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Background: Being clinically diagnosed with a mild cognitive impairment (MCI) due to Alzheimer’s 
disease (AD) is widely studied. Yet, the clinical and structural neuroimaging characteristics for prodromal AD, 
which are defined as A+T+MCI based on the AT (N) system are still highly desirable. This study evaluates 
the differences of the cognitive assessments and structural magnetic resonance imaging (MRI) between the 
early MCI (EMCI) and late MCI (LMCI) participants based on the AT (N) system. The potential clinical 
value of the structural MRI as a predictor of cognitive decline during follow-up in prodromal AD is further 
investigated.
Methods: A total of 406 MCI participants from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) 
database were chosen and dichotomized into EMCI and LMCI groups according to the Second Edition 
(Logical Memory II) Wechsler Memory Scale. Multiple markers’ data was collected, including age, 
sex, years of education, ApoE4 status, cerebrospinal fluid (CSF) biomarkers, standardized uptake values 
ratios (SUVR) means of florbetapir-PET-AV45, cognitive measures, and structural MRI. We chose 197 
A+T+MCI participants (prodromal AD) with positive biomarkers of Aβ plaques (labeled “A”) and fibrillar tau  
(labeled “T”). We diagnosed Aβ plaques positive by the SUVR means of florbetapir-PET-AV45 (cut-off >1.1)  
and fibrillar tau positive by CSF phosphorylated-tau at threonine 181 (p-tau) (cut-off >23 pg/mL). The 
differences of cognitive assessments and regions of interest (ROIs) defined on the MRI template between 
EMCI and LMCI were compared. Furthermore, the potential clinical utility of the MRI as the predictor of 
cognitive decline in prodromal AD was evaluated by investigating the relationship between baseline MRI 
markers and cognition decline at the follow-up period, through a linear regression model. 
Results: The LMCI participants had a significantly more amyloid burden and CSF levels of total t-tau than 
the EMCI participants. The LMCI participants scored a lower result than the EMCI group in the global 
cognition scales and subscales which included tests for memory, delayed recall memory, executive function, 
language, attention and visuospatial skills. The cognition levels declined faster in the LMCI participants 
during the 12- and 24-month follow-up. There were significant differences in ROIs on the structural MRI 
between the two groups, including a bilateral entorhinal, a bilateral hippocampus, a bilateral amygdala, a 
bilateral lateral ventricle and cingulate, a corpus callosum, and a left temporal. The thickness average of the 
left entorhinal, the left middle temporal, the left superior temporal, and the right isthmus cingulate was a 
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Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative 
disease clinically characterized by the patient’s cognitive 
ability worsening and having an impairment for daily 
activities. It is pathologically characterized by amyloid-
beta (Aβ) plaques levels and presence of neurofibrillary 
tangles (1,2). Mild cognitive impairment (MCI) is an 
intermediate stage between cognitively normal status  
and AD (3).

There is no definitive cure for AD. It is widely believed that 
the disease progression is slow during the early or preclinical 
stages (4), and the effective and preventive treatments are 
needed at early phases of the AD spectrum (5). Thus, there is 
an increasing amount of attention for the identification of the 
clinical cognitive decline among MCI individuals.

For a long time, the non-invasive and cost-effective 
neuropsychological assessments played a crucial role in 
the identification of the loss of cognitive functions and 
change in the behavioral and the functional states from 
normal conditions (6). The fifth edition of the Diagnostic 
and Statistical Manual of Mental Disorders (DSM-5) (7)  
has defined six key domains of cognition to look at. 
Identifying the dysfunction of such domains and sub-
domains has helped to establish the etiology and severity of 
the neurocognitive disorder. Many researchers found that 
the amnestic MCI (aMCI) patients with a memory domain 
impairment had an 8.5 greater times of risk to develop AD 
than those MCI patients without memory dysfunction (8). 
For many years, AD was conceived as a clinical-pathological 
construct, it was assumed that if individuals had the typical 

amnestic multi-domains symptoms, they would have AD 
neuropathological changes at their autopsy (9). However, 
the diagnostic accuracy of the above methods was low. 
By now, it is well established that this theory does not 
correlate with the AD pathologic change at the time of 
the autopsy (6,10,11). An individual diagnosed with MCI 
could be at risk of later developing AD, or it could be due 
to age-related memory decline or other neurodegenerative 
diseases. Therefore, the research based on this classification 
would also deviate.

In 2018, the National Institute on Aging and Alzheimer’s 
Association (NIA-AA) has proposed a research framework, 
which is labeled the AT (N) system. The scheme recognizes 
three general groups of biomarkers based on the nature 
of the pathologic process (12). In accordance with this 
scheme, we selected the A+T+MCI participants named 
prodromal AD by the SUVR means of florbetapir-PET-
AV45 (cut-off >1.1) (13) and the cerebrospinal fluid (CSF) 
p-tau levels (cut-off >23 pg/mL) (14). We expected to 
study the characteristics of the clinical cognition levels and 
structural magnetic resonance imaging (MRI) tests in the 
MCI patients, who had a more pathologically consistent 
diagnosis with the changes of AD. The relationship 
between the structural MRI tests and a cognitive decline 
was also evaluated in prodromal AD. We hypothesized 
that some baseline signature ROIs of the structural MRI 
scan would be related with cognitive function decline, and 
that the smaller volume or thickness of a specific region 
would be associated with cognitive decline. Finally, we also 
hypothesized that the atrophy of a specific region would 
potentially correlate with different patterns of cognition 

main contributor to the decreased global cognition levels. The thickness average of the left superior temporal 
and bilateral entorhinal played a key role in the memory domain decline. The thickness average of the left 
middle temporal, and the right isthmus cingulate was significantly associated with an executive function 
decline.
Conclusions: Based on the AT (N) system, surely, both the EMCI and LMCI diagnoses presented 
significant differences in multiple cognition domains. Signature ROIs from the structural MRI tests had 
correlated a cognitive decline, and could act as one potential predictive marker. 
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decline throughout the pathophysiological process of AD. 

Methods

ADNI and subjects

Data used in the preparation of this article was obtained 
from the Alzheimer’s Disease Neuroimaging Initiative 
(ADNI) database (http://adni.loni.usc.edu). Specifically, 
we downloaded the following information in August 
2016, including age, sex, years of education, ApoE4 status 
(participants were divided into ApoE4 (+/+), ApoE4 (+/−) 
and ApoE4 (−/−) carriers according to having two or one or 
no copies of the allele 4), CSF biomarkers, SUVR means 
of florbetapir-PET-AV45, structural MRI, and cognitive 
measures at the baselines 12- and 24-month follow-up. For 
more up-to-date information, see http://www.adni-info.org.

In this study, we selected 406 subjects with MCI from 
the ADNI2 and ADNI-GO groups who had a subjective 
memory complaint, objective memory loss measured by 
using education-adjusted scores on the Logical Memory II 
(Delayed Recall) subscale of the Wechsler Memory Scale, 
a CDR of 0.5, preserved activities of daily living, and an 
absence of dementia. We excluded MCI due to non-AD, 
such as unknown or uncertain etiology, aging, small vessel 
disease, stress, depression, medication and demyelination 
disease, and subjects without complete information. In 
total, we chose 197 A+T+MCI participants, who had 
positive biomarkers of Aβ plaques and fibrillar tau as 
described above. The participants were further diagnosed 
as 100 EMCI and 97 LMCI participants by the ADNI-2  
procedures manual criteria (http://www.adni-info.org). The 
EMCI group differed from the LMCI one, only based on 
the education-adjusted scores for the delayed paragraph 
recall sub-score on the Wechsler Memory Scale–Revised 
Logical Memory II.

Standard protocol approvals, registrations, and patient 
consents

The ADNI was approved by the institutional review board 
at each site and was compliant with the Health Insurance 
Portability and Accountability Act. Written consent could 
be obtained from all participants at each site.

Florbetapir-PET-AV45

We also obtained the SUVR means of florbetapir-PET-

AV45 (average presumes, prefrontal, orbitofrontal, parietal, 
temporal, anterior, and posterior cingulate cortices) to 
calculate the amyloid burden. Further details regarding ADNI 
image acquisition and processing can be found at www.adni-
info.org/methods. The data from the cortical amyloid burden 
via SUVR on florbetapir-PET-AV45 was obtained from the 
ADNI files ‘UCBERKELEYAV45_06_15 _16.csv’. The 
neuroimaging techniques used by ADNI have been reported 
previously (15). We diagnosed the amyloid as being positive 
according to the SUVR cut-off value of 1.1 (13).

CSF data

CSF Aβ1-42, total tau (t-tau) and p-tau were measured by 
using Innogenetics (INNO-BIA AlzBio3) immunoassay 
kit-based reagents in the multiplex xMAPLuminex 
platform (Luminex) as previously described (14). The 
CSF data used in this study was obtained from the ADNI 
files ‘UPENNBIOMK5-8.csv’. Detailed ADNI methods 
for CSF acquisition, measurements and quality control 
procedures were described at www.adni-info.org. In 
order to select subjects with fibrillar tau (T+), we applied 
p-tau autopsy-validated positivity cutoffs of 23 pg/mL to 
determine positivity as described previously (14).

Neuropsychological assessment

All MCI subjects underwent 31 neuropsychological 
assessments, starting from their baseline visit to the 12 
and 24 months follow-up visits. We utilized Clinical 
Dementia Rating Sum of Boxes (CDR-SB), Alzheimer’s 
Disease Assessment Scale-Cognitive subscale (ADAS-Cog) 
consisting of 11 (ADAS-Cog 11) and 13 items (ADAS-Cog 
13), Mini-Mental State Examination (MMSE), Montreal 
Cognitive Assessment (MoCA), Functional Assessment 
Questionnaire (FAQ) to assess the global cognition, the 
Rey Auditory Verbal Learning Test (RAVLT) and ADNI-
MEM to evaluate memory function, the ADNI-EF to 
evaluate executive function, the Boston Naming Test (BNT) 
and Category Fluency Tests to evaluate language function. 
In addition to the above psychometric measures, we also 
examined the measurement of cognitive complaints via 
the Everyday Cognition (ECog) questionnaire, using both 
informant-reports and self-reported data.

The value of cognitive decline is defined as the cognitive 
scale at 12- and 24-month follow-up time, minus the 
baseline scale.

http://adni.loni.usc.edu
http://www.adni-info.org
http://www.adni-info.org
http://www.adni-info.org/methods
http://www.adni-info.org/methods
l 
http://www.adni-info.org. In
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MRI imaging

These scans on 197 subjects were performed on the 1.5 T 
MRI scanners by using a sagittal MPRAGE sequence with 
the following parameters: repetition time (TR) =2,400 ms, 
inversion time (TI) =1,000 ms, flip angle =8°, and field of 
view (FOV) =24 cm with a 256×256×170 acquisition matrix 
in the x-, y-, and z-dimensions, which yields a voxel size of 
1.25×1.261×2. All of the original source and unmodified 
image files are available to the general scientific community, 
as described at http://www.loni.ucla.edu/ADNI.

The MRI data that was preprocessed by using the 
standard procedures included a realignment of the anterior 
commissure and posterior commissure, using the MIPAV 
software, skull-stripping by using Brain Surface Extractor 
(BSE) and Brain Extraction Tool (BET). The cerebellum 
removal, intensity inhomogeneity correction, segmentation 
was done using the FSL-FAST software, and spatial co-
registration by using HAMMER (16,17). T1 MRI images 
from the ADNI database were automatically partitioned 
into many regions of interest (ROIs) spanning the entire 
brain with the FreeSurfer image analysis suite. The 
instructions located on the FreeSurfer methods citation 
webpage: http://surfer.nmr.mgh.harvard.edu/fswiki/
FreeSurferMethodsCitation. In the validation experiments, 
this FreeSurfer processing approach achieved significantly 
high accuracy. The ADNI staff members have finished 
MRI Image processing work. One hundred and seven ROIs 
were automatically segmented according to the label on 
the Jacob atlas, defined by FreeSurfer (18), and then the 
EMCI and LMCI groups were compared. At last, 34 ROIs 
were selected in combination with the existing literature  
results (19), which may significantly influence MCI 
progression. The 34 ROIs included the surface area of 
bilateral posterior cingulate, thickness standard deviation 
of the bilateral rostral anterior cingulate, surface area of 
the right paracentral, thickness average of the left middle 
temporal and left superior temporal, thickness average 
and cortical volume of the bilateral isthmus cingulate, 
the thickness average and cortical volume of the bilateral 
entorhinal cortices, bilateral hippocampal formation, 
and bilateral amygdala. Also, the cortical volume of left 
middle temporal, left superior temporal, left paracentral, 
right thalamus, and right parahippocampal were included. 
Subcortical volume of the bilateral lateral ventricle, 
bilateral inferior lateral ventricle, and the bilateral choroid 
plexus were selected to reflect the condition of ventricle. 

Corpus callosum central, mid-posterior, mid-anterior, 
anterior were selected to reflect the condition of the corpus 
callosum. The structural MRI neuroimaging data was 
obtained from the ADNI file ‘UCSFFSL_11_02_15’, and 
‘UCSFFSX51_11_02_15_V2’.

Statistical methods

Statistical analysis was performed by using the SAS, version 
9.4 software (SAS Institute Inc.). Demographic data (age, 
gender, educational level, and ApoE4 status), cognitive 
scores, MRI volumes and thicknesses of ROIs, SUVR 
means of florbetapir-PET-AV45 and CSF biomarker 
values were summarized. Between the EMCI and LMCI 
groups, gender and ApoE4 status were compared using 
the Chi-square tests for the categorical variables; while 
age, educational level, SUVR means of florbetapir-PET-
AV45 and CSF biomarker values were compared using 
the independent samples of the t-test for the continuous 
variables. If each group does not satisfy the normality or 
homogeneity of variance, we adopted the Wilcoxon rank 
sum tests. We compared the differences in the cognitive 
scores of the baseline, 1- and 2-year follow-up, as well as the 
baseline MRI volumes and thicknesses of ROIs between the  
two groups by a multivariate analysis of the variance, 
adjusted by age, gender, years of education, ApoE4 status, 
and cognitive scores at the baseline when appropriate. 
Finally, ROIs of the baseline structural MRI, and cognitive 
decline in 1- and 2-year follow-up were assessed with a 
linear regression model. Age, gender, years of education, 
ApoE4 status, and cognitive scores at the baseline were 
included in models. P<0.05 was adopted and regarded to 
the significance.

Results

Baseline characteristics of EMCI participants in 
comparison with LMCI

Baseline demographics, ApoE4 status, and biomarker 
characteristics of the two groups are summarized in the 
Table 1. Overall, EMCI and LMCI participants had no 
difference in age, CSF Aβ1-42 and p-tau, sex composition 
and proportion of ApoE4 status. But the LMCI group 
had significantly more t-tau levels and an amyloid burden 
than the EMCI group (P=0.011, 0.016). Both groups 
had a statistically significant difference in the years of  

http://www.loni.ucla.edu/ADNI
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education (P=0.034).

Neuropsychological examinations 

As expected, the EMCI and LMCI groups showed 
significant differences in neuropsychological assessments at 
the baseline and at the 12-, 24-month-visit as highlighted in 
Table 2. LMCI participants performed worse in the domains 
of global cognition scales and subscales including memory, 
delayed recall memory, executive, language, attention 
and visuospatial skills compared to those of LMCI. To be 
specific, the LMCI participants had higher mean CDR-SB 
score (1.95±0.924 versus 1.46±0.895, P<0.001), higher mean 
ADAS13 score (21.02±7.136 versus 14.43±5.252, P<0.001), 
higher mean FAQ score (4.64±4.400 versus 2.91±3.962, 
P<0.001),  lower mean MMSE score (27.09±1.882 
versus 27.99±1.761, P<0.001), lower mean MoCA score 
(21.78±2.884 versus 23.40±2.966, P<0.001) at the baseline. 
In the subscale of memory, participants of LMCI had 
worse performance than those of EMCI manifested by 
RAVLT (RAVLT-immediate, learning, forgetting and perc-
forgetting) and ADNI-MEM. In the executive function 
assessment (ADNI-EF), LMCI participants had a worse 
performance than the EMCI group (−0.02±0.800 versus 
0.38±0.826, P<0.001). These findings were also consistent 
with the Category Fluency Tests (Animals and Vegetables), 

Clock test, Boston Naming Test, Trail Making Test A 
and B, which respectively assessed for executive function, 
language, attentiveness, and visuospatial skills. Participants 
with LMCI had a higher informant-report ECog scores 
(Everyday Memory, Language, Visuospatial Abilities, 
Planning, Organization, and Divided Attention) than the 
EMCI participants. However, the two groups showed no 
difference in the self-report ECog scores. Furthermore, we 
followed these patients at the 12- and 24-month and arrived 
at the same conclusions.

Similarly, LMCI subjects demonstrated a worse cognitive 
performance than the EMCI subjects on their decline of 
neuropsychological examinations during the 12 months’ 
change from baseline, and the differences were even greater 
in the 24 months’ change (Figure 1).

ROIs in structural MRI

We investigated the differences of 107 ROIs obtained from 
the structural MRI between EMCI and LMCI, 30 of them 
had significant differences. We found that the individuals 
in LMCI group had substantially smaller volume of the 
bilateral hippocampus, right parahippocampal, left middle 
and superior temporal, bilateral amygdala, bilateral 
cingulate, both thickness average, and cortical volume 
of bilateral entorhinal (Figure 2). The LMCI group had 

Table 1 Baseline demographics and sample characteristics in EMCI and LMCI

Demographics EMCI LMCI P value

No. of subjects 100 97

Age, years 73.09±6.701 72.54±6.880 0.886

Male, n (%) 60 (60.00) 50 (51.55) 0.232

Education, years 15.70±2.844 16.58±2.657 0.034*

ApoE4, n (%) 0.219

ApoE4 (−/−) 35 (35.00) 23 (23.71)

ApoE4 (+/−) 49 (49.00) 55 (56.70)

ApoE4 (+/+) 16 (16.00) 19 (19.59)

Aβ1-42 140.05±30.399 134.51±23.374 0.272

T-tau 108.43±55.988 124.34±52.685 0.011*

P-tau181P 53.92±21.443 59.32±27.105 0.193

Florbetapir-PET global SUVR 1.37±0.152 1.42±0.173 0.016*

*, statistically significant. EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; APOE, apolipoprotein E; 
Aβ, β-amyloid; P-tau181P, tau phosphorylated at threonine 181; florbetapir-PET global SUVR, uptake values ratios (SUVR) means of  
florbetapir-PET-AV45.
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a larger volume of the lateral ventricle. Details of these 
findings are displayed in Table 3.

Associations between ROIs in structural MRI and cognitive 
decline 

Based on the above results, we further selected the signature 
ROIs and cognitive assessments to study the correlation 
between the baseline structural MRI and the cognitive 
decline at the 24-month visit mark from baseline. After 
adjusting for age, gender, years of education, ApoE4 status, 
the independent effects of baseline ROIs in the structural 
MRI on cognitive decline, the subjects were evaluated. The 
associations between the baseline Imaging biomarkers and 
cognitive decline at 24 months for all investigated subjects 
were presented in Table 4.

The results indicated that the subcortical volume of the 
bilateral amygdala, bilateral hippocampus, cortical volume 
and thickness average of bilateral entorhinal, thickness 
average of left middle and left superior temporal, cortical 
volume of left middle temporal were highly correlated with 
a global cognitive decline, when it was evaluated using 
CDRSB, ADAS13, MMSE, MoCA, and FAQ. Especially, 
the thickness average of left entorhinal, left middle 
temporal, left superior temporal right isthmus cingulate 
which mainly contributed to the decreased global cognition.

In memory assessment (RAVLT-immediate, ADNI-
MEM), we found that cortical volume of left middle 
temporal, thickness average of left middle temporal, cortical 
volume of left superior temporal, thickness average of left 
superior temporal, subcortical volume of bilateral amygdala, 
subcortical volume of bilateral hippocampus, cortical 
volume of bilateral entorhinal, thickness average of bilateral 
entorhinal are more associated with the cognitive decline. 
Above all, thickness average of the left superior temporal 
and bilateral entorhinal had the most significant effect on 
memory decline.

Additionally, cortical volume of left middle temporal, 
right entorhinal, bilateral amygdala, thickness average of 
left middle temporal, right isthmus cingulate, surface area 
of left posterior cingulate, were correlated with decline in 
the ANDI-EF group. Thickness average of the left middle 
temporal and the right isthmus cingulate had the most 
significant impact on the ANDI-EF decline.

Moreover, we also evaluated ROIs’ influences on the 
changes of EcogSPVisspat, EcogSPPlan and EcogSPTotal. 
The results were shown in Table 4.T

ab
le

 2
 (c

on
tin

ue
d)

C
og

ni
tiv

e 
as

se
ss

m
en

ts

B
as

el
in

e
12

 m
on

th
s

24
 m

on
th

s

E
M

C
I (

N
=

10
0)

LM
C

I (
N

=
97

)
A

dj
us

te
d 

P
E

M
C

I (
N

=
10

0)
LM

C
I (

N
=

97
)

A
dj

us
te

d 
P

E
M

C
I (

N
=

10
0)

LM
C

I (
N

=
97

)
A

dj
us

te
d

P

A
D

N
I-

M
E

M
0.

34
±

0.
52

2
−

0.
25

±
0.

58
0

<
0.

00
1*

*
0.

27
±

0.
65

7
−

0.
43

±
0.

77
5

<
0.

00
1*

*
0.

31
±

0.
66

5
−

0.
63

±
0.

85
4

<
0.

00
1*

*

A
D

N
I-

E
F

0.
38

±
0.

82
6

−
0.

02
±

0.
80

0
<

0.
00

1*
*

0.
32

±
0.

82
2

−
0.

15
±

0.
91

0
<

0.
00

1*
*

0.
32

±
0.

91
2

−
0.

23
±

1.
01

3
<

0.
00

1*
*

C
at

eg
or

y 
Fl

ue
nc

y 
Te

st
s 

 
(A

ni
m

al
s 

an
d 

Ve
ge

ta
bl

es
)

18
.3

9±
5.

60
3

16
.3

0±
5.

04
4

0.
00

1*
17

.3
9±

5.
14

9
14

.8
8±

4.
92

1
<

0.
00

1*
*

17
.1

7±
5.

66
7

14
.0

3±
5.

45
2

<
0.

00
1*

*

C
lo

ck
 te

st
4.

55
±

0.
75

7
4.

16
±

1.
01

7
<

0.
00

1*
*

4.
51

±
0.

69
2

3.
98

±
1.

15
1

<
0.

00
1*

*
4.

50
±

0.
81

4
4.

14
±

1.
17

4
0.

03
*

B
N

T
26

.6
5±

3.
23

9
25

.0
8±

4.
08

9
0.

00
1*

26
.9

1±
3.

37
1

25
.1

5±
4.

89
9

0.
00

1*
26

.7
4±

3.
84

4
24

.3
6±

5.
08

2
0.

00
1*

TM
T-

A
38

.9
0±

17
.0

27
44

.2
7±

20
.5

69
0.

03
2*

39
.4

1±
18

.1
53

48
.0

0±
23

.0
93

0.
00

6*
39

.1
9±

14
.5

06
49

.4
9±

28
.5

42
0.

00
5*

TM
T-

B
10

5.
53

±
56

.8
64

13
2.

20
±

74
.9

46
0.

00
3*

*
11

3.
42

±
65

.8
32

14
4.

10
±

80
.2

80
0.

00
5*

11
4.

49
±

69
.1

67
16

0.
28

±
91

.1
11

0.
00

1*

P
 v

al
ue

s 
w

er
e 

ad
ju

st
ed

 b
y 

ag
e,

 g
en

d
er

, 
ye

ar
s 

of
 e

d
uc

at
io

n,
 A

p
oE

4 
st

at
us

, 
an

d
 c

og
ni

tiv
e 

sc
or

es
 a

t 
b

as
el

in
e 

w
he

n 
ap

p
ro

p
ria

te
. 

*,
 P

<
0.

05
; 

**
, 

P
<

0.
00

1.
 C

D
R

-S
B

, 
C

lin
ic

al
 

D
em

en
tia

 R
at

in
g 

S
ca

le
-S

um
 o

f 
B

ox
es

; 
A

D
A

S
-C

og
11

 o
r 

13
, 

A
lz

he
im

er
’s

 D
is

ea
se

 A
ss

es
sm

en
t 

S
ca

le
-1

1 
or

 1
3-

Ite
m

 S
ub

sc
al

e;
 M

M
S

E
, 

M
in

i-
M

en
ta

l S
ta

te
 E

xa
m

in
at

io
n;

 F
A

Q
, 

Fu
nc

tio
na

l A
ss

es
sm

en
t Q

ue
st

io
nn

ai
re

; M
oC

A
, M

on
tr

ea
l C

og
ni

tiv
e 

A
ss

es
sm

en
t; 

R
A

V
LT

, R
ey

 A
ud

ito
ry

 V
er

ba
l L

ea
rn

in
g 

Te
st

; E
C

og
, T

es
t o

f E
ve

ry
da

y 
C

og
ni

tio
n;

 P
T,

 p
ar

tic
ip

an
t; 

S
P,

 s
tu

dy
-p

ar
tn

er
; B

N
T,

 B
os

to
n 

N
am

in
g 

Te
st

; T
M

T-
A

,B
, T

ra
il 

M
ak

in
g 

Te
st

 A
,B

.



1011Quantitative Imaging in Medicine and Surgery, Vol 8, No 10 November 2018

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2018;8(10):1004-1019qims.amegroups.com

Discussion
 

This study provided a comprehensive evaluation of the 
clinical cognitive performance and structural MRI scan of 
the brain between EMCI and LMCI individuals, who had 
positive biomarkers of the Aβ plaques and fibrillar tau, based 
on the AT (N) system. In the present study of prodromal 
AD, we had three major findings: (I) for the most part, the 
LMCI group performed significantly worse than the EMCI 
group in the cognitive tests, including global cognition 
scales and subscales (memory, executive function, language, 
attention, visuospatial skills). The LMCI participants 

had a higher informant-report ECog scores than the 
EMCI participants. However, the two groups showed no 
difference in the self-reported ECog scores. (II) For the 
structural MRI, both groups differed in bilateral entorhinal, 
hippocampus, amygdala, lateral ventricle, and left temporal, 
corpus callosum and cingulate. (III) Thickness average 
of the left entorhinal, left middle and superior temporal, 
right isthmus cingulate were closely associated with global 
a cognitive decline. Thickness averages the of left superior 
temporal and the bilateral entorhinal were more predictive 
to a memory decline, while the thickness average of left 

Figure 1 Comparison between EMCI and LMCI in cognitive decline at 12- and 24-month visit. (A,B) Comparison of CDR-SB, ADAS-13, 
MMSE, RAVLT-immediate, FAQ and MoCA, ECogSPVisspat, ECogSPPlan, ECogSPTotal, ADNI-MEM, ADNI-EF at 12-month visit. 
(C,D) Comparison of CDR-SB, ADAS-13, MMSE, RAVLT-immediate, FAQ and MoCA, ECogSPVisspat, ECogSPPlan, ECogSPTotal, 
ADNI-MEM, ADNI-EF at 24-month visit. EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; CDR-SB, 
Clinical Dementia Rating scale Sum of Boxes; ADAS 13, Alzheimer’s Disease Assessment Scale-Cognitive subscale consisting of 13 items; 
MMSE, Mini-Mental State Examination; RAVLT, Rey Auditory Verbal Learning Test; FAQ, Functional Assessment Questionnaire; MoCA, 
Montreal Cognitive Assessment; ECog, Everyday Cognition questionnaire.
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middle temporal and right isthmus cingulate were associated 
with executive dysfunction. 

As we all know, plaques and tangles define AD as a 
unique disease among several that can lead to dementia. It 
is fortunate that biomarkers from the important categories 
of AD neuropathological change (Aβdeposition, pathologic 
tau, and neurodegeneration) have been and are being 
explored. In the 2018 NIA-AA Research Framework, it 
has stated that both Aβand paired helical filament (PHF) 
tau deposits are required to fulfill the neuropathological 
criteria for AD (20,21), which suggests that the evidence 
of the abnormalities in both the Aβ and the pathologic tau 
biomarkers should be present to apply the label “Alzheimer’s 
disease” in a living person. 

Previous studies have defined probable AD as a 
prototypical multi-domain amnestic dementia phenotype, 
and also diagnosed MCI mostly based on the clinical 
classification, which ignored the AD pathologic changes 
at autopsy (10,22). Nelson et al. had declared that almost 
10% to 30% of individuals clinically diagnosed as AD 
dementia did not display AD neuropathological changes 
at autopsy. Many studies show that an amnestic multi-
domain dementia is neither sensitive nor specific for AD 
neuropathological change, and cognitive symptoms are not 
an ideal way to define AD (23,24). There is great value to 
use structural an MRI test in the assessment of Alzheimer’s 
disease. However, to date, the predictive value of structural 
MRI tends to range between 80% and 90% in accuracy and 

there is a possibility that a clinical misdiagnosis relative to 
the gold standard pathologic diagnosis and/or additional 
brain pathologies are confounding factors contributing to 
the reduced structural MRI classification accuracy.

Based on above considerations, we conducted the present 
study in A+T+MCI participants who were assigned the label 
“Alzheimer’s pathologic change”. Although many previous 
studies have detected the differences even through AD 
spectrum, yet, the diagnostic criteria is based on clinical 
cognitive measurements, and the diagnosis credibility 
remains controversial. Thus, the present study would be 
more consistent with the AD pathological changes, and the 
conclusion in clinical characteristics of the MCI individuals 
would be more accurate.

According to the NIA-AA Research Framework, the A 
and T levels indicate specific neuropathological changes 
that define AD, whereas Neurodegenerative/neuronal 
injury biomarkers (N) and cognitive symptoms are used to 
stage severity (25). In this study, we found LMCI group had 
significantly more t-tau (biomarker of neuronal injury) than 
EMCI group, which further verified the above conclusion. 
Meanwhile, it also verified that the severity of the disease 
evaluated by the clinical cognition status was consistent with 
the results that were evaluated by the N biomarkers. More 
studies are needed to evaluate the association between them 
in the future.

In this study, the LMCI group performed significantly 
worse than the EMCI group in mostly the cognitive 

EMCI LMCI

Figure 2 Typical structural head MRI from EMCI and LMCI individuals displaying thickness of bilateral entorhinal. LMCI individual had 
smaller thickness of bilateral entorhinal. White arrow indicates right entorhinal. Yellow arrow indicates left entorhinal. EMCI, early mild 
cognitive impairment; LMCI, late mild cognitive impairment.
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Table 3 Comparison of ROIs from structural MRI between EMCI and LMCI

Regions EMCI (N=100) LMCI (N=97) P value Adjusted P

Surface area of left posterior cingulate 1115.84±167.417 1065.73±155.122 0.031 0.042*

Surface area of right posterior cingulate 1124.30±185.566 1068.41±163.099 0.027 0.031*

Thickness standard deviation of right rostral anterior cingulate 0.77±0.132 0.80±0.140 0.176 0.052

Thickness standard deviation of left rostral anterior cingulate 0.80±0.136 0.85±0.165 0.041 0.009*

Surface area of right paracentral 1483.69±215.337 1412.42±170.166 0.011 0.011*

Thickness average of left middle temporal 2.72±0.160 2.63±0.223 <0.001 <0.001**

Thickness average of left superior temporal 2.57±0.189 2.50±0.221 0.026 0.004*

Thickness average of left isthmus cingulate 2.43±0.223 2.36±0.201 0.03 0.008*

Thickness average of right isthmus cingulate 2.41±0.223 2.35±0.235 0.055 0.031*

Cortical volume of right isthmus cingulate 2330.60±406.454 2286.34±358.964 0.421 0.531

Cortical volume of left isthmus cingulate 2549.77±465.940 2427.62±368.876 0.044 0.046*

Thickness average of left entorhinal 3.36±0.418 3.01±0.493 <0.001 <0.001**

Thickness average of right entorhinal 3.47±0.453 3.13±0.543 <0.001 <0.001**

Cortical volume of right entorhinal 1767.69±369.528 1553.84±415.618 <0.001 <0.001**

Cortical volume of left entorhinal 1919.85±380.774 1679.43±418.904 <0.001 <0.001**

Subcortical volume of left hippocampus 3516.36±513.152 3155.94±550.111 <0.001 <0.001**

Subcortical volume of right hippocampus 3603.88±528.382 3227.41±546.070 <0.001 <0.001**

Subcortical volume of right amygdala 1423.48±250.484 1303.33±249.324 <0.001 0.001*

Subcortical volume of left amygdala 1358.91±240.002 1227.20±249.513 <0.001 <0.001**

Cortical volume of left middle temporal 9610.36±1384.704 8993.57±1506.254 0.003 0.003*

Cortical volume of left superior temporal 10648.56±1338.043 10172.02±1357.833 0.014 0.011*

Cortical volume of left paracentral 3176.10±545.286 3135.73±491.148 0.588 0.637

Subcortical volume of right thalamus 6222.86±677.001 6028.60±592.605 0.034 0.030*

Cortical volume of right parahippocampal 1975.29±337.148 1871.05±308.147 0.025 0.018*

Subcortical volume of right lateral ventricle 15947.79±8734.742 19187.65±9950.217 0.017 0.001*

Subcortical volume of left lateral ventricle 17525.74±9651.090 21536.20±11570.59 0.009 <0.001**

Subcortical volume of left inferior lateral ventricle 817.94±565.490 1224.66±838.528 <0.001 <0.001**

Subcortical volume of right inferior lateral ventricle 697.84±497.717 1022.76±678.034 <0.001 <0.001**

Subcortical volume of corpus callosum central 373.84±73.657 345.22±66.687 0.005 0.001*

Subcortical volume of corpus callosum mid-posterior 348.64±77.720 315.18±76.580 0.003 0.001*

Subcortical volume of corpus callosum mid-anterior 380.57±89.367 346.49±71.322 0.004 0.001*

Subcortical volume of corpus callosum anterior 787.54±162.406 747.80±145.419 0.074 0.041*

Subcortical volume of right choroid plexus 2278.62±537.081 2387.30±553.381 0.166 0.017*

Subcortical volume of left choroid plexus 1919.21±393.881 1924.63±394.931 0.924 0.380

*, P<0.05; **, P<0.001.
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tests at the baseline, 12-, 24-month visits, including 
global cognition scales and subscales (memory, executive 
function, language, attention, visuospatial skills). The 
conclusion confirmed previous research on clinically 
diagnosed MCI subjects. Furthermore, the cognitive 
declines also supported by the frame work that the LMCI 
individuals degenerated faster than the EMCI ones in 
both global cognition function and the sub-domains. 
This is consistent with what had been widely believed 
that disease progression is slow during the earliest stages 
of AD (4). Landau et al. (26) had verified that although 
both hypometabolism and β-amyloid (Aβ) deposition are 
detectable in normal subjects and all diagnostic groups, 
Aβ showed greater associations with a cognitive decline in 
the normal participants, and has an early and subclinical 
impact on the cognition of individuals that precedes these 
metabolic changes (27). At moderate and later stages of 
disease (LMCI/AD), hypometabolism becomes more 
pronounced and more closely linked to the ongoing 
cognitive decline. Hence, effectively preventive treatments 
are urgently needed at early phases of the AD spectrum (5).  
In addition, we detected that LMCI participants had 
higher informant-report ECog scores than the EMCI 
participants, and both groups showed no difference in 
the self-reported ECog scores. Swinford (28) had found 
that self-and informant-ECog memory scores were not 
correlated with one another in the amyloid-positive adults, 
and suggested that the two measurements of the subjective 
memory complaints may be independent. Drawing on 
his assumptions about the results in his research, we 
hypothesized that the participants in prodromal AD group 
might be involved with the more outward signs of cognitive 
decline that could be noticed by an observer who knew the 
individual well.

An MRI provides structural information about the 
brain and has for many years been widely used for an early 
detection and a diagnosis of AD. Atrophy typically starts 
in the medial temporal and limbic areas, subsequently 
spreading to parietal association areas and finally to the 
frontal and primary cortices. For many years, studies have 
focused on the single structures in the medial temporal 
lobe for the early diagnosis of AD, such as hippocampus 
and entorhinal cortex (29). However, the MRI imaging 
measurement of cortical thickness, e.g., medial temporal 
atrophy, is still not sufficiently accurate on its own to serve 
as an absolute diagnostic criterion for the clinical diagnosis 
of AD at the MCI stage (30). There is still a lack of 
sensitive, reliable, and accessible brain imaging algorithms T
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capable of characterizing the abnormal degrees of age-
related cerebral atrophy, as well as accelerated rates of 
atrophy progression in the preclinical individuals at a high 
risk for AD for whom early intervention is most needed. 
In this study, we use FreeSurfer image analysis suite, both 
longitudinal and cross-sectional processing (each scan is 
segmented according to an atlas defined by FreeSurfer), 
which produces regional volume, cortical thickness, grey 
matter volume, surface area, to investigate different patterns 
of atrophy instead of single measures, and more sensitive 
and predictive variable of MRI in cognitive decline.

By investigating the relationship between the structural 
MRI and cognitive decline, we detected that the regions 
significantly related to cognitive function are the bilateral 
hippocampus, right parahippocampal, left middle and 
superior temporal, bilateral amygdala, bilateral cingulate, 
both thickness average and cortical volume of bilateral 
entorhinal. Atrophy of these structures was regarded as a 
typical finding in AD (31). Grothe et al. (32) have confirmed 
that Episodic memory decline in the MCI patients was 
associated with a hippocampal atrophy and basal forebrain 
degeneration in the Aβ+ subjects. Attentional control 
was associated with a basal forebrain degeneration in the 
MCI subjects. Worsening impairment of the instrumental 
activities of daily living was associated with a baseline 
middle frontal and posterior cingulate hypometabolism and 
predicted by the baseline parietal and temporal atrophy (33). 
Furthermore, our findings also showed that the thickness 
average of the left superior temporal and bilateral entorhinal 
cortex mostly contributes to memory loss. Thickness 
average of left middle temporal and right isthmus cingulate 
mainly influenced executive function. The results indicated 
that the different MCI categories or multi-domains MCI 
have different clinical prognoses and biomarkers signatures, 
and that neuroimaging biomarkers based on the single-area 
ROI might not be sensitive enough for the initial stages 
of cognitive impairment. Further studies are needed to 
characterize what underlying pathologies are involved in 
each specific MCI group.

By now, MRI is still the most commonly used imaging 
examination for general clinical practice. Thus, we expect 
that the data from structural MRI can be one potential 
marker for MCI.

This study does have some potential limitations. First, 
although we included all available A+T+MCI participants 
in ADNI-2 who had PET scans and CSF p-tau at the time 
of our analyses, our sample size was relatively small, which 
could lead to bias. Second, we also acknowledge that there 

may have been unforeseen selection bias in the ADNI-
2 study. Participants were recruited from memory clinics 
and advertisements, and the MCI inclusion criteria was 
highly selective, thus the study group is not representative 
of the general population. Future studies in larger samples 
will help to support the present findings. Finally, we used 
Talairach Daemon to define the brain regions from our 
voxel wise analysis. Although this atlas is not specific to our 
study, we felt that it was the most appropriate tool to use in 
this case. A standardized atlas specific for MCI subjects or 
older adults has not been defined in the literature, and our 
small sample size kept us from producing our own study-
specific atlas. We do not expect that extensive atrophy 
should confound the results of the Talairach Daemon atlas 
in our preclinical AD population, and we visually inspected 
the labeled regions for accuracy. However, we acknowledge 
that use of this nonspecific atlas may have caused minor 
labeling issues in our participants.

In summary, the present study demonstrated an 
updated comprehensive evaluation of clinical cognition 
and structural MRI in the EMCI and LMCI population 
based on the AT (N) system. The findings will be helpful in 
understanding the property of prodromal AD.
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