores of healthy controls at baseline, and are shown with their own standard
deviations. Negative Z-score means functional decline.

@ n=10 at baseline
® h=10 at 6-month follow-up
© n=8 at 6-month follow-up

d Significant group effects of poor glycemic control(HbA1c=7.0%) on cognitive domain composite scores at baseline from general linear model analysis
adjusting for age, sex and education level(P<0.05)

Abbreviations: CVLT, California Verbal Learning Test; RCFT, Rey-Osterrieth Complex Figure Test; SE, Standard Error; WCST, Wisconsin Card Sorting

Test
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Table 9. Baseline group differences and longitudinal changes of HDRS and HARS scores among type 2

diabetic patients

Z-scores

Statistical results

Baseline (n=20)

6 months follow-up

Diagnosis effects at baseline

Diagnosis-by-time
interaction effects

(n=18)
Coefficient (SE) P Coefficient (SE) P
HDRS 0.96 (1.79) 0.93 (1.72) 0.93 (0.47) 0.047* -0.18 (0.47) 0.705
HARS 0.81 (2.39) 0.97 (2.44) 0.79 (0.59) 0.179 0.11 (0.42) 0.793

Z-scores were calculated using mean and standard deviation of raw scores of healthy controls at baseline, and are shown with their own standard
deviations. Positive Z-score means more depressive or anxiety symptoms.
* Significant group difference in depressive symptoms at baseline from general linear model analysis adjusting for age, sex and education level(P<0.05)

Abbreviations: HARS, Hamilton Anxiety Rating Scale; HDRS, Hamilton Depression Rating Scale; SE, Standard Error
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Table 10. Group differences and longitudinal changes of HDRS and HARS scores among glycemic control

groups of type 2 diabetic patients and healthy controls.

Z-scores

Statistical results

Good glycemic control at
baseline group

Poor glycemic control at
baseline group

Group effects of poor
glycemic control at

Group-by-time effects in
poor glycemic control at

baseline baseline group
Baseline® Follow-up® Baseline® Follow-up® Coefficient(SE) P Coefficient(SE) P
HDRS  1.40 (2.25) 1.22 (1.73) 0.51 (1.11) 0.57 (1.76) 1.42 (0.56) 0.011° -0.31(0.56)  0.580
HARS  1.49 (3.14) 1.25 (2.93) 0.13 (1.08) 0.62 (1.77) 1.58 (0.70) 0.024° -0.23(0.50)  0.642

Z-scores were calculated using mean and standard deviation of raw scores of healthy controls at baseline, and are shown with their own standard

deviations. Positive Z-score means more depressive or anxiety symptoms.
@ n=10 at baseline

® h=10 at 6-month follow-up

© n=8 at 6-month follow-up

d Significant group effects of poor glycemic control(HbA1C=7.0%) on cognitive domain composite scores at baseline from general linear model analysis

adjusting for age, sex and education level(P<0.05)

Abbreviations: HARS, Hamilton Anxiety Rating Scale; HDRS, Hamilton Depression Rating Scale; SE, Standard Error
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5. YA FAS AFAANE G B S8
A Zshe] A

714 AdelA A 2 F Bl S AN dz2ati
2ol 7b gelE #5 AAF - (Figure 2)olA #xbte] dix v 2
A 2 RIA G Ve, AE, A, uF FES wd HERE

memory function, =0.09, P=0.58; executive function, r=0.11, P=0.50;
psychomotor speed domain, =-0.03, P=0.84). ©] AAF¢ o] 94
5715 HDRS(=-0.15, P=0.37) % HARS(=-0.01, P=0.96) H4<9}%=

Frols AREA S BelX gt

Aldsti o, st AHRAAE sk %3k Th(attention and

3

working memory domain, r=-0.64, P=0.24; memory domain, r=-0.55,
P=0.21; executive domain, 7=-0.61, P=0.20; psychomotor speed domain, r=-

0.49, P=0.27; HDRS r=-0.22, P=0.64; HARS r=-0.003, P=0.996).
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Abstract (English)

Introduction: Type 2 diabetes mellitus (T2DM) is known to be a major risk
factor for the development of neurocognitive and depressive disorders.
Structural deficits in the prefrontal and medial temporal regions are inferred to
play important roles in mechanisms underlying this relationship. However,
few longitudinal studies on brain structural changes in early stage of T2DM
have been found in the literature. This is a 6-month longitudinal follow-up
study using cortical thickness analysis (CTA) technique in T2DM patients
within half a year after diagnosis. The present study aimed to examine T2DM-
related structural deficits with focus on the prefrontal and medial temporal

cortices and its clinical implications.

Methods: At baseline, 20 T2DM patients (12 males and 8 females, 46.8+8.4
years old) without diabetic complications and 24 healthy controls (14 males,
10 females, 44.9+7.4 years old) were recruited. High-resolution T1-weighted
brain magnetic resonance images were acquired at baseline and 6-month
follow-up. Laboratory tests including glycated hemoglobin A;c (HbA,c),
neurocognitive function tests, and Hamilton depression and anxiety rating
scales (HDRS and HARS) were also conducted. All clinical and cortical
thickness data were compared between T2DM patients and healthy controls at
baseline and 6-month follow-up, and the longitudinal changes were examined.

Influences of glycemic control as measured as HbA ¢ were also investigated.

Results: T2DM patients showed a cluster with significantly thinner cortical
thickness at the left superior frontal gyrus (LSFG), Brodmann area 10, than
healthy controls (corrected P<0.05) at baseline. T2DM patients then were
divided into the poor (HbAc>7.0%, n=10) and good glycemic control
(HbAc<7.0%, n=10) groups, and subgroup analyses were performed. The
poor glycemic control group showed significant cortical thinning gcorr_ected
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P<0.05) in the LSFG cluster compared with healthy controls, while good
glycemic control group did not (corrected P>0.05). Significant linear trend
was found, with T2DM patients with poor glycemic control having the
thinnest LSFG thickness, followed by the patients with good glycemic control
and healthy controls (P<0.001 for linear trend). Cortical thickness changes of
the LSFG cluster during 6 months of follow-up were not significantly
different between T2DM patients and healthy controls (P for interaction
[diagnosis by imey=0.084). However, the poor glycemic control group showed a
significant increase in cortical thickness of the LSFG compared with healthy
controls (P for interaction jg.oup vy imej=0.02) along with significant decrease in
HbAc (from 9.25 to 6.56%, P<0.001) during the follow-up period. At
baseline, T2DM patients showed a functional decline in the neurocognitive
domain of psychomotor speed (P=0.005) and an increase in HDRS scores
(P=0.047) compared with healthy controls. The poor glycemic control
(HbA,c>7.0%) appeared to aggravate the functional declines in memory
(P=0.023) and psychomotor speed (P=0.008), and increases in the scores of
HDRS (P=0.011) and HARS (P=0.024). All the psychiatric indices were in

normal range at both baseline and 6-month follow-up.

Conclusions: This is the first longitudinal CTA study in early stage T2DM
patients with relatively younger age. The current findings suggest that
structural deficits in the prefrontal cortex can occur as early as 6 months after
the clinical diagnosis of T2DM. It also seems that cortical thinning in the
LSFG of T2DM patients may be associated with poor glycemic control, and
can be restored with its improvement after the treatment. The current study

suggests that T2DM can be regarded as a brain diorder.

Keywords: type 2 diabetes mellitus, diabetic brain deficit, cerebral cortical
thickness analysis, brain magnetic resonance imaging, longitudinal follow-up
study
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