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Abstract

Background—Impairment in instrumental activities of daily living (IADL) heralds the transition

from mild cognitive impairment (MCI) to dementia and is a major source of burden for both the

patient and caregiver.

Objective—To investigate the relationship between IADL and regional cortical thinning and

cerebrospinal fluid (CSF) Alzheimer disease (AD) biomarkers cross-sectionally and longitudinally

in clinically normal (CN) elderly, MCI, and mild AD dementia subjects.

Methods—Two hundred and twenty nine CN, 395 MCI, and 188 AD dementia subjects

participating in the Alzheimer's Disease Neuroimaging Initiative underwent baseline magnetic

resonance imaging, baseline lumbar puncture, and clinical assessments, including the Functional

Activities Questionnaire used to measure IADL, every 6 to 12 months up to 3 years. General

linear regression and mixed effects models were employed.
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Results—IADL impairment was associated with the interactions between lower inferior

temporal cortical thickness and diagnosis (p<0.0001), greater lateral occipital cortical thickness

and diagnosis (p<0.0001), and greater amyloid-beta 1-42 (Aβ1-42) and diagnosis (p=0.0002) at

baseline (driven by AD dementia). Lower baseline supramarginal (p=0.02) and inferior temporal

(p=0.05) cortical thickness, lower Aβ1-42 (p<0.0001), and greater total tau (t-tau) (p=0.02) were

associated with greater rate of IADL impairment over time.

Conclusions—Temporal atrophy is associated with IADL impairment in mild AD dementia at

baseline, while baseline parietal and temporal atrophy, lower CSF Aβ1-42, and greater t-tau predict

worsening IADL impairment over time across the AD spectrum. These results emphasize the

importance of assessing IADL at the stage of MCI and even at the transition from CN to MCI.
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Introduction

Instrumental activities of daily living (IADL) consist of complex activities such as handling

the finances, keeping track of appointments, driving or using public transportation, and

performing household chores and hobbies. IADL worsen as mild cognitive impairment

(MCI) progresses to Alzheimer disease (AD) dementia[1,2]. IADL impairment leads to loss

of productivity by the affected individual, as well as increased caregiver mental, physical,

and financial burden.

Impairment in basic ADL has been associated with increased global cerebral amyloid plaque

and neurofibrillary tangle burden in post-mortem studies of patients with moderate to severe

AD dementia[3,4]. Recent studies assessing less impaired individuals have shown that IADL

impairment has been associated with greater in vivo global cortical amyloid burden in MCI

visualized by Pittsburgh Compound B (PiB) positron emission tomography (PET)[5].

Additionally, lower cerebrospinal fluid (CSF) amyloid-beta 1-42 (Aβ1-42) and higher total

tau (t-tau) and tau phosphorylated at the threonine 181 (p-tau181p) at baseline have been

associated with greater IADL impairment over time in clinically normal elderly (CN) and

MCI subjects[6].

Imaging studies have also shown an association between IADL impairment and typical AD

neurodegenerative patterns: Global brain atrophy seen on magnetic resonance imaging

(MRI) has been associated with greater IADL impairment over time in MCI[7], while an

aggregate of temporal, lateral parietal, and posterior cingulate hypometabolism seen on 18F-

fluorodeoxyglucose (FDG) PET has been associated with greater IADL impairment over

time in MCI and mild AD dementia[8]. Other studies have attempted to more closely

localize IADL impairment in the brain. Cross-sectional MRI studies showed an association

between IADL impairment and temporoparietal and medial frontal atrophy in mild AD

dementia[9,10], while cross-sectional functional imaging studies showed an association with

inferior temporal, inferior parietal, and superior occipital hypometabolism in mild to
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moderate AD dementia[11], and medial frontal, dorsolateral prefrontal, lateral superior

parietal, and occipital hypoperfusion in mild AD dementia[12].

The manifestation of disease progression that is usually most important to patients and

caregivers is impairment in daily functioning, which can be captured by assessing IADL.

There are multiple clinical features (cognition, behavior, demographics) and underlying

pathophysiological changes (amyloid deposition and downstream neurodegeneration) that

can contribute to future IADL decline. However, few studies have attempted to assess many

of these features together. By evaluating these multiple complex features and their

interactions, we will be able to determine which features significantly contribute to early

functional impairment and to what extent, while adjusting for the other relevant features.

The objective of this study was to investigate the relationship between IADL and regional

cortical thinning, CSF Aβ1-42, t-tau, and p-tau181p cross-sectionally and longitudinally in

CN, MCI, and mild AD dementia subjects. We hypothesized that lower CSF Aβ1-42, higher

t-tau, and higher p-tau181p, as well as temporal and parietal atrophy will all be associated

independently with impairment in IADL at baseline and over time across the AD spectrum,

while controlling for subject characteristics, including demographics, cognitive function,

and behavior that are usually related to IADL impairment.

Materials and Methods

Participants

Data used in the analyses in this article were obtained from the Alzheimer's Disease

Neuroimaging Initiative (ADNI) database (www.loni.ucla.edu\ADNI, PI Michael W.

Weiner)[13] (see Supplementary Data).

Eight hundred and twelve subjects (229 CN, 395 MCI, 188 AD dementia) participating in

ADNI underwent clinical assessments every 6 to 12 months up to 3 years. Of those subjects,

802 underwent MRI at baseline and 413 (114 CN, 198 MCI, 101 AD dementia) underwent

lumbar puncture at baseline. Subject demographics and characteristics for those undergoing

MRI and lumbar puncture resembled those of the entire ADNI population.

Subjects were assigned to diagnostic groups (CN, amnestic MCI, mild AD dementia) by site

investigators at baseline as previously described[13,14] (see Supplementary Data for more

detail). The Functional Activities Questionnaire (FAQ)[15], the dependent variable in our

analyses used to assess IADL, was used in the determination of follow-up but not screening

diagnoses.

The study was approved by the Institutional Review Board (IRB) of each participating site.

Written informed consent was obtained from all subjects and study partners prior to

initiation of any study procedures in accordance with local IRB guidelines.

Clinical Assessments

IADL were assessed with the FAQ[15] (higher scores indicate greater impairment; range

0-30). There is no established cut-off score for impairment on the FAQ. However, one study
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reported that a score of ≥ 6 is suggestive of functional impairment[16]. Moreover, studies

have shown that FAQ can clearly distinguish between CN, MCI, and mild AD dementia

subjects[14,17]. See Supplementary Data for other assessments used in this study.

Apolipoprotein E ε4 (APOE4) carrier status (homozygous carrier, heterozygous carrier, or

non-carrier) was reported for subjects. Duration of AD dementia symptoms (in years) was

reported as well. Duration was available only for subjects with a diagnosis of mild AD

dementia at screening and was set to zero for CN and MCI subjects.

MRI Data

MRI scans were obtained at baseline according to a standardized protocol (http://

www.loni.ucla.edu/ADNI/Research/Cores/index.shtml). In brief, the magnetization-prepared

rapid gradient echo (MPRAGE) sagittal T1-weighted 3D sequence was used. Cortical

reconstruction and automated thickness measures (in mm) were performed using Freesurfer

(version 4.3.0, http://surfer.nmr.mgh.harvard.edu/).

Seven regions of interest (ROI) were chosen based on prior studies assessing the association

with IADL[8-12]: bilateral inferior temporal, supramarginal (lateral parietal), precuneus

(medial parietal), rostral anterior cingulate, medial orbitofrontal, rostral middle frontal

(dorsolateral prefrontal), and lateral occipital cortices.

CSF Data

Subjects underwent lumbar puncture at baseline and CSF samples were obtained, processed,

and stored according to a standardized protocol (http://www.adni-info.org)[18]. In brief,

CSF assays of Aβ1-42,, t-tau, and p-tau181p were performed using the multiplex xMAP

Luminex platform (Luminex Corp, Austin, TX) with Innogenetics (INNO-BIA AlzBio3;

Ghent Belgium; for research use-only reagents) immunoassay kit-based reagents[18,19].

Statistical Analyses

All analyses in this study were performed with SAS Version 9.3. Associations between

diagnostic groups and subject demographics and characteristics were evaluated using

analysis of variance with Bonferroni correction for continuous variables and the chi-square

test for categorical variables.

Cross-sectional analysis—A general linear regression model with backward

elimination (p<0.01 retention requirement) was used to evaluate the cross-sectional

association of the dependent variable, baseline FAQ, with the following baseline predictors:

MRI regions (cortical thickness) and their interaction with diagnosis, CSF biomarkers and

their interaction with diagnosis, sex, diagnosis, interaction of sex and diagnosis, age (linear

and quadratic effects), APOE4 carrier status, duration of AD dementia symptoms, the

American National Adult Reading Test intelligence quotient (AMNART IQ), the Rey

Auditory Verbal Learning Test (RAVLT) total learning, Digit Symbol, and the

Neuropsychiatric Inventory brief questionnaire form (NPI-Q) apathy and depression items.

In addition to reporting partial regression coefficient estimates (β) with confidence intervals

(CI), significance test results (p values) were complemented with effect size estimates such
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as covariate adjusted means and estimates of percent variance accounted for in the

dependent variable uniquely by individual predictors, as well as by the model as a whole

(R2). The inclusion of the interaction of MRI and CSF variables with diagnosis allowed us

to test for any differential relation of any given MRI or CSF variable with FAQ across

diagnostic groups. Model residuals were checked for conformance to assumptions and

model fit.

Longitudinal analysis—A mixed random and fixed coefficient regression model was

used with backward elimination (p<0.05 retention requirement) for the dependent variable,

FAQ, on a large initial pool of fixed predictors and variances/covariances of random terms.

The fixed predictors were diagnostic group and their interactions with time, the MRI regions

and CSF biomarkers and their interactions with time, the CSF biomarkers and their

interactions with diagnosis, and the baseline dependent variable (FAQ) and its interaction

with time, which allowed for different trajectories depending on level of FAQ at entry as

might be expected for example if there are floor or ceiling effects. The same additional

covariates used in the cross-sectional analysis were also included. The random terms in all

these models included correlated intercept and linear slopes of time. β values with CI were

reported. The squared correlations of predicted values from fixed and random predictor sets

vs. actual values were used to indicate the percent of variance of the dependent variable

linearly accounted for by the predictors. Residuals from fixed and random components of

models were checked for conformance to assumptions and model fit.

Results

Table 1 provides baseline demographic and clinical data for all subjects and for each of the

three diagnostic groups (CN, MCI, mild AD dementia). There were significant differences

between diagnostic groups for all variables in expected directions except for age, which was

similar across all groups. Table 2 provides baseline regional cortical thickness and CSF

biomarker data for all subjects and for each diagnostic group. There were significant

differences between diagnostic groups for all variables in expected directions.

Cross-sectional analysis

In the general linear regression model for all subjects, after backward elimination, there was

a significant association between greater FAQ, representing greater IADL impairment, and

the interaction between lower baseline inferior temporal cortical thickness and diagnosis

(p<0.0001; driven by a relatively negative relation for the AD dementia group), the

interaction between greater baseline lateral occipital cortical thickness and diagnosis

(p<0.0001; driven by an unexpected positive relation for the AD dementia group), and the

interaction between greater baseline Aβ1-42 and diagnosis (p=0.0002; driven by an

unexpected positive relation for the AD dementia group), see Supplementary Table 1 and
Figure 1.

Of note, lateral occipital and inferior temporal cortical thickness were moderately to strongly

positively correlated (r=0.62, p<0.0001), and thus multi-collinearity may underlie the

counterintuitive reversal of the sign of the coefficient for lateral occipital when inferior
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temporal cortical thickness was held constant (the unadjusted correlation of lateral occipital

cortical thickness with FAQ was negative: r=−0.22, p<0.0001 like that of inferior temporal

cortical thickness, which is consistent with an association between lower cortical thickness

and greater IADL impairment). Similarly, the relation between Aβ1-42 and FAQ was

reversed in the model with other predictors held constant (the unadjusted correlation of

Aβ1-42 with FAQ was negative: r=−0.28, p<0.0001). However, in this case there was no

suggestion of multi-collinearity of Aβ1-42 with other predictors. Therefore, the reason for the

sign reversal for the association between Aβ1-42 and FAQ is unclear.

Other predictors significantly (p<0.01) associated with FAQ were duration of AD dementia

symptoms, Digit Symbol, and NPI-Q apathy item (all in expected directions) (R2=0.64,

p<0.0001 for overall model), see Supplementary Table 1. Residuals reasonably conformed

to model assumptions.

Longitudinal analysis

In the mixed random and fixed coefficient longitudinal regression model for all subjects,

after backward elimination, lower baseline supramarginal cortical thickness, lower baseline

inferior temporal cortical thickness, lower baseline Aβ1-42, and greater baseline t-tau were

significantly associated with greater rate of increase in FAQ, representing greater IADL

impairment, over time (for interactions with time for: Supramarginal: p=0.02; Inferior

temporal: p=0.05; Aβ1-42: p<0.0001; t-tau: p=0.02), see Supplementary Table 2, Figures 2

and 3, and Supplementary Figure 1.

Additional significant (p<0.05) fixed effect predictors were the interaction of diagnostic

group with time and the interaction of the baseline dependent variable, FAQ, with time, and

linear level effects for precuneus cortical thickness, sex (female > male), and RAVLT total

learning (all in expected directions) (R2=0.75, p<0.0001 for overall model fixed effects;

R2=0.95 including random terms, p<0.0001), see Supplementary Table 2. There was

significant (p<0.0001) random variation in slope and intercepts of time trajectories across

subjects and a significant (p<0.01) negative correlation between the two. Residuals

reasonably conformed to model assumptions.

Discussion

These results suggest that lower inferior temporal cortical thickness suggestive of atrophy

and possibly greater lateral occipital cortical thickness and greater CSF Aβ1-42 are

associated with greater IADL impairment in mild AD dementia at baseline. Whereas,

baseline lower supramarginal (lateral parietal) and inferior temporal cortical thickness, lower

Aβ1-42, and greater t-tau are associated with worsening IADL impairment over time across

the AD spectrum, including CN, MCI, and mild AD dementia subjects. Of note, the FAQ,

which was used to assess IADL, was not used for the initial diagnoses of subjects, thus

eliminating this potential confound. Moreover, these findings were independent of age, sex,

cognitive reserve, duration of AD dementia symptoms, APOE4 status, apathy, depression,

memory and processing speed performance, many of which were associated with IADL

impairment. Furthermore, these results suggest that cross-sectionally an association between
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AD biomarkers and IADL impairment is seen primarily at the stage of mild dementia, while

longitudinally it is possible to observe independent associations between markers of amyloid

and neurodegeneration and IADL decline across the early AD spectrum, even in CN elderly

at risk for AD.

Over the past decade multiple clinical trials of potentially disease-modifying drugs in mild-

moderate AD dementia have failed to show a clinical benefit. Consequently, the field has

been moving toward treatment earlier in the disease course, and the Food and Drug

Administration recently issued guidelines for clinical trial design in early AD[20]. These

guidelines noted that IADL tests are currently inadequately sensitive for capturing disease

progression in early AD, especially in the transition from preclinical AD to MCI. Our results

suggest that the FAQ is able to longitudinally capture IADL worsening in the early AD

spectrum: even though about ½ of our sample consisted of late MCI and about ¼ of mild

AD dementia subjects, about a ¼ of our sample consisted of CN elderly subjects, over a ⅓

of whom had significantly low Aβ1-42 (as previously defined[18]), which is suggestive of

preclinical AD. Therefore, the current analyses suggest a potential utility for certain

sensitive IADL measures in tracking disease progression even at the earliest stages of AD.

Furthermore, we showed that amyloid pathology, regional neurodegeneration, and certain

clinical features drive this IADL worsening.

Two previous studies used the ADNI database to investigate the relationship between IADL

impairment over time and baseline global brain atrophy separately from baseline CSF AD

biomarkers[6,7]. The study assessing global brain atrophy, used the ventricle-to-brain ratio,

and found an association between greater baseline atrophy and IADL impairment over time

in MCI, especially in APOE4 carriers[7]. The study assessing CSF AD biomarkers found an

association between baseline lower CSF Aβ1-42 and greater baseline t-tau and p-tau181p and

IADL impairment over time in CN and MCI, partially mediated by global cognitive

performance[6]. Both of these studies used models adjusted for age and looked at MRI and

CSF measures separately, while our study looked at MRI and CSF measures in the same

model, targeted specific MRI regions rather than global atrophy, and adjusted for several

other relevant covariates. We found associations between IADL impairment over time and

baseline inferior temporal and lateral parietal (supramarginal) atrophy and baseline lower

CSF Aβ1-42 and greater t-tau across all subject groups, including AD dementia. These results

extend those of the previous studies referenced above and suggest that evidence of

neurodegeneration, such as regional atrophy and greater CSF t-tau, as well as amyloid

burden, independently and simultaneously contribute to longitudinal functional impairment

across the early AD spectrum.

Another longitudinal study using FDG PET assessing IADL impairment, showed that a

composite score of regional hypometabolism predicted longitudinal functional decline in

MCI and mild AD dementia[8]. Two of the three regions in the composite score were

temporal and lateral parietal, which are the regions of atrophy we found an association with;

the third region was the posterior cingulate[8]. The FDG PET study used similar covariates

to the ones we used in our analyses. Our results reinforce the cortical regional localization of

progressive functional impairment in the AD spectrum, which matches the cortical

neurodegeneration typically seen in AD.
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Our cross-sectional results are partly in agreement, while our longitudinal results are more

so in agreement with previous neuroimaging studies and post-mortem and in vivo studies of

cortical amyloid deposition. Previous, smaller, cross-sectional, MRI studies showed an

association between IADL impairment and temporal atrophy in mild AD dementia[9,10]

similar to our results indicating an association with reduced inferior temporal cortical

thickness signifying atrophy, driven by the mild AD dementia group; one of the other

studies also showed an association with parietal and medial frontal atrophy[9]. Another

cross-sectional study employing FDG PET showed an association between IADL

impairment and inferior temporal hypometabolism in mild to moderate AD dementia similar

to our regional results; it also showed an association with inferior parietal and superior

occipital hypometabolism[11]. Yet another cross-sectional functional imaging study using

single photon emission computed tomography showed an association between IADL

impairment and lateral superior parietal, occipital, medial frontal, and dorsolateral prefrontal

hypoperfusion in mild AD dementia[12]. In our study, the multivariate model indicated an

independent association between greater rather than reduced lateral occipital cortical

thickness and IADL impairment. However, the univariate unadjusted relationship was

reversed, which could have been tied to significant multi-collinearity between the inferior

temporal and lateral occipital regions, suggesting that in fact reduced rather than greater

lateral occipital cortical thickness is more likely associated with IADL impairment.

Neither our cross-sectional nor longitudinal analyses showed an association with frontal

atrophy. It is possible that in our early AD sample IADL associations with regional frontal

changes would be seen with an earlier marker of neurodegeneration, such as FDG PET,

rather than MRI cortical thickness, which was used in the current analyses.

Cross-sectional post-mortem studies have demonstrated that greater amyloid burden is

associated with greater basic ADL impairment in moderate to severe AD dementia[3,4], and

a cross-sectional in vivo study has shown that greater amyloid burden, as seen on PiB PET,

is associated with greater IADL impairment in MCI[5]. Lower CSF Aβ1-42 has been

associated with greater global cortical amyloid burden seen at post-mortem and in

vivo[21,22]. Therefore, we anticipated that in our cross-sectional analysis lower CSF Aβ1-42

will be associated with greater IADL impairment, which was the result in the univariate

unadjusted analysis. However, the relationship was reversed in the multivariate model—

greater CSF Aβ1-42 was associated with greater IADL impairment (higher FAQ score),

driven by the mild AD dementia group. Here there was no suggestion of multi-collinearity

of Aβ1-42 with other predictors to possibly explain the reversed relationship. In the AD

dementia group, there was a small cluster of high FAQ / high Aβ1-42 subjects, who were

primarily responsible for the correlation/regression line becoming positive. It is possible that

these subjects were less likely to harbor AD pathology as the cause of their dementia,

leading to the unexpected results. Moreover, subjects with low Aβ1-42 values, low FAQ

scores, and cognitive impairment in memory and another domain that could have potentially

met criteria for MCI in the study, might have been classified as having mild AD dementia

due to the overlapping cognitive impairment criteria between the two diagnostic groups. The

addition of low FAQ / low Aβ1-42 subjects to the AD dementia group could have further

contributed to this unexpected positive relation of FAQ to Aβ1-42.
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The current study had several limitations. The ADNI population is not representative of the

general population because the subjects are carefully selected to have limited general health

issues, psychiatric conditions, and cerebrovascular disease; moreover, the subjects were

highly intelligent premorbidly and had a high proportion of APOE4 carriers[13,14].

However, we adjusted for these elements in all analyses. Additionally, this population

resembles that of most AD spectrum clinical trials, making it easier to compare our results to

clinical trial outcomes. The IADL scale used in these analyses, the FAQ, has been shown to

be a sensitive measure for differentiating between CN, MCI, and mild AD dementia, but

nearly all CN subjects have a baseline score of 0, representing a major floor effect[14,17].

As such, the cross-sectional results were driven by the mild dementia group. However, the

longitudinal results were significant across all diagnostic groups indicating that the FAQ is

sensitive to the development of functional decline over time even in CN subjects. Although

our intention was to adjust for cognitive impairment in terms of its known contribution to

IADL impairment in the AD spectrum, the resulting association between biomarkers and

IADL impairment independent of cognition could have been due to a non-neurodegenerative

process. Significant cerebrovascular disease or traumatic brain injury were exclusionary in

this study, but milder presentations, which could still contribute to IADL impairment, were

not exclusionary and could have contributed to the associations we found. Finally, relatively

few regions (seven) of cortical thickness were used in our regression models, and

exploratory whole-brain voxel-based analyses were not performed. The latter would have

had the potential to allow the data to drive the localization of IADL impairment. However,

we picked the regions for these analyses based on prior imaging studies, and this approach

allowed us to employ more sophisticated multivariate regression models.

In conclusion, baseline parietal and temporal atrophy and lower CSF Aβ1-42 and greater t-

tau predict worsening IADL impairment over time across the early AD spectrum, while

temporal atrophy is associated with IADL impairment in mild AD dementia cross-

sectionally. These results, especially the longitudinal results, demonstrate the association

between complex daily functioning decline in early AD and typical AD pathophysiological

changes, including influence exerted by markers of amyloid and neurodegeneration

independent of each other, as well as emphasize the importance of assessing for IADL

impairment at the stage of MCI and even at the transition from CN to MCI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Values predicted from general linear model of baseline FAQ regressed on diagnostic group

and inferior temporal cortical thickness. Lines indicate the predicted values for FAQ, and

symbols denote corresponding actual values. For simplicity, the graph was not adjusted for

the negligible effects of additional partialed significant predictors in the model. AD

(Alzheimer's disease), CN (clinically normal elderly), FAQ (Functional Activities

Questionnaire), MCI (mild cognitive impairment).
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Figure 2.
Predicted values from fixed effects of best fitting longitudinal model of FAQ across time in

the study vs. supramarginal cortical thickness for selected FAQ baselines by diagnostic

groups. In each panel, one set of lines begins at a baseline FAQ one standard deviation

below the mean (approximately zero) and the other starts at one standard deviation above

the baseline FAQ mean (approximately 12). Other predictors were set to their mean and sex

was set to female. AD (Alzheimer's disease), CN (clinically normal elderly), FAQ

(Functional Activities Questionnaire), MCI (mild cognitive impairment).
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Figure 3.
Predicted values from fixed effects of best fitting longitudinal model of FAQ across time in

the study vs. Aβ1-42 for selected FAQ baselines by diagnostic groups. In each panel, one set

of lines begins at a baseline FAQ one standard deviation below the mean (approximately

zero) and the other starts at one standard deviation above the baseline FAQ mean

(approximately 12). Other predictors were set to their mean and sex was set to female. AD

(Alzheimer's disease), CN (clinically normal elderly), FAQ (Functional Activities

Questionnaire), MCI (mild cognitive impairment).
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Table 1

Baseline demographic and clinical data for subjects.

Group All subjects CN MCI AD dementia

n 812 229 395 188

Age (years) 75.3±6.9 76.0±5.0 74.8±7.5 75.3±7.5

Sex (% male) 57.9
‡‡ 52.0 64.3 51.6

Education (years) 15.5±3.1
‡ 16.0±2.9 15.7±3.1 14.7±3.1

AMNART IQ 117.2±11.6
†† 121.1±10.6 116.6±11.5 114.0±11.7

Duration of AD dementia symptoms (years) 3.5±2.5

APOE4 (% non-carrier/heterozygous carrier/homozygous
carrier) 51.1/38.1/10.6

† 72.9/24.5/2.2 46.6/41.8/11.4 34.0/46.8/19.1

MMSE 26.8±2.7
* 29.1±1.0 27.04±1.8 23.3±2.0

RAVLT Total Learning 32.5±11.5
* 43.1±10.0 30.8±9.0 23.19±7.6

Digit Symbol 36.9±13.4
* 45.8±10.2 36.8±11.3 26.5±13.2

NPI-Q Apathy (% present) 0.2±0.6 (15.0)
* 0.01±0.1 (1.3) 0.2±0.6 (13.9) 0.5±0.7 (34.0)

NPI-Q Depression (% present) 0.2±0.5 (18.8)
* 0.1±0.3 (5.7) 0.2±0.5 (19.2) 0.4±0.6 (34.0)

CDR-SB 1.8±1.8
* 0.0±0.1 1.6±0.9 4.3±1.6

FAQ 4.9±6.6
* 0.1±0.6 3.8±4.4 13.1±6.9

AD (Alzheimer's disease), AMNART IQ (American National Adult Reading Test intelligence quotient), APOE4 (Apolipoprotein E ε4), CDR-SB
(Clinical Dementia Rating sum of boxes), CN (clinically normal elderly), FAQ (Functional Activities Questionnaire), MCI (mild cognitive
impairment), MMSE (Mini-Mental State Examination), NPI-Q (Neuropsychiatric Inventory brief questionnaire form), RAVLT (Rey Auditory
Verbal Learning Test).

All values (except n, sex, APOE4) represent mean ± standard deviation.

*
p<0.0001 for CN vs. MCI, CN vs. AD and MCI vs. AD.

†
p<0.01 for CN vs. MCI, CN vs. AD and MCI vs. AD.

††
p<0.05 for CN vs. MCI, CN vs. AD and MCI vs. AD.

‡
p<0.001 for CN vs. AD and MCI vs. AD.

‡‡
p<0.01 for CN vs. MCI and MCI vs. AD.
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Table 2

Baseline regional cortical thickness and CSF biomarker concentrations.

Group All subjects CN MCI AD dementia

MRI Variables (mm)

n 802 227 389 186

Inferior temporal 2.64±0.23
* 2.76±0.17 2.64±0.21 2.48±0.24

Supramarginal (lateral parietal) 2.22±0.19
* 2.31±0.17 2.22±0.18 2.13±0.19

Precuneus (medial parietal) 2.03±0.17
* 2.11±0.15 2.02±0.16 1.96±0.19

Rostral anterior cingulate 2.81±0.25
†† 2.86±0.22 2.79±0.24 2.78±0.30

Medial orbitofrontal 2.23±0.20
* 2.30±0.17 2.22±0.19 2.14±0.21

Rostral middle frontal (dorsolateral prefrontal) 2.12±0.17
* 2.20±0.15 2.11±0.16 2.04±0.18

Lateral occipital 1.96±0.15
† 2.01±0.14 1.96±0.15 1.91±0.17

CSF Variables (pg/ml)

n 413 114 198 101

Aβ1-42 170.3 ± 56.8
* 205.6 ± 55.1 163.9 ± 54.9 142.8 ± 40.9

t-tau 98.6 ± 56.7
* 69.7 ± 30.4 103.69 ± 61.0 121.8 ± 57.8

p-tau181p 34.1 ± 18.7
* 24.9 ± 14.6 35.6 ± 18.0 41.7 ± 19.9

Aβ1-42 (amyloid-beta 1-42 peptide), AD (Alzheimer's disease), CN (clinically normal elderly), CSF (cerebrospinal fluid), MCI (mild cognitive

impairment), MRI (magnetic resonance imaging), p-tau181p (tau phosphorylated at threonine 181), t-tau (total tau). MRI values represent bilateral
averaged cortical thickness by region.

All values (except n) represent mean ± standard deviation.

*
p<0.0001 for CN vs. MCI, CN vs. AD and MCI vs. AD.

†
p<0.005 for CN vs. MCI, CN vs. AD and MCI vs. AD.

††
p<0.001 for CN vs. MCI and CN vs. AD.
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