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Longitudinal outcomes of amyloid 
positive versus negative amnestic 
mild cognitive impairments: a 
three-year longitudinal study
Byoung Seok Ye  1, Hee Jin Kim2, Yeo Jin Kim3, Na-Yeon Jung4, Jin San Lee5, Juyoun Lee2,  
Young Kyoung Jang2, Jin-ju Yang  6, Jong-Min Lee6, Jacob W. Vogel7, Duk L. Na2 & Sang Won Seo2

We aimed to compare the longitudinal outcome of amnestic mild cognitive impairment (aMCI) patients 
with significant Pittsburgh Compound B uptake [PiB(+) aMCI] and those without [PiB(−) aMCI]. 
Cerebral β-amyloid was measured in 47 patients with aMCI using PiB-positron emission tomography 
(PET) (31 PiB(+) aMCI and 16 PiB(−) aMCI). Clinical (N = 47) and neuropsychological follow-up (N = 37), 
and follow-up with brain magnetic resonance imaging (N = 38) and PiB-PET (N = 30) were performed 
for three years. PiB(+) aMCI had a higher risk of progression to dementia (hazard ratio = 3.74, 95% 
CI = 1.21–11.58) and faster rate of cortical thinning in the bilateral precuneus and right medial and 
lateral temporal cortices compared to PiB(−) aMCI. Among six PiB(−) aMCI patients who had regional 
PiB uptake ratio >1.5 in the posterior cingulate cortex (PCC), three (50.0%) progressed to dementia, 
and two of them had global PiB uptake ratio >1.5 at the follow-up PiB-PET. Our findings suggest that 
amyloid imaging is important for predicting the prognosis of aMCI patients, and that it is necessary to 
pay more attention to PiB(−) aMCI with increased regional PiB uptake in the PCC.

Cerebral β-amyloidosis is a key requirement for development of Alzheimer’s disease (AD) according to the amy-
loid cascade hypothesis1,2. Amnestic mild cognitive impairment (aMCI) is regarded as a transitional state between 
normal aging and dementia, especially AD3,4. With development of biomarkers for β-amyloid, in vivo identifica-
tion of fibrillar β-amyloid is possible in aMCI patients5. Previous studies have shown that about 40–70% of aMCI 
patients showed measurable fibrillar β-amyloidosis using Pittsburgh Compound B positron emission tomogra-
phy (PiB-PET)6–8. Several heterogeneous possibilities have been proposed as underlying causes for PiB-negative 
[PiB(−)] aMCI patients including cognitive impairment related to depression, accelerated brain aging as indi-
cated by abnormality in vascular markers9,10, and other pathologies such as cerebrovascular disease3, hippocam-
pal sclerosis11 and argyrophilic grain disease12. In our previous cross-sectional study9, we categorized PiB(−) 
aMCI group into several subgroups including depressive aMCI, aMCI with increased PiB uptake in the posterior 
cingulate cortex, aMCI with small vessel disease (SVD) and aMCI with accelerated aging. The PCC-PiB(+) aMCI 
subgroup exhibited decreased cortical thickness in the medial temporal lobe and deformity in the bilateral hip-
pocampus, which was similar with that in AD9.

Previous studies have also shown that β-amyloidosis in aMCI is predictive of future progression to dementia8,13–15.  
However, there are wide variations in the risks associated with β-amyloidosis in aMCI patients, and the progno-
sis of aMCI patients without β-amyloidosis has not been clearly demonstrated. Furthermore, most longitudinal 
studies have focused on amyloid (+) aMCI patients. In the current study, we followed aMCI patients included 
in the previous cross-sectional study9 up for three years and aimed to investigate the longitudinal outcome of 
β-amyloidosis in a prospectively recruited cohort of aMCI patients. We also subcategorized the amyloid-negative 
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aMCI patients and investigated clinical features, neuroimaging and their prognosis. We hypothesized that (1) 
PiB(+) aMCI patients have greater risk of progression to dementia compared to PiB(−) aMCI patients; and (2) 
there could be certain features predicting progression to dementia in PiB(−) aMCI patients.

Results
Demographic features. Among 47 aMCI patients who were followed up for 3.6 years, 31 (66.0%) patients 
were PiB(+) and 16 (34.0%) patients were PiB(−) at baseline. The comparison of demographic and clinical fea-
tures is presented in Table 1. Compared to PiB(−) aMCI patients, PiB(+) aMCI patients had lower scores in the 
Geriatric Depression Scale, a higher proportion of APOE4 carriers, and a lower proportion of diabetes mellitus 
[one PiB(+) aMCI (3.2%) vs. 4 PiB(−) aMCI (25.0%) patients, P = 0.040 for chi-square test] and hypertension 
[10 PiB(+) aMCI (32.3%) vs. 10 PiB(−) aMCI (62.5%) patients, P = 0.047].

Conversion to dementia. Twenty-two of 31 PiB(+) aMCI subjects progressed to dementia within 3.6 years 
(progression rate = 20.8%/year), while four of 16 PiB(−) aMCI group progressed within the same timespan (pro-
gression rate = 6.3%/year). Figure 1 shows Kaplan-Meier survival curves for PiB(+) aMCI and PiB(−) aMCI 
groups. Cox regression models showed that PiB(+) aMCI had a higher risk of progression to dementia [hazard 
ratio (HR) = 3.74, 95% CI = 1.21–11.58] after controlling for age, sex, and education. All PiB(+) aMCI patients 
who progressed to dementia were diagnosed as probable AD, while PiB(−) aMCI patients progressed to various 
causes of dementia including probable AD (1), progressive supranuclear palsy syndrome (PSPS) (2) and subcor-
tical vascular dementia (1).

Neuropsychological changes. Longitudinal changes in neuropsychological test scores which were inves-
tigated using linear mixed effect models are summarized in Table 2. Linear mixed models separately performed 
in PiB(+) aMCI group showed that there was significant detrimental effect of time on calculation, immediate 
recall and delayed recall items of SVLT and RCFT, COWAT animal, stroop color reading, MMSE, and CDR Sum 
of Boxes scores after controlling for age, sex and education. In PiB(−) aMCI group, there was no neuropsycholog-
ical test showing significant change according to the time interval from baseline evaluation. Linear mixed effect 
models testing the interaction effect of PiB-positivity and time showed that PiB(+) aMCI group had faster decline 
in MMSE and CDR Sum of Boxes scores than PiB(−) aMCI group after controlling for age, sex and education.

Longitudinal cortical thinning. Linear mixed effect models separately performed in PiB(+) group and 
PiB(−) group compared the effect of time interval from baseline MRI on regional W-score with zero and showed 
that the PiB(+) aMCI group had significant longitudinal cortical thinning in the bilateral medial and lateral tem-
poral, precuneus, posterior cingulate, inferior parietal, and prefrontal regions (Fig. 2). PiB(−) aMCI group did 
not demonstrate significant longitudinal cortical thinning. There were no regions showing significant increase in 
cortical thickness over time. Linear mixed effect models testing the interaction effect of PiB-positivity and time 
on regional W-score showed that PiB(+) aMCI group had a significantly faster rate of cortical thinning than 
PiB(−) aMCI group in the bilateral medial temporal, right inferolateral temporal, left posterior cingulate, right 
precuneus, and right prefrontal regions.

Longitudinal PiB uptake. Twenty-one PiB(+) aMCI and nine PiB(−) aMCI patients had follow-up PiB-PET  
scans after mean 30.5 ± 6.2 months. Two aMCI patients who had been PiB(−) at baseline converted to PiB(+) 
at follow up. Mean global and regional PiB uptake at the baseline and follow-up PiB-PET scans are displayed in 
Supplementary Figure 1. Annual changes of global PiB uptake across all aMCI patients was 0.02 ± 0.05. Annual 
changes of global PiB uptake in PiB(+) aMCI group and PiB(−) aMCI group were not significantly different 
[PiB(+) aMCI vs. PiB(−) aMCI = 0.03 ± 0.06 vs. 0.01 ± 0.04, P for independent t-tests = 0.258].

PiB(−) aMCI PiB(+) aMCI p value

N 16 31

Baseline age: years 71.6 ± 6.3 70.2 ± 8.7 0.570

Gender, female 9 (56.3) 11 (35.5) 0.172

Education, years 11.5 ± 6.1 13.6 ± 3.3 0.218

Geriatric Depression Scale 15.1 ± 7.7 9.6 ± 6.0 0.010

APOE4 carrier 0/16 (0) 19/29 (65.5) <0.001

Baseline PiB uptake 1.32 ± 0.13 2.16 ± 0.35 <0.001

Annual changes of global PiB retention ratio* 0.01 ± 0.04 0.03 ± 0.06 0.258

Follow-up duration, years 3.8 ± 1.5 3.5 ± 1.3 0.307

Progression to dementia 4 (25.0) 22 (71.0) NA

Table 1. Demographic features of PiB(−) and PiB(+) aMCI with clinical follow-up. AD = Alzheimer’s 
disease; APOE4 = apolipoprotein E4; aMCI = amnestic mild cognitive impairment; PiB(−) aMCI = Pittsburgh 
compound B negative amnestic mild cognitive impairment; PiB(+) aMCI = Pittsburgh compound B positive 
amnestic mild cognitive impairment; NA = not applicable. Data are expressed in mean ± standard deviation or 
number (percentage). P values are results of independent t tests or chi-square tests as appropriate. *Nine of 16 
PiB(−) aMCI patients and 21 of 31 PiB(+) aMCI patients performed follow-up PiB-PET scans.
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Figure 1. Kaplan-Meier curves for PiB(+) aMCI and PiB(−) aMCI groups. PiB(−) aMCI = Pittsburgh 
compound B negative amnestic mild cognitive impairment; PiB(+) aMCI = Pittsburgh compound B positive 
amnestic mild cognitive impairment.

Neuropsychological 
test

PiB(−) aMCI* PiB(+) aMCI* PiB(−) vs. PiB(+) aMCI**

β (SE) p β (SE) p β (SE) p

Digit span forward 0.14 (0.11) 0.922 0.05 (0.07) 0.570 0.07 (0.12) 0.910

Digit span backward 0.08 (0.08) 0.755 −0.06 (0.08) 0.507 0.16 (0.12) 0.418

Calculation 0.05 (0.15) 0.868 −0.23 (0.08) 0.007 0.33 (0.14) 0.075

K-BNT 0.29 (0.66) 0.806 −1.04 (0.71) 0.205 1.39 (1.10) 0.400

RCFT copy 0.04 (0.35) 0.912 −0.25 (0.30) 0.500 0.27 (0.48) 0.803

SVLT immediate recall 0.30 (0.28) 0.839 −0.66 (0.20) 0.009 0.85 (0.35) 0.089

SVLT delayed recall −0.24 (0.20) 0.843 −0.34 (0.14) 0.038 0.04 (0.24) 0.932

SVLT recognition −0.38 (0.21) >0.999 −0.29 (0.20) 0.196 −0.12 (0.30) 0.848

RCFT immediate recall −0.44 (0.29) >0.999 −0.61 (0.30) 0.085 0.25 (0.44) 0.749

RCFT delayed recall −0.33 (0.36) 0.697 −0.95 (0.30) 0.006 0.62 (0.46) 0.376

RCFT recognition −0.09 (0.19) 0.828 −0.30 (0.16) 0.111 0.06 (0.26) 0.837

COWAT animal −0.09 (0.32) 0.825 −0.95 (0.25) 0.002 0.96 (0.39) 0.069

COWAT supermarket 0.23 (0.42) 0.826 −0.70 (0.28) 0.110 1.12 (0.64) 0.244

COWAT phonemic −0.57 (0.85) 0.780 0.21 (0.83) 0.798 0.02 (1.36) 0.991

Stroop color reading −2.51 (1.86) >0.999 −3.78 (1.20) 0.008 1.21 (2.04) 0.855

MMSE −0.18 (0.07) 0.708 −1.18 (0.18) <0.001 0.91 (0.28) 0.017

CDR Sum of Boxes 0.10 (0.12) 0.702 0.65 (0.09) <0.001 −0.48 (0.15) 0.017

Table 2. Longitudinal changes of neuropsychological test scores in PiB(−) and PiB(+) aMCI. PiB(−) 
aMCI = Pittsburgh compound B negative amnestic mild cognitive impairment; PiB(+) aMCI = Pittsburgh 
compound B positive amnestic mild cognitive impairment; SE = standard error; K-BNT = Korean 
version of Boston Naming Test; RCFT = Rey-Osterrieth Figure Test; SVLT = Seoul Verbal Learning Test; 
COWAT = Controlled Oral Word Association Test; MMSE = Mini-mental Status Examination; CDR = Clinical 
Dementia Rating. Data are results of linear mixed effect models for neuropsychological scores using age, sex, 
education, and time interval from baseline evaluation as covariates. *Results of linear mixed models separately 
performed in PiB(+) or PiB(−) aMCI group using time interval from baseline evaluation as a predictor. 
**Results of linear mixed models in total aMCI patients using the interaction between group and time interval as 
a predictor. P values are corrected for multiple comparisons using false discovery rate correction.



www.nature.com/scientificreports/

4SciENtific RepoRtS |  (2018) 8:5557  | DOI:10.1038/s41598-018-23676-w

Subgroups of PiB(−) aMCI. Among 16 PiB(−) aMCI patients who had clinical follow-up, four patients 
were categorized as depressive aMCI, six as PCC-PiB(+) aMCI, two as aMCI with SVD, and three as aMCI with 
accelerated aging. One PiB(−) aMCI could not be subcategorized. Demographic and clinical features of sub-
groups in PiB(−) aMCI patients are summarized in Table 3.

Three of the six PCC-PiB(+) aMCI patients progressed to dementia (one AD and two PSPS patients). 
Demographic, clinical and imaging features of six PCC-PiB(+) aMCI patients are presented in Table 4. Two of 
three PCC-PiB(+) aMCI patients who underwent follow-up PiB-PET had global PiB uptake >1.5 at the follow-up 
PiB-PET. Among the two PCC-PiB(+) aMCI patients who exhibited global PiB uptake >1.5 at follow-up, one 
progressed to AD while the other one remained as aMCI. One of the two aMCI with SVD converted to subcor-
tical vascular dementia.

To evaluate the topographical tendency (t value >2) of longitudinal cortical thinning in PiB(−) aMCI sub-
groups, we performed linear mixed effect models comparing the effect of time on regional W-score with zero in 
respective PiB(−) aMCI subgroups (Fig. 3). The degree of longitudinal cortical thinning was most prominent in 
PCC-PiB(+) aMCI and localized to the bilateral medial temporal, left PCC, left superior temporal-inferior pari-
etal, bilateral prefrontal and anterior cingulate regions. On the other hand, in PCC-PiB(+) aMCI group, a trend 
of longitudinal cortical thickening was noted in the bilateral precuneus regions. In aMCI with SVD, a trend of 
longitudinal cortical thinning was noted in the right basal frontal, middle and posterior cingulate, and left medial 
temporal regions. In aMCI with accelerated aging, trend of longitudinal cortical thinning was observed in the 
bilateral basal frontal, right posterior insula, and left occipital regions.

Discussion
In this prospective cohort study, we report a longitudinal course of aMCI patients with or without significant cer-
ebral PiB uptake in terms of clinical, neuropsychological, and brain morphological changes. As a group, PiB(+) 
aMCI patients showed a risk of progression to dementia about three times greater than that of PiB(−) aMCI 
patients. PiB(+) aMCI patients also showed significant longitudinal cortical thinning in several AD-prone corti-
cal regions. We did not observe any regions demonstrating significant cortical thinning over time in the PiB(−) 
aMCI group. Among PiB(−) aMCI patients, more subjects in the PCC-PiB(+) aMCI subgroup converted to 
globally amyloid positive and dementia than in other groups, though our numbers prevented us from testing this 
association statistically. Taken together, our findings suggested that amyloid PET is important in prediction of 
prognosis in aMCI patients. Furthermore, we need to pay more attention to the subgroup of PiB(−) aMCI with 
increased regional PiB uptake especially in the PCC.

We found that PiB(+) aMCI converted to dementia a 3.2 times the rate of PiB(−) aMCI. Our finding is con-
sistent with previous studies14,15, which showed that amyloid-positive aMCI patients had a HR of 3.2 (95% CI, 
1.4–7.1), and 50% of amyloid-positive aMCI patients progressed to dementia in 2 years14. Our conclusion that 
amyloid positivity in aMCI is one of the most important predictors of AD dementia is supported by another 
observation: specifically, we found that PiB(+) aMCI showed longitudinal decline in cognitive scores mainly 

Figure 2. Statistical maps showing cortical regions with longitudinal cortical thinning in (A) PiB(+) aMCI 
group and (B) PiB(−) aMCI group, and those with faster rate of cortical thinning in PiB(+) compared PiB(−) 
aMCI group. PiB(−) aMCI = Pittsburgh compound B negative amnestic mild cognitive impairment; PiB(+) 
aMCI = Pittsburgh compound B positive amnestic mild cognitive impairment.
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involving memory and semantic fluency tests, which are neuropsychological hallmarks of AD16,17. We also found 
that PiB(+) aMCI patients showed a longitudinal cortical thinning pattern reminiscent of AD18 involving the 
medial temporal cortices, lateral temporal and parietal cortices, precuneus, and PCC.

In the present study, four of 16 PiB(−) aMCI patients progressed to dementia (progression rate = 6.3%/year). 
These PiB(−) aMCI patients progressed to various causes of dementia including PSPS, vascular dementia, and 
AD. Considering that the PiB(−) aMCI group showed significant cortical and hippocampal atrophy compared to 
control subjects in our previous study, PiB(−) aMCI could be regarded to have neurodegeneration just like sus-
pected non-Alzheimer disease pathophysiology (SNAP)19,20. Previous studies have reported that around 17~35% 
of MCI patients have SNAP, and that these individuals progress to AD as well as non-AD dementia with annual 
rates ranging from 12.4~25.5%/year21–25. Previous studies have also shown that aMCI without significant amyloi-
dosis could progress to frontotemporal dementia, Lewy body dementia, vascular dementia, Parkinson’s disease 
dementia, PSPS, and even AD15,25,26. Consistent with previous studies of aMCI with SNAP, our findings therefore 
suggested that PiB(−) aMCI group might be composed of heterogeneous entities. We also found that there was 
no APOE4 carrier among PiB(−) aMCI patients. This finding is consistent with a previous study based on ADNI 
dataset which reported the relative paucity of APOE4 carriage in PiB(−) aMCI group compared to PiB(+) aMCI 
group27.

Another noteworthy finding was that PCC-PiB(+) aMCI subgroup, which were globally amyloid negative but 
showed increased uptake just in the PCC, are likely to convert to globally amyloid positive, suggesting that these 
patients have subthreshold cerebral amyloid deposition. Because the cut-offs to determine global PiB-positivity is 
somewhat arbitrary28,29, we cannot exclude the possibility that these PCC-PiB(+) aMCI patients have significant 
amyloid deposition in their brain. The clinical significance of increased uptake specifically in the PCC is very 

Depressive 
aMCI

PCC-PiB(+) 
aMCI

aMCI with 
SVD

Accelerated 
aging aMCI Undetermined

N 4 6 2 3 1

Age: years 70.3 ± 9.5 73.3 ± 3.8 74.0 ± 9.9 69.7 ± 6.4 67

Gender, female 2 (50.0) 4 (66.7) 2 (100.0) 0 1 (100.0)

Education, years 6.5 ± 4.9 12.7 ± 5.8 7.5 ± 2.1 17.0 ± 5.6 16.0

Geriatric Depression Scale 25.0 ± 5.7 10.8 ± 5.3 12.0 ± 2.8 12.3 ± 7.1 15.0

APOE4 carrier 0/4 0/6 0/2 0/3 0/1

Baseline PiB retention 1.32 ± 0.07 1.41 ± 0.06 1.26 ± 0.01 1.18 ± 0.22 1.31

Annual global PiB retention ratio change* −0.01 ± 0.03 0.02 ± 0.02 −0.06 0.04 ± 0.05 —

Conversion to PiB(+)* 0 2 (66.7) 0 0 0

With clinical follow-up 4 6 2 3 1

Follow-up duration, years 4.0 ± 2.7 2.9 ± 1.6 4.3 ± 1.0 4.9 ± 0.1 3.2

Progression to dementia 0 3 (50.0) 1 (50.0) 0 0

Table 3. Comparison of demographic and clinical features of subgroups in PiB(−) aMCI. 
APOE4 = apolipoprotein E4; aMCI = amnestic mild cognitive impairment; PiB(−) aMCI = Pittsburgh 
compound B negative amnestic mild cognitive impairment; PiB(+) aMCI = Pittsburgh compound B 
positive amnestic mild cognitive impairment; PCC-PiB(+) aMCI = posterior cingulate cortex Pittsburgh 
Compound B positive amnestic mild cognitive impairment; SVD = small vessel disease. Data are expressed in 
mean ± standard deviation or number (percentage). *Three of four depressive aMCI, three of six PCC-PiB(+) 
aMCI, one of two aMCI with SVD, two of three accelerated aging aMCI, and none of one undetermined aMCI 
patients performed follow-up PiB-PET scans.

Case Age Sex Associated symptoms Baseline neuropsychological features*

Baseline PiB 
retention ratio

Follow-up PiB 
retention ratio Progression

Global PCC Global PCC

1 78 F Amnesia, word finding difficulty Memory, Frontal, Memory, Language 1.30 1.54 NA NA Drop-out

2 68 F Amnesia, word finding difficulty Memory, Frontal 1.47 1.60 1.52 1.68 aMCI

3 72 F Amnesia, word finding difficulty, anxiety Memory, Language 1.41 1.62 1.57 1.86 AD

4 73 M Amnesia, word finding difficulty, 
dyscalculia, apathy, parkinsonism Memory, Frontal, Language, Visuospatial 1.43 1.59 NA NA PSPS

5 74 F Amnesia only Memory, Frontal 1.40 1.53 NA NA Drop-out

6 76 M Amnesia only Memory, Frontal, Language 1.46 1.58 1.44 1.57 PSPS

Table 4. Demographic, imaging, and clinical features of six PCC-PiB(+) aMCI patients. AD = Alzheimer’s 
disease; aMCI = amnestic mild cognitive impairment; DM = diabetes mellitus; F = female; M = male; NA = not 
applicable; PCC = posterior cingulate cortex; PCC-PiB(+) aMCI = posterior cingulate cortex Pittsburgh 
Compound B positive amnestic mild cognitive impairment; PSPS = progressive supranuclear palsy syndrome. 
*Impaired cognitive domains are listed. Cognitive function was considered abnormal when scores in the 
relevant neuropsychological tests were below 1.0 SD of the norm.
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important, but rarely studied. The PCC is one of the first regions to accumulate amyloid in Alzheimer’s disease 
and is thought of as an epicenter of amyloid burden7,30. Previous studies have also shown that converters to AD 
had higher PiB retention specifically in the PCC compared to non-converters31–33. Similar to amyloid PET, FDG 
PET shows abnormal metabolism in the PCC even in the prodromal AD34,35. Therefore, our findings suggested 
that regional Aβ accumulation could have substantial effects on the clinical course of our PCC-PiB(+) aMCI 
patients. In fact, two of three PCC-PiB(+) aMCI patients converted to globally PiB(+) at PET follow up.

Interestingly, PCC-PiB(+) aMCI group showed a trend of longitudinal cortical thickening in the bilateral 
precuneus regions. A previous study reported that temporal lobe volume is higher in healthy control subjects with 
significant β-amyloid deposition compared to those without36; and other studies showed a hippocampal hyper-
trophy of the neuronal nuclei and cell bodies in the brains of normal elderly with β-amyloid plaques compared 
to those without β-amyloid plaques at autopsy37,38. Although the precuneus regions have not been investigated 
in these studies, our finding of longitudinal cortical thickening in the precuneus may reflect a compensatory 
response to cerebral β-amyloid deposition.

Considering that the threshold for global PiB-positivity is somewhat arbitrary28,29, we defined PiB-positivity 
differently according to cut-offs of global PiB uptake ratio (from 1.35 to 1.60) and further performed Cox regres-
sion analyses using PiB-positivity and baseline age as predictors (Supplementary Table 1). According to these 
analyses, the cut-off of global PiB uptake ratio for best accuracy in Cox regression was 1.41. These results are 
consistent with a previous study showing that lowering the threshold value of PiB-PET uptake resulted in higher 
sensitivity while not compromising specificity39.

The strengths of our study are its prospective setting, standardized imaging protocols, and detailed clinical 
evaluation during the follow-up. However, there are several limitations in our study. First, we could not perform 
pathology confirmation through autopsy. Some clinical diagnosis could be misclassified. Second, because of the 
small sample size in the subgroup of PiB(−) aMCI, we could not provide the statistical comparison of longitu-
dinal changes in cognition and cortical thinning. Third, because aMCI patients were recruited from a memory 
clinic, our results may not be generalizable to other settings. Finally, as the recruitment of study subjects was 

Figure 3. Pattern of longitudinal cortical thinning according to the subgroups of PiB(−) aMCI. Regional 
maps comparing longitudinal changes of W-scores with zero in (A) depressive aMCI with Geriatric Depression 
Scale >18, (B) PCC-PiB(+) aMCI with PiB uptake >1.5 in the PCC, (C) aMCI with SVD, and (D) aMCI with 
accelerated aging. PiB(−) aMCI = Pittsburgh compound B negative amnestic mild cognitive impairment; 
PiB(+) aMCI = Pittsburgh compound B positive amnestic mild cognitive impairment; PCC = posterior 
cingulate cortex; SVD = small vessel disease.
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made before 2011, we could not apply the revised National Institute on Aging-Alzheimer’s Association (NIA-AA) 
criteria published in 201140. However, when we reviewed medical records, all the aMCI patients met the core clin-
ical criteria of the revised diagnostic NIA-AA criteria for MCI due to AD40. Nonetheless, our findings suggested 
that amyloid PET is important in prediction of prognosis in aMCI patients. Furthermore, we need to pay more 
attention to the subgroup of PiB(−) aMCI with increased regional PiB uptake, especially in the PCC.

Methods
Patients. Between February 2009 and July 2011, we recruited 47 aMCI patients who underwent PiB PET 
and were clinically followed up from the Samsung Medical Center memory clinics (Seoul, Republic of Korea). 
All aMCI patients met the following diagnostic criteria based on the guidelines proposed by Petersen et al.41: 
(1) subjective memory complaint by subjects or caregivers; (2) normal general cognitive function defined by 
scores on the Mini-Mental State Examination (MMSE) greater than −1.0 SD of the norms for age- and educa-
tion-matched normal subjects; (3) normal activities of daily living (ADL), as judged clinically as well as by the 
ADL scale described later; (4) objective memory decline below −1.0 SD on either verbal or visual memory tests; 
(5) and not demented. These diagnostic criteria and cut-off value for memory impairment have been used in 
previous studies9,42,43.

All the patients underwent clinical interviews, a neurological examination, neuropsychological tests, brain 
MRI, and PiB PET imaging at baseline. ADL was assessed by the Seoul Instrumental ADL, which was described 
in a previous study42. Depressive symptoms were evaluated with the Geriatric Depression Scale44. Participants 
with current or past neurologic or psychiatric illnesses including schizophrenia, major depressive disorders, epi-
lepsy, brain tumors, encephalitis, and severe head trauma were excluded. Patients with severe hearing or visual 
loss, aphasia, severe cardiac disorders, malignancies, and hepatic or renal disorders were further excluded. Blood 
tests included a complete blood count, blood chemistry tests, vitamine B12/folate, syphilis serology, and thyroid 
function tests. On brain magnetic resonance imaging (MRI), patients with structural lesions, such as tumors, 
traumatic brain injuries, or hydrocephalus were excluded. We also excluded the patients who had prominent 
atypical presentations of language, behavioral changes, or parkinsonism at baseline examination and patients 
with severe periventricular or deep white matter ischemia (as indicated by a score more than 3 on the Fazekas 
ischemia scale)45.

In our previous study, 48 aMCI patients were categorized into 32 (66.7%) PiB(+) aMCI and 16 (33.3%) PiB(−) 
aMCI patients. PiB(−) aMCI patients were further subcategorized into the following subgroups: depressive 
aMCI, PCC-PiB(+) aMCI, aMCI with small vessel disease (SVD) and aMCI with accelerated aging groups, which 
were described in a previous study in detail9. Depressive aMCI had Geriatric Depression Scale >18; PCC-PiB(+) 
aMCI with PiB uptake ratio >1.5 in the PCC; aMCI with SVD had a moderate degree of WMH (periventricular 
WMH ≥10 mm and 10 mm ≤ deep WMH <25 mm); and aMCI with accelerated aging had vascular risk factors 
including hypertension or diabetes mellitus without any of the above features. One PiB(+) aMCI patient who did 
not have clinical follow-up was excluded in the current study.

We obtained written, informed consent from each participant. This study protocol was approved by the 
Institutional Review Board of Samsung Medical Center. All methods were performed in accordance with relevant 
guidelines and regulations. This manuscript does not contain information or image that can lead to identification 
of a study participant.

Neuropsychological assessments. All participants underwent a standardized neuropsychological bat-
tery called the Seoul Neuropsychological Screening Battery (SNSB), which includes tests for attention, language, 
praxis, four elements of Gerstmann syndrome, visuoconstructive function, verbal and visual memory, and fron-
tal/executive function46. The scorable tests included digit span forward and backward, the Korean version of 
the Boston Naming Test (K-BNT), the Rey-Osterrieth Complex Figure Test (RCFT: copying, immediate recall, 
20-minute delayed recall, and recognition), Seoul Verbal Learning Test (SVLT: immediate recall, 20-minute 
delayed recall, and recognition), phonemic and semantic Controlled Oral Word Association Test (COWAT), 
and the Stroop test (word and color reading). These tests were considered abnormal when the scores were below 
−1.0 SD of the norms for the age- and education-matched normal subjects. Memory function was considered 
abnormal when the score for the delayed recall items of the SVLT or RCFT was below the −1.0 SD of the norm.

PiB-PET acquisition. All aMCI patients underwent [11C] PiB-PET at Samsung Medical Center or Asan 
Medical Center within three months before or after the neuropsychological assessments. Discovery STe PET/
computed tomography (CT) scanners (GE Medical Systems, Milwaukee, WI) were used in a 3-dimensional (3D) 
scanning mode examining 35 slices with 4.25 mm thickness that spanned the entire brain. The [11C] PiB was 
injected into an antecubital vein as a bolus with a mean dose of 420 MBq. Sixty minutes after the injection, a CT 
scan was performed for attenuation correction. Then, a 30-minute emission static PET scan was initiated.

PET data analysis. Data processing was performed using SPM version 5 under Matlab 6.5 (Mathworks, 
Natrick, MA). PiB-PET images were co-registered to individual MRIs and normalized to a T1-weighted MRI 
template. The quantitative regional values of PiB uptake on the spatially normalized PiB images were acquired 
using volumes of interest (VOIs) drawn from the automated anatomical labeling (AAL) atlas47. To measure PiB 
uptake, the cerebral cortical region to cerebellum uptake ratio was used. The global PiB uptake ratio was calcu-
lated from the volume-weighted average uptake ratio of 28 bilateral cortical VOIs. VOIs were selected using the 
AAL atlas, and include the bilateral frontal (superior and middle frontal gyri; medial portion of the superior fron-
tal gyrus; opercular and triangular portions of the inferior frontal gyrus; supplementary motor area; orbital por-
tion of the superior, middle, and inferior orbital frontal gyri; rectus and olfactory cortex), PCC, parietal (superior 
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and inferior parietal parietal gyri, supramarginal and angular gyri, and precuneus), lateral temporal (superior, 
middle, and inferior temporal gyri, an Heschl gyri), and occipital (superior, middle, and inferior occipital gyri, 
cuneus, calcarine fissure, and lingual gyrus, and fusiform gyrus). Patients were considered PiB-positive if their 
global PiB uptake ratio was two standard deviations or higher than the mean of global PiB uptake ratio in normal 
controls, which was 1.548.

MRI acquisition. All aMCI patients underwent baseline MRI with a 3.0 Tesla MRI scanner (Achieva; Philips 
Medical Systems, Best, The Netherlands) at Samsung Medical Center within three months before or after the 
baseline neuropsychological assessments. 3D T1 turbo field echo MR images were acquired with following 
parameters: sagittal slice thickness, 1.0 mm, over contiguous slices with 50% overlap; no gap; repetition time (TR) 
of 9.9 ms; echo time (TE) of 4.6 ms; flip angle of 8°; and matrix size of 240 × 240 pixels, reconstructed to 480 × 480 
over a field of view 240 mm.

Cortical thickness data analysis. T1-weighted images were processed using the standard Montreal 
Neurological Institute anatomic pipeline. Further methods for imaging preprocessing are detailed in eMethods. 
Based on the cortical thickness data of 54 subjects with normal cognition, W-scores of cortical thicknesses were 
calculated with more positive W-score representing more severe cortical thinning considering patients’ age, sex 
and ICV.

Construction for W-scores map. We carried out the W-scores map to identify the degree of a patient’s 
cortical thinning using the cortical thickness data of 54 cognitively normal healthy subjects as a reference. These 
54 control subjects underwent brain MRI using the same MRI scanner with aMCI patients and information about 
age, gender, education and ICV was provided in Supplementary Table 2. There were no differences between 47 
aMCI patients and 54 cognitively normal subjects in terms of age, gender and years of education. The detailed 
concept and computation of W-scores are available elsewhere49. In this study, W-scores maps were computed 
vertex-wise on the surface model and voxel-wise on the skeletonized volume of each imaging data as follows: 
W-score = [(patient’s raw value) – (value expected in the control group for the patient’s age, sex, and intracranial 
volume (ICV))]/SD of the residuals in controls. ICV was defined as the sum of gray matter, white matter, and cer-
ebrospinal fluid (CSF) volume. W-scores are similar to Z-scores, with a mean value of 0 and SD of 1 in the control 
group, and values of +1.65 and −1.65 correspond to the 95th and 5th percentiles, respectively. However, unlike 
Z-scores, they are adjusted for specific covariates such as age, sex, and ICV. To avoid confusion, we inverted the 
W-scores such that positive values indicate thinner cortex.

Clinical follow-up. A total of 47 patients were annually evaluated for three years through clinical inter-
views, neuropsychological tests and brain MRI. Clinical follow-up for progression to dementia was performed 
until April 2015. All patients had clinical follow-up [follow-up duration, mean (SD), 3.6 (1.3) years]. The diag-
nosis of dementia was based on the criteria from the Diagnostic and Statistical Manual of Mental Disorders 
(fourth edition) and required evidence of impairment in social or occupational functions confirmed by the Seoul 
Instrumental ADL. For the diagnosis of probable AD, PSPS and subcortical vascular dementia, we applied stand-
ard research criteria for dementia syndromes50–52.

Follow-up evaluations with neuropsychological tests, MRI and PiB-PET. A total of 37 patients had 
follow-up neuropsychological tests (17 patients had one follow-up neuropsychological test, 12 patients had two 
follow-up tests, four patients had three follow-up tests, and four patients had five follow-up tests). Thirty-eight 
aMCI patients had follow-up brain MRI, and 30 patients had follow-up PiB-PET scans. Figure 4 shows the num-
ber of subjects that completed each portion of the protocol including clinical, neuropsychological and imag-
ing follow-up. We also compared 38 patients who completed the follow-up and nine patients with drop-out 
(Supplementary Table 3). There were no differences in terms of baseline age, gender, education, and follow-up 
duration, APOE4 carriage, and vascular risk factors. Patients who completed the follow-up had higher baseline 
global PiB retention ratio and were more likely to have baseline PiB-positivity and follow-ups for neuropsycho-
logical tests and PiB-PET than those with drop-out.

Statistical analyses. All statistical analyses were performed in patients who had clinical follow-up. 
Demographic features of PiB(+) aMCI and PiB(−) aMCI groups were compared with independent t-tests and 
chi-square tests as appropriate. Cox regression models were used to compare the risks of progression to dementia 
between PiB(+) aMCI and PiB(−) aMCI groups after controlling for age, sex, and education. Time to the event 
was defined as the time from PiB-PET scanning time to the follow-up visit at which a first-time diagnosis of 
dementia was made. Patients who did not progress to dementia were treated as censored observations from the 
time of their final follow-up visit.

Longitudinal changes in cognitive scores in two aMCI groups were compared with linear mixed effect models 
using age, sex, education, and time interval from baseline neuropsychological tests as covariates, and the inter-
action of PiB(+) and the time interval as a predictor. To find the trend of cognitive changes in each group, linear 
mixed models were separately performed in each group using age, sex, and education as covariates, and time 
interval from baseline evaluation as a predictor. Because multiple cognitive scores were used for comparison, 
correction for multiple comparisons was performed by false discovery rate correction.

Rate of regional longitudinal cortical thinning of PiB(+) aMCI group and PiB(−) aMCI groups were com-
pared using linear mixed effect models on a vertex-by-vertex basis using time interval from baseline MRI and 
PiB(+) as covariates and the interaction of PiB(+) and the time interval from baseline MRI as a predictor. In each 
PiB group, the rate of longitudinal cortical thinning was compared to zero with linear mixed effect models using 
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the time interval from baseline MRI as a predictor. All cortical thickness analyses used W-score and no further 
adjustments were performed. Because the cortical surface model contained 81,924 vertices, correction for multi-
ple comparisons was performed by false discovery rate correction at a corrected probability value of 0.05.

Demographic features, neuropsychological test scores, and risks for progression to dementia were analyzed 
using the Statistical Package for the Social Sciences 18.0 (SPSS Inc, Chicago, IL, USA), and cortical thickness data 
were analyzed using Matlab 7.11 for Windows (MathWorks, Natrick, MA, USA).

References
 1. Karran, E., Mercken, M. & De Strooper, B. The amyloid cascade hypothesis for Alzheimer’s disease: an appraisal for the development 

of therapeutics. Nature reviews. Drug discovery 10, 698–712, https://doi.org/10.1038/nrd3505 (2011).
 2. Hardy, J. A. & Higgins, G. A. Alzheimer’s disease: the amyloid cascade hypothesis. Science 256, 184–185 (1992).
 3. Petersen, R. C. et al. Neuropathologic features of amnestic mild cognitive impairment. Archives of neurology 63, 665–672, https://

doi.org/10.1001/archneur.63.5.665 (2006).
 4. Petersen, R. C. Mild cognitive impairment as a diagnostic entity. Journal of internal medicine 256, 183–194, https://doi.org/10.1111/

j.1365-2796.2004.01388.x (2004).
 5. Klunk, W. E. et al. Imaging brain amyloid in Alzheimer’s disease with Pittsburgh Compound-B. Annals of neurology 55, 306–319, 

https://doi.org/10.1002/ana.20009 (2004).
 6. Pike, K. E. et al. Beta-amyloid imaging and memory in non-demented individuals: evidence for preclinical Alzheimer’s disease. 

Brain 130, 2837–2844, https://doi.org/10.1093/brain/awm238 (2007).
 7. Rowe, C. C. et al. Imaging beta-amyloid burden in aging and dementia. Neurology 68, 1718–1725, https://doi.org/10.1212/01.

wnl.0000261919.22630.ea (2007).
 8. Wolk, D. A. et al. Amyloid imaging in mild cognitive impairment subtypes. Annals of neurology 65, 557–568, https://doi.

org/10.1002/ana.21598 (2009).
 9. Ye, B. S. et al. Hippocampal and cortical atrophy in amyloid-negative mild cognitive impairments: comparison with amyloid-

positive mild cognitive impairment. Neurobiology of aging 35, 291–300, https://doi.org/10.1016/j.neurobiolaging.2013.08.017 
(2014).

 10. Maillard, P. et al. Effects of systolic blood pressure on white-matter integrity in young adults in the Framingham Heart Study: a 
cross-sectional study. Lancet Neurol 11, 1039–1047, https://doi.org/10.1016/S1474-4422(12)70241-7 S1474-4422(12)70241-7 [pii] 
(2012).

 11. Barker, W. W. et al. Relative frequencies of Alzheimer disease, Lewy body, vascular and frontotemporal dementia, and hippocampal 
sclerosis in the State of Florida Brain Bank. Alzheimer disease and associated disorders 16, 203–212 (2002).

 12. Josephs, K. A. et al. Argyrophilic grains: a distinct disease or an additive pathology? Neurobiology of aging 29, 566–573, https://doi.
org/10.1016/j.neurobiolaging.2006.10.032 (2008).

 13. Okello, A. et al. Conversion of amyloid positive and negative MCI to AD over 3 years: an 11C-PIB PET study. Neurology 73, 754–760, 
https://doi.org/10.1212/WNL.0b013e3181b23564 (2009).

 14. Jack, C. R. Jr. et al. Brain beta-amyloid measures and magnetic resonance imaging atrophy both predict time-to-progression from 
mild cognitive impairment to Alzheimer’s disease. Brain: a journal of neurology 133, 3336–3348, https://doi.org/10.1093/brain/
awq277 (2010).

 15. Vos, S. J. et al. Prediction of Alzheimer disease in subjects with amnestic and nonamnestic MCI. Neurology 80, 1124–1132, https://
doi.org/10.1212/WNL.0b013e318288690c (2013).

 16. Gomez, R. G. & White, D. A. Using verbal fluency to detect very mild dementia of the Alzheimer type. Archives of clinical 
neuropsychology: the official journal of the National Academy of Neuropsychologists 21, 771–775, https://doi.org/10.1016/j.
acn.2006.06.012 (2006).

 17. Monsch, A. U. et al. Comparisons of verbal fluency tasks in the detection of dementia of the Alzheimer type. Archives of neurology 
49, 1253–1258 (1992).

 18. Dickerson, B. C. et al. The cortical signature of Alzheimer’s disease: regionally specific cortical thinning relates to symptom severity 
in very mild to mild AD dementia and is detectable in asymptomatic amyloid-positive individuals. Cerebral cortex 19, 497–510, 
https://doi.org/10.1093/cercor/bhn113 (2009).

 19. Chetelat, G. Alzheimer disease: Abeta-independent processes-rethinking preclinical AD. Nature reviews. Neurology 9, 123–124, 
https://doi.org/10.1038/nrneurol.2013.21 (2013).

Figure 4. Flow charts showing the number of subjects that completed each portion of the protocol 
including clinical, neuropsychological and imaging follow-up. F/U = follow-up; NP = neuropsychological; 
MRI = magnetic resonance imaging; PiB-PET = Pittsburgh compound B positron emission tomography.

http://dx.doi.org/10.1038/nrd3505
http://dx.doi.org/10.1001/archneur.63.5.665
http://dx.doi.org/10.1001/archneur.63.5.665
http://dx.doi.org/10.1111/j.1365-2796.2004.01388.x
http://dx.doi.org/10.1111/j.1365-2796.2004.01388.x
http://dx.doi.org/10.1002/ana.20009
http://dx.doi.org/10.1093/brain/awm238
http://dx.doi.org/10.1212/01.wnl.0000261919.22630.ea
http://dx.doi.org/10.1212/01.wnl.0000261919.22630.ea
http://dx.doi.org/10.1002/ana.21598
http://dx.doi.org/10.1002/ana.21598
http://dx.doi.org/10.1016/j.neurobiolaging.2013.08.017
http://dx.doi.org/10.1016/S1474-4422(12)70241-7
http://dx.doi.org/10.1016/j.neurobiolaging.2006.10.032
http://dx.doi.org/10.1016/j.neurobiolaging.2006.10.032
http://dx.doi.org/10.1212/WNL.0b013e3181b23564
http://dx.doi.org/10.1093/brain/awq277
http://dx.doi.org/10.1093/brain/awq277
http://dx.doi.org/10.1212/WNL.0b013e318288690c
http://dx.doi.org/10.1212/WNL.0b013e318288690c
http://dx.doi.org/10.1016/j.acn.2006.06.012
http://dx.doi.org/10.1016/j.acn.2006.06.012
http://dx.doi.org/10.1093/cercor/bhn113
http://dx.doi.org/10.1038/nrneurol.2013.21


www.nature.com/scientificreports/

1 0SciENtific RepoRtS |  (2018) 8:5557  | DOI:10.1038/s41598-018-23676-w

 20. Knopman, D. S. et al. Brain injury biomarkers are not dependent on beta-amyloid in normal elderly. Annals of neurology 73, 
472–480, https://doi.org/10.1002/ana.23816 (2013).

 21. Prestia, A. et al. Prediction of dementia in MCI patients based on core diagnostic markers for Alzheimer disease. Neurology 80, 
1048–1056, https://doi.org/10.1212/WNL.0b013e3182872830 (2013).

 22. Petersen, R. C. et al. Mild cognitive impairment due to Alzheimer disease in the community. Annals of neurology 74, 199–208, 
https://doi.org/10.1002/ana.23931 (2013).

 23. Duara, R. et al. Amyloid positron emission tomography with (18)F-flutemetamol and structural magnetic resonance imaging in the 
classification of mild cognitive impairment and Alzheimer’s disease. Alzheimer’s & dementia: the journal of the Alzheimer’s 
Association 9, 295–301, https://doi.org/10.1016/j.jalz.2012.01.006 (2013).

 24. Caroli, A. et al. Mild cognitive impairment with suspected nonamyloid pathology (SNAP): Prediction of progression. Neurology 84, 
508–515, https://doi.org/10.1212/WNL.0000000000001209 (2015).

 25. Vos, S. J. et al. Prevalence and prognosis of Alzheimer’s disease at the mild cognitive impairment stage. Brain: a journal of neurology 
138, 1327–1338, https://doi.org/10.1093/brain/awv029 (2015).

 26. Villemagne, V. L. et al. Longitudinal assessment of Abeta and cognition in aging and Alzheimer disease. Annals of neurology 69, 
181–192, https://doi.org/10.1002/ana.22248 (2011).

 27. Landau, S. M., Horng, A., Fero, A. & Jagust, W. J., Alzheimer’s Disease Neuroimaging, I.. Amyloid negativity in patients with 
clinically diagnosed Alzheimer disease and MCI. Neurology 86, 1377–1385, https://doi.org/10.1212/WNL.0000000000002576 
(2016).

 28. Aizenstein, H. J. et al. Frequent amyloid deposition without significant cognitive impairment among the elderly. Archives of 
neurology 65, 1509–1517, https://doi.org/10.1001/archneur.65.11.1509 (2008).

 29. Tosun, D., Joshi, S. & Weiner, M. W., Alzheimer’s Disease Neuroimaging, I.. Neuroimaging predictors of brain amyloidosis in mild 
cognitive impairment. Annals of neurology 74, 188–198, https://doi.org/10.1002/ana.23921 (2013).

 30. Mintun, M. A. et al. [11C]PIB in a nondemented population: potential antecedent marker of Alzheimer disease. Neurology 67, 
446–452, https://doi.org/10.1212/01.wnl.0000228230.26044.a4 (2006).

 31. Forsberg, A. et al. PET imaging of amyloid deposition in patients with mild cognitive impairment. Neurobiology of aging 29, 
1456–1465, https://doi.org/10.1016/j.neurobiolaging.2007.03.029 (2008).

 32. Koivunen, J. et al. PET amyloid ligand [11C]PIB uptake and cerebrospinal fluid beta-amyloid in mild cognitive impairment. 
Dementia and geriatric cognitive disorders 26, 378–383, https://doi.org/10.1159/000163927 (2008).

 33. Koivunen, J. et al. Amyloid PET imaging in patients with mild cognitive impairment: a 2-year follow-up study. Neurology 76, 
1085–1090, https://doi.org/10.1212/WNL.0b013e318212015e (2011).

 34. Forster, S. et al. Regional expansion of hypometabolism in Alzheimer’s disease follows amyloid deposition with temporal delay. 
Biological psychiatry 71, 792–797, https://doi.org/10.1016/j.biopsych.2011.04.023 (2012).

 35. Buckner, R. L. et al. Molecular, structural, and functional characterization of Alzheimer’s disease: evidence for a relationship 
between default activity, amyloid, and memory. The Journal of neuroscience: the official journal of the Society for Neuroscience 25, 
7709–7717, https://doi.org/10.1523/JNEUROSCI.2177-05.2005 (2005).

 36. Chetelat, G. et al. Larger temporal volume in elderly with high versus low beta-amyloid deposition. Brain: a journal of neurology 133, 
3349–3358, https://doi.org/10.1093/brain/awq187 (2010).

 37. Riudavets, M. A. et al. Resistance to Alzheimer’s pathology is associated with nuclear hypertrophy in neurons. Neurobiology of aging 
28, 1484–1492, https://doi.org/10.1016/j.neurobiolaging.2007.05.005 (2007).

 38. Iacono, D. et al. The Nun study: clinically silent AD, neuronal hypertrophy, and linguistic skills in early life. Neurology 73, 665–673, 
https://doi.org/10.1212/WNL.0b013e3181b01077 (2009).

 39. Villeneuve, S. et al. Existing Pittsburgh Compound-B positron emission tomography thresholds are too high: statistical and 
pathological evaluation. Brain: a journal of neurology 138, 2020–2033, https://doi.org/10.1093/brain/awv112 (2015).

 40. Albert, M. S. et al. The diagnosis of mild cognitive impairment due to Alzheimer’s disease: recommendations from the National 
Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s & dementia: 
the journal of the Alzheimer’s Association 7, 270–279, https://doi.org/10.1016/j.jalz.2011.03.008 (2011).

 41. Petersen, R. C. et al. Mild cognitive impairment: clinical characterization and outcome. Archives of neurology 56, 303–308 (1999).
 42. Seo, S. W. et al. Cortical thickness in single- versus multiple-domain amnestic mild cognitive impairment. Neuroimage 36, 289–297, 

https://doi.org/10.1016/j.neuroimage.2007.02.042 (2007).
 43. Ye, B. S. et al. Amyloid burden, cerebrovascular disease, brain atrophy, and cognition in cognitively impaired patients. Alzheimer’s & 

dementia: the journal of the Alzheimer’s Association 11, 494–503 e493, https://doi.org/10.1016/j.jalz.2014.04.521 (2015).
 44. Yesavage, J. A. et al. Development and validation of a geriatric depression screening scale: a preliminary report. J Psychiatr Res 17, 

37–49 (1982).
 45. Fazekas, F., Chawluk, J. B., Alavi, A., Hurtig, H. I. & Zimmerman, R. A. MR signal abnormalities at 1.5 T in Alzheimer’s dementia 

and normal aging. AJR. American journal of roentgenology 149, 351–356, https://doi.org/10.2214/ajr.149.2.351 (1987).
 46. Kang, Y. & Na, D. L. Seoul Neuropsychological Screening Battery (SNSB). (Human Brain Research & Consulting Co., 2003).
 47. Tzourio-Mazoyer, N. et al. Automated anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the 

MNI MRI single-subject brain. Neuroimage 15, 273–289, https://doi.org/10.1006/nimg.2001.0978 (2002).
 48. Lee, J. H. et al. Identification of pure subcortical vascular dementia using 11C-Pittsburgh compound B. Neurology 77, 18–25, https://

doi.org/10.1212/WNL.0b013e318221acee (2011).
 49. La Joie, R. et al. Region-specific hierarchy between atrophy, hypometabolism, and beta-amyloid (Abeta) load in Alzheimer’s disease 

dementia. The Journal of neuroscience: the official journal of the Society for Neuroscience 32, 16265–16273, https://doi.org/10.1523/
JNEUROSCI.2170-12.2012 (2012).

 50. McKhann, G. M. et al. The diagnosis ofdementia due to Alzheimer’s disease: recommendations from the National Institute on Aging-
Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s & dementia: the journal of the 
Alzheimer’s Association 7, 263–269, https://doi.org/10.1016/j.jalz.2011.03.005 (2011).

 51. Litvan, I. et al. Clinical research criteria for the diagnosis of progressive supranuclear palsy (Steele-Richardson-Olszewski 
syndrome): report of the NINDS-SPSP international workshop. Neurology 47, 1–9 (1996).

 52. Erkinjuntti, T. et al. Research criteria for subcortical vascular dementia in clinical trials. J Neural Transm Suppl 59, 23–30 (2000).

Acknowledgements
This work was supported by the National Research Foundation of Korea(NRF) grant funded by the Korea 
government(MSIP) (No. NRF-2017R1A2B2005081.

Author Contributions
Dr. Byoung Seok Ye contributed to study concept and design, acquisition of data, analysis and interpretation 
of data, statistical analysis, and draft and revision of the manuscript for content. Dr. Ye reports no disclosure. 
Dr. Hee Jin Kim contributed to acquisition of data. Dr. Kim reports no disclosure. Dr. Yeo Jin Kim contributed 
to acquisition of data. Dr. Kim reports no disclosure. Dr. Na-Yeon Jung contributed to acquisition of data. Dr. 

http://dx.doi.org/10.1002/ana.23816
http://dx.doi.org/10.1212/WNL.0b013e3182872830
http://dx.doi.org/10.1002/ana.23931
http://dx.doi.org/10.1016/j.jalz.2012.01.006
http://dx.doi.org/10.1212/WNL.0000000000001209
http://dx.doi.org/10.1093/brain/awv029
http://dx.doi.org/10.1002/ana.22248
http://dx.doi.org/10.1212/WNL.0000000000002576
http://dx.doi.org/10.1001/archneur.65.11.1509
http://dx.doi.org/10.1002/ana.23921
http://dx.doi.org/10.1212/01.wnl.0000228230.26044.a4
http://dx.doi.org/10.1016/j.neurobiolaging.2007.03.029
http://dx.doi.org/10.1159/000163927
http://dx.doi.org/10.1212/WNL.0b013e318212015e
http://dx.doi.org/10.1016/j.biopsych.2011.04.023
http://dx.doi.org/10.1523/JNEUROSCI.2177-05.2005
http://dx.doi.org/10.1093/brain/awq187
http://dx.doi.org/10.1016/j.neurobiolaging.2007.05.005
http://dx.doi.org/10.1212/WNL.0b013e3181b01077
http://dx.doi.org/10.1093/brain/awv112
http://dx.doi.org/10.1016/j.jalz.2011.03.008
http://dx.doi.org/10.1016/j.neuroimage.2007.02.042
http://dx.doi.org/10.1016/j.jalz.2014.04.521
http://dx.doi.org/10.2214/ajr.149.2.351
http://dx.doi.org/10.1006/nimg.2001.0978
http://dx.doi.org/10.1212/WNL.0b013e318221acee
http://dx.doi.org/10.1212/WNL.0b013e318221acee
http://dx.doi.org/10.1523/JNEUROSCI.2170-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.2170-12.2012
http://dx.doi.org/10.1016/j.jalz.2011.03.005


www.nature.com/scientificreports/

1 1SciENtific RepoRtS |  (2018) 8:5557  | DOI:10.1038/s41598-018-23676-w

Jung reports no disclosure. Dr. Jin San Lee contributed to acquisition of data. Dr. Lee reports no disclosure. Dr. 
Juyoun Lee contributed to acquisition of data. Dr. Lee reports no disclosure. Dr. Young Kyoung Jang contributed 
to acquisition of data. Dr. Jang reports no disclosure. Dr. Jin-ju Yang contributed to acquisition of data. Dr. Yang 
reports no disclosure. Dr. Jong-Min Lee contributed to acquisition of data and interpretation of data. Dr. Lee 
reports no disclosure. Mr. Jacob W. Vogel contributed to interpretation of data. Mr. Vogel reports no disclosure. 
Dr. Duk L. Na contributed to acquisition of data and interpretation of data. Dr. Na reports no disclosure. Dr. 
Sang Won Seo contributed to study concept and design, acquisition of data, analysis and interpretation of data, 
statistical analysis, revision of the manuscript for content, and study supervision. Dr. Seo reports no disclosure.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23676-w.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-23676-w
http://creativecommons.org/licenses/by/4.0/

	Longitudinal outcomes of amyloid positive versus negative amnestic mild cognitive impairments: a three-year longitudinal st ...
	Results
	Demographic features. 
	Conversion to dementia. 
	Neuropsychological changes. 
	Longitudinal cortical thinning. 
	Longitudinal PiB uptake. 
	Subgroups of PiB(−) aMCI. 

	Discussion
	Methods
	Patients. 
	Neuropsychological assessments. 
	PiB-PET acquisition. 
	PET data analysis. 
	MRI acquisition. 
	Cortical thickness data analysis. 
	Construction for W-scores map. 
	Clinical follow-up. 
	Follow-up evaluations with neuropsychological tests, MRI and PiB-PET. 
	Statistical analyses. 

	Acknowledgements
	Figure 1 Kaplan-Meier curves for PiB(+) aMCI and PiB(−) aMCI groups.
	Figure 2 Statistical maps showing cortical regions with longitudinal cortical thinning in (A) PiB(+) aMCI group and (B) PiB(−) aMCI group, and those with faster rate of cortical thinning in PiB(+) compared PiB(−) aMCI group.
	Figure 3 Pattern of longitudinal cortical thinning according to the subgroups of PiB(−) aMCI.
	Figure 4 Flow charts showing the number of subjects that completed each portion of the protocol including clinical, neuropsychological and imaging follow-up.
	Table 1 Demographic features of PiB(−) and PiB(+) aMCI with clinical follow-up.
	Table 2 Longitudinal changes of neuropsychological test scores in PiB(−) and PiB(+) aMCI.
	Table 3 Comparison of demographic and clinical features of subgroups in PiB(−) aMCI.
	Table 4 Demographic, imaging, and clinical features of six PCC-PiB(+) aMCI patients.




