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Disease progression modeling 
of Alzheimer’s disease according 
to education level
Ko Woon Kim1,2,3,4,14, Sook Young Woo5,14, Seonwoo Kim5, Hyemin Jang 1,6, Yeshin Kim1,7, 
Soo Hyun Cho1,8, Si Eun Kim1,9, Seung Joo Kim1,10, Byoung‑Soo Shin2,3,4, Hee Jin Kim1,6, 
Duk L. Na1,6,11,12 & Sang Won Seo1,11,12,13*

To develop a disease progression model of Alzheimer’s disease (AD) that shows cognitive decline from 
subjective cognitive impairments (Sci) to the end stage of AD dementia (ADD) and to investigate the 
effect of education level on the whole disease spectrum, we enrolled 565 patients who were followed 
up more than three times and had a clinical dementia rating sum of boxes (CDR‑SB). Three cohorts, 
SCI (n = 85), amnestic mild cognitive impairment (AMCI, n = 240), and ADD (n = 240), were overlapped 
in two consecutive cohorts (SCI and AMCI, AMCI and ADD) to construct a model of disease course, 
and a model with multiple single‑cohorts was estimated using a mixed‑effect model. To examine the 
effect of education level on disease progression, the disease progression model was developed with 
data from lower (≤ 12) and higher (> 12) education groups. Disease progression takes 274.3 months 
(22.9 years) to advance from 0 to 18 points using the CDR‑SB. Based on our predictive equation, it 
takes 116.5 months to progress from SCI to AMCI and 56.2 months to progress from AMCI to ADD. 
The rate of CDR‑SB progression was different according to education level. The lower‑education group 
showed faster CDR‑SB progression from SCI to AMCI compared to the higher‑education group, and 
this trend disappeared from AMCI to ADD. In the present study, we developed a disease progression 
model of AD spectrum from SCI to the end stage of ADD. Our disease modeling provides us with more 
understanding of the effect of education on cognitive trajectories.

Understanding Alzheimer’s disease (AD) progression could be helpful in staging the current level of disease 
severity, establishing a management plan, predicting prognosis, and comparing the effects of treatment. How-
ever, there is limited knowledge about the temporal course of the AD spectrum, such as subjective cognitive 
impairments (SCI), amnestic mild cognitive impairment (AMCI), and AD dementia (ADD), because previous 
longitudinal studies have been conducted at a specific disease  status1–3. Although a few studies have followed 
participants with normal cognition at baseline to ADD, such studies are difficult because it can take several 
decades to develop dementia. In addition, these ADD patients are limited in their ability to represent all ADD 
patients because only a small number progress to actual dementia from normal cognition even if there are a large 
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number of participants. Therefore, a statistical modeling study is required to understand the course of disease 
progression in AD.

Education level has been considered an important factor influencing the course of AD progression. However, 
evidence relating to the effect of education on cognitive trajectories across the whole disease spectrum is contro-
versial. That is, previous studies suggested that highly educated patients showed slower cognitive decline at the 
stage of normal  cognition4–6 while highly educated patients show more rapid cognitive decline than those that 
are poorly educated at the dementia  stage7–9. Therefore, it might be important to determine whether education 
affects the cognitive trajectory across the whole disease spectrum and whether the impact of education might 
vary from early stage to late stage AD.

In the present study, we estimated a model of disease progression for the whole time span over a longer 
period using separate multiple cohorts. Each cohort was measured longitudinally from many individuals across 
the disease spectrum from SCI to the end stage of ADD. We therefore aimed to develop a disease progression 
model of AD depending on education level that shows the effects of education level cognitive and functional 
performance decline from SCI to the end stage of ADD.

Results
Clinical characteristics of participants. Table  1 summarizes the demographic characteristics of 565 
patients. The number of patients was 85, 240, and 240 in the SCI, AMCI, and ADD groups, respectively. Their 
median (IQR) age was 69 (64–75), 73 (65–77), and 74 (68–80) and median (IQR) years of education were 12 
(6–16), 12 (6.5–16), and 9 (6–12), respectively. Their median (IQR) follow up months of the SCI, AMCI, and 
ADD groups were 79.3 (59.8–107.1), 47.1 (34.8–62.0), and 42.7 (29.8–59.2), respectively. Among 85 participants 
with SCI, 37(43.5%) converted to AMCI or AD. Also, 136 (56.7%) out of 240 AMCI patients converted to AD.

Development of a disease progression model of AD. Combining SCI, AMCI, and ADD cohorts, we 
developed a disease progression model of AD using clinical dementia rating sum of boxes (CDR-SB). Outliers 
were investigated using standardized residuals, and observations with absolute values of standardized residuals 
greater than 3 were considered as outliers. Akaike information criterion (AIC), Bayesian information criterion 
(BIC), and AIC with a correction for finite sample sizes (AICC) were used to evaluate the model fit before and 
after removing outliers, and it was identified that the model after removing outliers was better than the model 
before removing outliers (Supplementary table 1). The predictive equation for the curve was as follows: ln (CDR-
SB + 0.5) = − 0.06008 + 0.004275 × time + 0.000024 × time2 (Fig. 1).

Based on the predictive equation, it takes 274.3 months to increase the CDR-SB score from 0 to 18 points. 
The predicted CDR-SB score of measurements to convert from the SCI to the AMCI group was 1.27 (95% 
CI 1.16–1.40) and the corresponding time was 116.5 months. The predicted CDR-SB value of measurements 
to convert from the AMCI to the ADD group was 3.95 (95% CI 3.74–4.19) and the corresponding time was 
56.2 months (Table 2).

Development of a disease progression model of AD according to education level. We also 
developed a disease progression model in lower- and higher-education groups. The predictive equations for the 
curves were as follows (Fig. 2):

Table 1.  Demographics. ADD: Alzheimer’s disease dementia; AMCI: amnestic mild cognitive impairment; 
APOE4: apolipoprotein E4; CDR-SB: clinical dementia rating sum of boxes; SCI: subjective cognitive 
impairment; IQR: Inter-Quartile Range. a APOE4 was analyzed in 402 patients. Participants with 1 or more 
copies of ε 4 allele (i.e. ε2/4, ε3/4, ε4/4) are considered ε 4 carriers.

Lower-education (≤ 12) Higher-education (> 12) Total

SCI AMCI ADD SCI AMCI ADD SCI AMCI ADD

N 49 144 185 36 96 55 85 240 240

Number of 
visits, median 
(IQR)

5 (3–6) 4 (3–5) 4 (3–5) 4 (3–5) 4 (3–6) 4 (3–5) 4 (3–5) 4 (3–5) 4 (3–5)

Follow up 
month, median 
(IQR)

80.1 (59.8–
113.2) 46.2 (34.1–60.9) 40.1 (29.3–58.8) 78.8 (61.8–92.8) 48.0 (35.2–65.1) 47.4 (35.1–65.6) 79.3 (59.8–

107.1) 47.1 (34.8–62.0) 42.7 (29.8–59.2)

Age (year), 
median (IQR) 70 (66–75) 73 (64–77) 75 (69–80) 68 (60–74) 73 (67–78) 72 (65–76) 69 (64–75) 73 (65–77) 74 (68–80)

Male, no. (%) 3 (6.1) 28 (19.4) 39 (21.1) 16 (44.4) 65 (67.7) 35 (63.6) 19 (22) 93 (39) 75 (31)

Education 
(year), median 
(IQR)

8 (5–12) 9 (6–12) 6 (3–11) 16 (16–16) 16 (16–16) 16 (15–16) 12 (6–16) 12 (6.5–16) 9 (6–12)

Baseline CDR-
SB, median 
(IQR)

0.5 (0.5–1.0) 1.5 (1.0–2.0) 4.0 (3.0–5.0) 0.5 (0–0.5) 1.0 (1.0–1.5) 3.5 (2.5–4.5) 0.5 (0.0–1.0) 1.5 (1.0–2.0) 4.0 (3.0–5.0)

APOE4 carries, 
no (%)a 10/31 (68) 50/120 (58) 54/110 (49) 13/26 (50) 35/84 (52) 19/31 (28) 23/57 (40) 85/204 (42) 73/141 (52)
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Based on the predictive equations, the lower-education group takes 269.2 months to increase the CDR-SB 
score from 0 to 18 points. The predicted CDR-SB value for measurements to convert from the SCI to the AMCI 
group was 1.35 (95% CI 1.19–1.52) and the corresponding time was 105.8 months. The predicted CDR-SB value 
for measurements to convert from the AMCI to the ADD group was 4.04 (95% CI 3.78–4.31) and the corre-
sponding time was 61.7 months.

Lower-education group: In (CDR-SB +0.5) = −0.01585+0.005247×time +0.000021×time2

Higher-education group: In (CDR-SB + 0.5) = −0.1377+ 0.00323× time + 0.000022× time2

Figure 1.  Disease progression model using CDR-SB. Each dot corresponds to a follow-up CDR-SB value. 
The color of the dot is determined according to its baseline diagnosis cohort: SCI (blue), AMCI (green), and 
ADD (red). The estimated model of CDR-SB from combined SCI, AMCI, and ADD cohorts shows that it takes 
274.3 months to increase the CDR-SB value from 0 to 18 points. The predictive equation for the curve is as 
follows: ln(CDR-SB + 0.5) = −0.06008+ 0.004275× time + 0.000024× time2 . ADD: Alzheimer’s disease 
dementia; AMCI: amnestic mild cognitive impairment; CDR-SB: clinical dementia rating sum of boxes; SCI: 
subjective cognitive impairment.

Table 2.  Time to transition to disease status according to the level of education. ADD: Alzheimer’s disease 
dementia; AMCI: amnestic mild cognitive impairment; SCI: subjective cognitive impairment.

Number of patients

Time to progression, months (95% CI)

SCI → AMCI AMCI → ADD

Lower-education group (≤ 12 years) 378 105.8 (89.7, 122.0) 61.7 (57.6, 65.8)

Higher-education group (> 12 years) 187 141.8 (118.3, 165.2) 47.8 (41.6, 54.6)

Total 565 116.5 (103.6, 129.5) 56.2 (52.6, 60.5)
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The higher-education group takes 306.4 months to increase the CDR-SB value from 0 to 18 points. The pre-
dicted CDR-SB value for measurements to convert from the SCI to the AMCI group was 1.17 (95% CI 1.01–1.36) 
and the corresponding time was 141.8 months. The predicted CDR-SB value for measurements to convert from 
the AMCI to the ADD group was 3.68 (95% CI 3.31–4.09) and the corresponding time was 47.8 months.

We also observed the time it takes to increase the CDR-SB value in the model according to the level of educa-
tion. In all sections, it takes less time to increase the CDR-SB value in the lower-education group (Table 3). As 
shown in Fig. 2C, the time corresponding to CDR-SB 2.5 was 137.1 month (95% CI 131.8, 140.3) in the lower-
education group and 174.8 month (95% CI 170.0, 177.0) in the high education group. These results indicate that 
the 95% CI (131.8, 140.3) of the lower-education group and the 95% CI (170.0, 177.0) of the higher-education 
group do not overlap at the time corresponding to CDR-SB 2.5. Therefore, the lower-education group arrives 
significantly faster than the higher-education group at CDR-SB 2.5 from 0 point. The lower-education group 
reaches CDR-SB 2.5, 37.7 months ahead of the high education group. However, after CDR SB 2.5, there were no 
differences in the rate of change between the two groups.

We next performed a sensitivity analysis including non-decliners to examine if excluding non-decliners 
affected the estimation of the disease progress model. The disease progression model including non-decliners 
took longer (329.8 months) than our original model (274.3 months), which could be a predictable effect of 
non-decliner data (Supplementary figure 1). However, our original analysis produced a model that, when non-
decliners were included, showed a consistent progression pattern where the lower-education group demonstrated 
a faster CDR-SB progression from SCI to AMCI than the higher-education group, and this trend disappeared 
from AMCI to ADD (Supplementary table 3, Supplementary figures 1 and 2).

Figure 2.  Disease progression model according to the level of education. Each dot indicates each follow-up 
CDR-SB value. The color of the dot is determined according to its baseline diagnosis cohort: SCI (blue), AMCI 
(green), and ADD (red). It takes less time to increase the CDR-SB value in the lower-education group in all 
sections. In the stages of SCI to AMCI, the CDR-SB value increases faster in the lower-education group. From 
the stage of AMCI to ADD, the CDR-SB value increases faster in the higher-education group. (A) Lower-
education group. The estimated model in the lower-education group using CDR-SB. The predictive equation 
is: In(CDR SB+ 0.5) = −0.01585+ 0.005247× time+ 0.000021× time× time2 . (B) Higher-education 
group. The estimated model in the higher-education group using CDR-SB. The predictive equation is: 
In(CDR SB+ 0.5) = −0.1377+ 0.00323× time+ 0.000022× time× time2 . (C) Two groups. The lower-
education group arrives faster than the higher-education group from CDR-SB 0–2.5. The two red bars indicate 
that the 95% CI (131.8, 140.3) of the lower-education group and the 95% CI (170.0, 177.0) of the higher-
education group do not overlap at the time corresponding to CDR-SB 2.5. ADD: Alzheimer’s disease dementia; 
AMCI: amnestic mild cognitive impairment; CDR-SB: clinical dementia rating sum of boxes; CI: confidence 
interval; SCI: subjective cognitive impairment.

Table 3.  Time to CDR-SB increase according to level of education. CDR-SB: clinical dementia rating sum of 
boxes.

Number of patients

Time to progression, months (95% CI)

CDR-SB
0 → 2.5

CDR-SB
2.5 → 4.5

CDR-SB
4.5 → 9.5

CDR-SB
9.5 → 16

Lower-education group (≤ 12 years) 378 137.1 (131.8, 140.3) 42.9 (35.8, 51.8) 50.0 (42.1, 58.8) 32.1 (21.8, 42.8)

Higher-education group 
(> 12 years) 187 174.8 (170.0, 177.1) 43.1 (36.1, 50.0) 49.8 (39.8, 60.3) 31.9 (15.8, 47.3)

Total 565 148.0 (145.2, 152.3) 41.3 (34.9, 48.3) 47.8 (41.3, 55.1) 30.6 (22.4, 39.4)
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Discussion
We estimated the entire disease progression of AD in a model using CDR-SB follow-up data from three relatively 
large-sized cohorts, SCI, AMCI, and ADD. Based on the predictive equation, it takes 274.3 months to increase 
the CDR-SB value from 0 to 18 points. We also found that it takes 116.5 months to progress from SCI to AMCI 
and 56.2 months to progress from AMCI to ADD. In particular, the CDR-SB progression from SCI to AMCI was 
faster in the lower-education group compared to the higher-education group, and this trend disappeared from 
AMCI to ADD. Taken together, our findings suggest that it might be helpful to stage the current level of disease 
severity and establish management plans by education level.

In the present study, we developed a disease progression model for the AD spectrum. We found that the AD 
process takes 274.3 months (22.9 years) to progress from 0 to 18 points in the CDR-SB value. Previous studies 
were limited in showing the entire disease progression from SCI to the end stage of ADD. Instead, previous 
modeling studies have reported different disease progression rates depending on disease  severity10–12, the predic-
tion of disease onset  time13, and the impact of biomarkers on the disease  course12,14–16. In addition, our model is 
based on the CDR-SB, which is one of the most widely used dementia staging systems, and represents a validated, 
well-described, and reliable measure of disease  progression17,18. The CDR-SB has the advantage of being able to 
measure changes precisely over time from SCI to the end stage of ADD. Thus, our disease progression model 
represents the patients’ functional ability across the whole disease spectrum.

Based on our predictive equation, it takes 116.5 months (9.7 years) to progress from SCI to AMCI and 
56.2 months (4.7 years) to progress from AMCI to ADD. Similar to our results, one progression model study 
predicted that it took 7.9 years on average from cognitively normal to  AMCI19. Another progression model 
study suggested that it took 4.3 years from AMCI to  ADD1, and a previous study also showed that 60% of AMCI 
participants progress to ADD in 5  years15.

A noteworthy finding was that the lower-education group showed a faster progression from SCI to AMCI than 
the higher-education group, and this trend disappeared when progressing from AMCI to ADD. That is, many 
previous studies have shown that high education in cognitively normal participants has a protective effect on 
cognitive decline or development of dementia, whereas in the dementia stage, these protective effects disappeared 
or higher-educated dementia patients showed a steeper cognitive decline than lower-educated patients with 
 dementia20–24. In contrast, other studies have reported that education level was not associated with the onset or 
rate of accelerated cognitive decline, but associated with differences in baseline  cognition15,23,25–27. Inconsistencies 
in prior studies on the relationship between education level and cognitve decline might be influenced by baseline 
age, length of follow-up, and methodological or analytical  factors28. However, our previous study showed that 
the protective effects in the higher-education group remain in the early stage of AMCI, whereas it disappeared 
in the late stage of  AMCI22. Therefore, our findings of disappearance of protective effects of higher-education 
from AMCI to ADD stages might be related to the fact that the pathophysiological burden reaches a level severe 
enough not to be compensated by cognitive reserve during these  periods28.

Interestingly, the CDR-SB value at the conversion of SCI to AMCI or AMCI to ADD is lower in the higher-
education group than in the lower-education group. Perhaps this is because the higher-education group are 
more likely to be involved in cognitive tasks or occupational roles where subtle cognitive decline could be easily 
detected before the CDR-SB value progressed further. Alternatively, considering that CDR reflects the activity 
of daily living (ADL) as well as cognition, it might be reasonable to expect that ADL is relatively conserved even 
after cognitive decline in the higher-education group.

The principal strength of this study is that the disease progression model for the whole time using multiple 
single-cohorts was estimated with a well evaluated and large sample followed a maximum of 76 months. However, 
there are several limitations. First, the heuristic approach to modeling the whole disease spectrum using separate 
cohorts is a limitation of this study because of errors related to variables in the model. Although we showed that 
the range of the estimates of the converted time points was narrow, our model still has statistical methodology 
 limitations29–31. Second, the CDR-SOB has not been administrated by an independent rater from other neu-
ropsychological tests. To reduce the effect of this bias as much as possible, our CDR scores were evaluated by 
certified clinical psychologists and the patient’s diagnosis was made by a multidisciplinary team composed of 
neuropsychologists and neurologists. In addition, our model might have a limitation in the early stages of AMCI 
when the ADL is not impaired. Third, other variables that often overlap with education level were not excluded. 
For instance, better social-economic states are more supportive of accomplishing a higher-education level, which 
may bring occupational attainment and good  lifestyles28. Finally, the higher-education group is more self-aware 
of subjective cognitive impairment, which leads to earlier detection than what is found in the lower-education 
group. It might make the higher-education group appear to progress more slowly. If it is only for earlier detection 
of the higher-education group, the progress pattern should be the same in the early and late stage. However, this 
slow progression trend in the higher-education group disappeared when progressing from AMCI to ADD. It 
suggested that there was a protective effect of education in the early stage. Although there are several limitations, 
our findings are noteworthy because our model allows an estimate of the time course representing the disease 
trajectory using CDR-SB according to the level of education.

In conclusion, the developed model is suitable for describing the progression of disease in AD, which takes 
274.3 months to advance from 0 to 18 points in the CDR-SB value. The effect of the level of education on disease 
progression differed according to disease severity. Our disease modeling provides us with more understanding 
of the effect of education on cognitive trajectories.
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Methods
Participants. We enrolled 645 patients (129 SCI, 270 AMCI, and 246 ADD) who were followed up more 
than three times to obtain CDR-SB scores at the Samsung Medical Center from Jan. 2003 to Dec. 2015. Experi-
enced neurologists evaluated the participants based on their clinical symptoms and reviews of medical/medica-
tion history, neuropsychological test results, magnetic resonance imaging (MRI), and laboratory tests. ADD 
patients met the criteria proposed by the National Institute of Neurological and Communicative Disorders and 
Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA)32. The diagnosis of 
AMCI was based on the criteria proposed by Peterson and  colleagues33 with inclusion of the following modifica-
tions: (1) Subjective cognitive complaints by the patient or his/her caregiver, (2) normal activities of daily living, 
(3) objective memory decline assessment below the 16th percentile on neuropsychological tests, and (4) absence 
of dementia. The SCI group were individuals who had a self-reported persistent decline in cognitive/memory 
capacity but were not impaired on neuropsychological  tests34.

In all three groups, we excluded participants with other structural lesions such as territorial infarction, 
intracranial hemorrhage, brain tumor, hydrocephalus, or severe white matter hyperintensities (WMH) observed 
on brain MRI. Severe WMH on MRI was defined as a cap or a band ≥ 10 mm as well as a deep white matter 
lesion ≥ 25 mm as modified from the Fazekas ischemia  criteria35. We also excluded 78 patients whose CDR-SB 
score decreased or did not change during follow up. Finally, we included 85 SCI, 240 AMCI, and 240 ADD 
patients. There was no significant difference in ADD risk (age, sex, education, APOE 4 carrier) between includ-
ing decliner (included) and non-decliner (excluded) groups (Supplementary table 2).

Standard protocol approvals, registrations, and patient consents. The Institutional Review 
Board at Samsung Medical Center approved our study and waived the need for informed consent since we used 
retrospective de-identified data collected during health exam visits. In addition, all methods were carried out in 
accordance with the approved guidelines.

Education. We interviewed all patients and caregivers to evaluate detailed information about their educa-
tional background, including whether or not they had completed each step of education (elementary school, 
middle school, high school, college, and graduate school). We divided patients into two groups: those with more 
than 12 years of education and those with less. This cut-off was used because it corresponds to the duration of 
schooling that precedes the beginning of college in South Korea. Overall, 49 SCI, 144 AMCI, and 185 ADD 
patients were in the lower-education group (education ≤ 12 years) and 36 SCI, 96 AMCI, and 55 ADD patients 
were in the higher-education group (education > 12 years).

Neuropsychological assessments. All patients underwent a standardized neuropsychological battery 
called the  SNSB36 and the CDR-SB. The SNSB, which is performed in most memory clinics in South Korea, 
consists of tests for verbal and visual memory, attention, language, praxis, four elements of the Gerstmann syn-
drome, visuoconstructive function, frontal executive function, and the mini-mental state examination (MMSE). 
The CDR-SB is a three-point scale used to characterize six domains of cognitive and functional performance. 
CDR-SB scores from 0 to 18 were used.

To perform the SNSB and to rate CDR in a memory clinic at a university hospital, the certificate of a ‘Clinical 
Psychologist’ authorized by the Korean Clinical Psychological Association is required. The qualifications required 
to obtain a certificate are: A graduate with a master’s degree (clinical psychology major) who has completed three 
years of training under the guidance of a clinical psychologist or a graduate with a doctorate (clinical psychology 
major) who has completed two years of training under the guidance of a clinical psychologist. At least 3000 hours 
of training is required for three years at the mandatory training institute.

Brain MRI scans. All patients underwent brain MRI including T2, FLAIR, T2* GRE, and three-dimensional 
(3D) T1 images at Samsung Medical Center using the same model of 3.0T MRI scanner (Philips 3.0T Achieva; 
Best, the Netherlands).

Statistical analysis. The descriptive statistics for continuous variables are presented by median and inter-
quartile range (IQR, 1st quartile, 3rd quartile) due to the non-normality of variables (Table 1). The Shapiro Wilk 
test was used to test the normality. Categorical variables were summarized by frequencies and percentages. The 
pattern of CDR-SB scores was examined using a spaghetti plot (Fig. 3A).

The entire disease continuum model was developed using the following three processes: (1) modelling for each 
disease cohort, (2) calculating the time for CDR-SB of the two consecutive disease cohorts to start to overlap, (3) 
constructing an entire disease continuum model. First, for the estimation of the model for longitudinal data, the 
mixed-effect model with a random effect for the patient and a fixed effect for the time was applied to each set of 
disease cohort data. CDR-SB with skewed distribution was transformed by the natural log after adding 0.5 to all 
scores because zero scores occur in CDR-SB. Time effect was fitted using a linear term or a quadratic term in each 
model after testing the significance of the quadratic term. For the diagnosis of the estimated model, studentized 
residuals were used to examine model assumptions and to detect outliers for each model. The observations with 
absolute studentized residuals greater than 3 were considered outliers and the model was re-estimated after 
excluding outliers from the data (Fig. 3B). The improvements in the goodness of fits to the model after excluding 
outliers were evaluated using Akaike information criterion (AIC), Bayesian information criterion (BIC), and 
AIC with a correction for finite sample size (AICC). Second, using the estimated model of each cohort, the point 
estimates and 95% confidence intervals (CI) of CDR-SB at the time measured for each patient were calculated. If 
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a point estimate of CDR-SB in AMCI fell within 95% CIs of CDR-SB in SCI, this point estimate was considered 
as an overlapped CDR-SB between the two cohorts, SCI and AMCI. We found the smallest score among the 
overlapped CDR-SB in the AMCI cohort and substituted this score into the estimated model of the SCI cohort 
to calculate the corresponding time to this CDR-SB (Fig. 3C). Then, we shifted the data of the AMCI cohort to 
start from this time (Fig. 3E). Also, the same procedure was performed for the two consecutive AMCI and ADD 
cohort data points. (Fig. 3D,E). Finally, we constructed a single model using whole data from the three cohorts 
using a mixed-effect model. (Fig. 3F). To examine the effect of education level on disease progression, another 
disease progression model of the entire ADD continuum was developed in lower- and higher-education groups 
using mixed effect models. The time from SCI to AMCI and the time from AMCI to ADD were also calculated 
with this model. For all tests, a p-value < 0.05 was considered statistically significant. Statistical analysis was 
performed using SAS 9.4 (SAS Institute Inc, Cary, NC) and R 3.5.1 (Vienna, Austria) ggplot2 package.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Received: 30 December 2019; Accepted: 16 September 2020

References
 1. Wilson, R. S. et al. The natural history of cognitive decline in Alzheimer’s disease. Psychol. Aging 27, 1008–1017. https ://doi.

org/10.1037/a0029 857 (2012).
 2. Morris, J. C. et al. Mild cognitive impairment represents early-stage Alzheimer disease. Arch. Neurol. 58, 397–405 (2001).
 3. Petersen, R. C. et al. Mild cognitive impairment: Clinical characterization and outcome. Arch. Neurol. 56, 303–308 (1999).
 4. Evans, D. A. et al. Level of education and change in cognitive function in a community population of older persons. Ann. Epidemiol. 

3, 71–77. https ://doi.org/10.1016/1047-2797(93)90012 -S (1993).
 5. Lyketsos, C. G., Chen, L. S. & Anthony, J. C. Cognitive decline in adulthood: An 115-year follow-up of the Baltimore Epidemiologic 

Catchment Area study. Am. J. Psychiatry 156, 58–65 (1999).
 6. Ardila, A., Ostrosky-Solis, F., Rosselli, M. & Gomez, C. Age-related cognitive decline during normal aging: The complex effect of 

education. Arch. Clin. Neuropsychol. 15, 495–513. https ://doi.org/10.1016/S0887 -6177(99)00040 -2 (2000).
 7. Stern, Y., Albert, S., Tang, M. X. & Tsai, W. Y. Rate of memory decline in AD is related to education and occupation: Cognitive 

reserve?. Neurology 53, 1942–1947 (1999).
 8. Scarmeas, N., Albert, S. M., Manly, J. J. & Stern, Y. Education and rates of cognitive decline in incident Alzheimer’s disease. J. 

Neurol. Neurosurg. Psychiatry 77, 308–316. https ://doi.org/10.1136/jnnp.2005.07230 6 (2006).
 9. Bruandet, A. et al. Cognitive decline and survival in Alzheimer’s disease according to education level. Dement. Geriatr. Cogn. 

Disord. 25, 74–80. https ://doi.org/10.1159/00011 1693 (2008).
 10. Ito, K. et al. Disease progression model for cognitive deterioration from Alzheimer’s Disease Neuroimaging Initiative database. 

Alzheimers Dement. 7, 151–160. https ://doi.org/10.1016/j.jalz.2010.03.018 (2011).
 11. Samtani, M. N. et al. An improved model for disease progression in patients from the Alzheimer’s disease neuroimaging initiative. 

J. Clin. Pharmacol. 52, 629–644. https ://doi.org/10.1177/00912 70011 40549 7 (2012).
 12. Samtani, M. N., Raghavan, N., Novak, G., Nandy, P. & Narayan, V. A. Disease progression model for Clinical Dementia Rating-

Sum of Boxes in mild cognitive impairment and Alzheimer’s subjects from the Alzheimer’s Disease Neuroimaging Initiative. 
Neuropsychiatr. Dis. Treat. 10, 929–952. https ://doi.org/10.2147/NDT.S6232 3 (2014).

 13. Delor, I., Charoin, J. E., Gieschke, R., Retout, S. & Jacqmin, P. Modeling Alzheimer’s disease progression using disease onset time 
and disease trajectory concepts applied to CDR-SOB scores from ADNI. CPT Pharmacometrics Syst. Pharmacol. 2, e78. https ://
doi.org/10.1038/psp.2013.54 (2013).

 14. Li, G. et al. Cognitive trajectory changes over 20 years before dementia diagnosis: A large cohort study. J. Am. Geriatr. Soc. 65, 
2627–2633. https ://doi.org/10.1111/jgs.15077  (2017).

 15. Wilson, R. S. et al. Education and cognitive reserve in old age. Neurology 92, e1041–e1050. https ://doi.org/10.1212/WNL.00000 
00000 00703 6 (2019).

 16. Yang, E. et al. Quantifying the pathophysiological timeline of Alzheimer’s disease. J. Alzheimers Dis. 26, 745–753. https ://doi.
org/10.3233/JAD-2011-11055 1 (2011).

 17. Hughes, C. P., Berg, L., Danziger, W. L., Coben, L. A. & Martin, R. L. A new clinical scale for the staging of dementia. Br. J. Psychiatry 
140, 566–572 (1982).

 18. O’Bryant, S. E. et al. Staging dementia using clinical dementia rating scale sum of boxes scores: A Texas Alzheimer’s research 
consortium study. Arch. Neurol. 65, 1091–1095. https ://doi.org/10.1001/archn eur.65.8.1091 (2008).

 19. Albert, M. et al. Predicting progression from normal cognition to mild cognitive impairment for individuals at 5 years. Brain 141, 
877–887. https ://doi.org/10.1093/brain /awx36 5 (2018).

 20. Yu, L. et al. A random change point model for cognitive decline in Alzheimer’s disease and mild cognitive impairment. Neuroepi-
demiology 39, 73–83. https ://doi.org/10.1159/00033 9365 (2012).

 21. Hall, C. B. et al. Education delays accelerated decline on a memory test in persons who develop dementia. Neurology 69, 1657–1664. 
https ://doi.org/10.1212/01.wnl.00002 78163 .82636 .30 (2007).

 22. Ye, B. S. et al. Effects of education on the progression of early- versus late-stage mild cognitive impairment. Int. Psychogeriatr. 25, 
597–606. https ://doi.org/10.1017/S1041 61021 20020 01 (2013).

 23. Soldan, A. et al. Cognitive reserve and long-term change in cognition in aging and preclinical Alzheimer’s disease. Neurobiol. 
Aging 60, 164–172. https ://doi.org/10.1016/j.neuro biola ging.2017.09.002 (2017).

 24. Xu, H. et al. Association of lifespan cognitive reserve indicator with dementia risk in the presence of brain pathologies. JAMA 
Neurol. https ://doi.org/10.1001/jaman eurol .2019.2455 (2019).

 25. Karlamangla, A. S. et al. Trajectories of cognitive function in late life in the United States: Demographic and socioeconomic predic-
tors. Am. J. Epidemiol. 170, 331–342. https ://doi.org/10.1093/aje/kwp15 4 (2009).

 26. Rusmaully, J. et al. Contribution of cognitive performance and cognitive decline to associations between socioeconomic factors 
and dementia: A cohort study. PLoS Med. 14, e1002334. https ://doi.org/10.1371/journ al.pmed.10023 34 (2017).

 27. Berggren, R., Nilsson, J. & Lovden, M. Education does not affect cognitive decline in aging: A Bayesian assessment of the associa-
tion between education and change in cognitive performance. Front. Psychol. 9, 1138. https ://doi.org/10.3389/fpsyg .2018.01138  
(2018).

 28. Pettigrew, C. & Soldan, A. Defining cognitive reserve and implications for cognitive aging. Curr. Neurol. Neurosci. Rep. 19, 1. https 
://doi.org/10.1007/s1191 0-019-0917-z (2019).

https://doi.org/10.1037/a0029857
https://doi.org/10.1037/a0029857
https://doi.org/10.1016/1047-2797(93)90012-S
https://doi.org/10.1016/S0887-6177(99)00040-2
https://doi.org/10.1136/jnnp.2005.072306
https://doi.org/10.1159/000111693
https://doi.org/10.1016/j.jalz.2010.03.018
https://doi.org/10.1177/0091270011405497
https://doi.org/10.2147/NDT.S62323
https://doi.org/10.1038/psp.2013.54
https://doi.org/10.1038/psp.2013.54
https://doi.org/10.1111/jgs.15077
https://doi.org/10.1212/WNL.0000000000007036
https://doi.org/10.1212/WNL.0000000000007036
https://doi.org/10.3233/JAD-2011-110551
https://doi.org/10.3233/JAD-2011-110551
https://doi.org/10.1001/archneur.65.8.1091
https://doi.org/10.1093/brain/awx365
https://doi.org/10.1159/000339365
https://doi.org/10.1212/01.wnl.0000278163.82636.30
https://doi.org/10.1017/S1041610212002001
https://doi.org/10.1016/j.neurobiolaging.2017.09.002
https://doi.org/10.1001/jamaneurol.2019.2455
https://doi.org/10.1093/aje/kwp154
https://doi.org/10.1371/journal.pmed.1002334
https://doi.org/10.3389/fpsyg.2018.01138
https://doi.org/10.1007/s11910-019-0917-z
https://doi.org/10.1007/s11910-019-0917-z


9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16808  | https://doi.org/10.1038/s41598-020-73911-6

www.nature.com/scientificreports/

 29. Oxtoby, N. P., Alexander, D. C. & Euro, P. C. Imaging plus X: Multimodal models of neurodegenerative disease. Curr. Opin. Neurol. 
30, 371–379. https ://doi.org/10.1097/WCO.00000 00000 00046 0 (2017).

 30. Golriz Khatami, S. et al. Challenges of integrative disease modeling in Alzheimer’s disease. Front. Mol. Biosci. 6, 158. https ://doi.
org/10.3389/fmolb .2019.00158  (2019).

 31. Habes, M. et al. Disentangling heterogeneity in Alzheimer’s disease and related dementias using data-driven methods. Biol. Psy-
chiatry https ://doi.org/10.1016/j.biops ych.2020.01.016 (2020).

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

 33. Petersen, R. C. Mild cognitive impairment as a diagnostic entity. J. Intern. Med. 256, 183–194. https ://doi.org/10.111
1/j.1365-2796.2004.01388 .x (2004).

 34. Jessen, F. et al. A conceptual framework for research on subjective cognitive decline in preclinical Alzheimer’s disease. Alzheimers 
Dement. 10, 844–852. https ://doi.org/10.1016/j.jalz.2014.01.001 (2014).

 35. 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 Am. J. Roentgenol. 149, 351–356. https ://doi.org/10.2214/ajr.149.2.351 (1987).

 36. Kang, S. H. et al. The cortical neuroanatomy related to specific neuropsychological deficits in Alzheimer’s continuum. Dement. 
Neurocogn. Disord. 18 (2019).

Acknowledgements
This research was supported by a fund (2018-ER6203-02) by Research of Korea Centers for Disease Control and 
Prevention, by the Brain Research Program of the National Research Foundation (NRF) funded by the Ministry 
of Science & ICT (NRF-2018M3C7A1056512), by the Korea government (MSIT) (NRF-2019R1A5A2027340), 
and by the Fourth Stage of Brain Korea 21 Project in Division of Intelligent Precision Healthcare.

Author contributions
K.W.K., D.L.N., and S.W.S. contributed to the study concept and design. S.Y.W. and S.K. analysed and interpreted 
data. K.W.K. and S.W.S. drafted the manuscript. H.J., Y.K., S.H.C., S.E.K., S.J.K., B.S.S. and H.J.K. were involved 
data acquisition and manuscript revision.

competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https ://doi.org/10.1038/s4159 8-020-73911 -6.

Correspondence and requests for materials should be addressed to S.W.S.

Reprints and permissions information is available at www.nature.com/reprints.

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 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted 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 licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1097/WCO.0000000000000460
https://doi.org/10.3389/fmolb.2019.00158
https://doi.org/10.3389/fmolb.2019.00158
https://doi.org/10.1016/j.biopsych.2020.01.016
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1111/j.1365-2796.2004.01388.x
https://doi.org/10.1111/j.1365-2796.2004.01388.x
https://doi.org/10.1016/j.jalz.2014.01.001
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.1038/s41598-020-73911-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Disease progression modeling of Alzheimer’s disease according to education level
	Results
	Clinical characteristics of participants. 
	Development of a disease progression model of AD. 
	Development of a disease progression model of AD according to education level. 

	Discussion
	Methods
	Participants. 
	Standard protocol approvals, registrations, and patient consents. 
	Education. 
	Neuropsychological assessments. 
	Brain MRI scans. 
	Statistical analysis. 

	References
	Acknowledgements


