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Abstract

Positive cerebrospinal fluid (CSF) biomarkers of tau and amyloid beta42 suggest possible active 

underlying Alzheimer’s Disease (AD) including neurometabolic dysfunction and 

neurodegeneration leading to eventual cognitive decline. But the temporal relationship between 

CSF, imaging markers of neural function, and cognition has not been described. Using a statistical 

mediation model, we examined relationships between cerebrospinal fluid (CSF) analytes 

(hyperphosphorylated tau (p-Tau181p), β-amyloid 1–42 (Aβ1–42), total tau (t-Tau), and their 

ratios); change in cognitive function; and change in [18F]fluorodeoxyglucose (FDG) uptake using 

positron emission tomography (PET). We hypothesized that a) abnormal CSF protein values at 

baseline, result in cognitive declines by decreasing neuronal glucose metabolism across time, and 

b) the role of altered glucose metabolism in the assumed causal chain varies by brain region and 

the nature of CSF protein alteration.

Data from 412 individuals participating in Alzheimer’s Disease Neuroimaging (ADNI) cohort 

studies were included in analyses. At baseline, individuals were cognitively normal (N = 82), or 

impaired: 241 with mild cognitive impairment, and 89 with Alzheimer’s disease. A parallel-

process latent growth curve model was used to test mediational effects of changes in regional 
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FDG-PET uptake over time in relation to baseline CSF biomarkers and changes in cognition, 

measured with the 13-item Alzheimer Disease’s Assessment Scale–cognitive subscale (ADAS-

Cog).

Findings suggested a causal sequence of events; specifically, FDG hypometabolism acted as a 

mediator between antecedent CSF biomarker alterations and subsequent cognitive impairment. 

Higher baseline concentrations of t-Tau, and p-Tau181p were more predictive of decline in cerebral 

glucose metabolism than lower baseline concentrations of Aβ1–42. FDG-PET changes appeared to 

mediate t-Tau or t-Tau/Aβ1–42 -associated cognitive change across all brain regions examined. 

Significant direct effects of alterations in Aβ1–42 levels on hypometabolism were observed in a 

single brain region: middle/inferior temporal gyrus.

Results support a temporal framework model in which reduced CSF amyloid-related biomarkers 

occur earlier in the pathogenic pathway, ultimately leading to detrimental cognitive effects. Also 

consistent with this temporal framework model, baseline markers of neurofibrillary degeneration 

predicted changes in brain glucose metabolism in turn causing longitudinal cognitive changes, 

suggesting that tau-related burden precedes neurometabolic dysfunction. While intriguing, the 

hypothesized mediational relationships require further validation.
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1 Introduction

A number of studies have investigated the efficacy of specific potential biomarkers of 

Alzheimer’s disease (AD) pathology in the cerebrospinal fluid (CSF) and regional cerebral 

glucose metabolic rate, measured by positron emission tomography (PET) imaging with 

[18F]fluorodeoxyglucose uptake (FDG-PET), to predict outcomes, discriminate between 

disease stages, and assess prognosis (Choo et al., 2013; Herholz et al., 2003; Landau et al., 

2010). The most frequently studied CSF analytes in AD for prognostic accuracy include 

markers for neurofibrillary degeneration (i.e., total tau [t-Tau] and hyperphosphorylated tau 

at threonine 181 [p-Tau181p] proteins) and β-amyloid (Aβ) plaque pathology (Aβ peptide 1 

to 42 [Aβ1–42]). Compared to individual markers, ratios combining CSF measures have been 

shown to be stronger predictors of cognitive decline in different populations. For example, 

elevated ratios of p-Tau181p/Aβ1–42 and/or t-Tau/Aβ1–42 predict cognitive impairment within 

a few years of onset in non-demented older adults (Craig-Shapiro et al., 2010; Fagan et al., 

2007; Li et al., 2007; Roe et al., 2013), conversion from mild cognitive impairment (MCI) to 

AD (Hansson et al., 2006), and faster progression of functional and cognitive deficits in 

individuals with incipient dementia of the Alzheimer type (Snyder et al., 2009). Similarly, in 

group studies FDG-PET has been consistently shown to be sensitive in detecting 

neurometabolic dysfunction even at the preclinical asymptomatic stage of AD, which 

strongly suggests its suitability as a marker to study the effect of disease pathology on brain 

metabolic function (de Leon et al., 2001; Drzezga et al., 2011; Jagust et al., 2006; Mosconi, 

et al., 2013, 2010, 2009; Reiman et al., 2001). Furthermore, FDG-PET studies with cohorts 
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of cognitively intact middle-age and young Apolipoprotein E (ApoE) ε4 carriers have also 

revealed MCI- and AD-like patterns of metabolic lesions in the same brain regions typically 

affected in clinical AD (Mosconi et al., 2008; Reiman et al., 2004; 1996). FDG PET and tau-

related CSF analytes are both indicators of neural injury, but the temporal effects of these 

markers on each other and on cognitive decline has not been studied in a multimodal 

framework allowing for formal tests of mediational hypotheses.

Over the past decade, many studies have focused on defining the associations between 

symptom severity, alterations in CSF constituents or Aβ deposition, and concomitant or co-

occurring decreased FDG uptake in several brain regions including parietal, temporal, and 

posterior cingulate gyrus. These associations have been largely studied in cognitively 

normal individuals (Petrie et al., 2009), those with MCI and AD compared with normal 

controls (Arlt et al., 2009; Fellgiebel, 2007; 2004; Hunt, 2006), or asymptomatic middle-age 

adults at increased risk for AD (Mosconi et al., 2013, 2008). Despite the consistent 

longitudinal research evidence on key AD-related biological changes, only a few studies 

have investigated longitudinal dynamic changes in multiple biomarkers associated with AD 

pathology (see, for example, de Leon et al., 2006; Lo et al., 2011; Sluimer et al., 2010; 

Zhang & Shen, 2011, 2012). One of these studies (Lo et al., 2011) used separate models, 

instead of a single multiple-group growth model (Muthén and Curran, 1997), to examine the 

relative associations between rates of change in Aβ1–42 levels, FDG uptake, hippocampal 

volume, and rates of change in cognitive function in individuals enrolled in the Alzheimer’s 

disease Neuroimaging Initiative (ADNI) study. The authors concluded that the pattern of 

changes across diagnostic groups (cognitively normal, CN; MCI; and AD) obtained in 

separate analyses provided evidence in support of a sequential association of events in 

which Aβ amyloid deposition preceded hypometabolism or hippocampal atrophy. However, 

to the best of our knowledge, no studies have applied longitudinal mediation models to 

explicate possible causal relationships between multiple biomarkers and their effect on 

cognitive outcomes in a heterogeneous sporadic disease population. The application of these 

modeling approaches is important in exploring and testing hypotheses on the role of 

biological markers in the chain of events that ultimately cause axonal dysfunction and 

neuronal degeneration. Although the mechanisms underlying these effects are still unknown, 

model-based hypothesis testing may elucidate causal relationships as possible explanations 

of these effects.

The present study applied a parallel-process latent growth curve (PPLGC) model (Cheong et 

al., 2003; MacKinnon, 2008) to test whether the relationship between several analytes in 

CSF, including p-Tau181p, Aβ1–42, t-Tau, and their ratios, and changes in cognitive function 

was mediated by changes in glucose metabolism in subjects diagnosed at baseline as CN, 

MCI, or AD. We hypothesized that a) abnormal CSF protein values at baseline increase the 

rate of decline in cognitive function by decreasing glucose metabolism across time, and b) 

the role of the mediator in the assumed causal chain varies across brain regions and the form 

of CSF protein level affected at baseline.
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2 Materials and Methods

2.1 Participants

Data used in the preparation of this article were obtained from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI was launched in 

2003 by the National Institute on Aging (NIA), the National Institute of Biomedical Imaging 

and Bioengineering (NIBIB), the Food and Drug Administration (FDA), private 

pharmaceutical companies and non-profit organizations, as a $60 million, 5- year public-

private partnership. The primary goal of ADNI has been to test whether serial magnetic 

resonance imaging (MRI), positron emission tomography (PET), other biological markers, 

and clinical and neuropsychological assessment can be combined to measure the progression 

of mild cognitive impairment (MCI) and early Alzheimer’s disease (AD). Determination of 

sensitive and specific markers of very early AD progression is intended to aid researchers 

and clinicians to develop new treatments and monitor their effectiveness, as well as lessen 

the time and cost of clinical trials. The Principal Investigator of this initiative is Michael W. 

Weiner, MD, VA Medical Center and University of California – San Francisco. ADNI is the 

result of efforts of many co-investigators from a broad range of academic institutions and 

private corporations, and subjects have been recruited from over 50 sites across the U.S. and 

Canada. The initial goal of ADNI was to recruit 800 subjects but ADNI has been followed 

by ADNI-GO and ADNI-2. To date these three protocols have recruited over 1500 adults, 

ages 55 to 90, to participate in the research, consisting of cognitively normal older 

individuals, people with early or late MCI, and people with early AD. The follow up 

duration of each group is specified in the protocols for ADNI-1, ADNI-2 and ADNI-GO. 

Subjects originally recruited for ADNI-1 and ADNI-GO had the option to be followed in 

ADNI-2. For up-to-date information, see www.adni-info.org. The study obtained written 

informed consent from all participants and was conducted with prior institutional review 

board approval at each participating center.

The population for this study included all participants with FDG-PET measures (up to the 

24-month visit) and neuropsychological data (up to the 36-month follow-up visit) for at least 

two time points and available baseline CSF data. FDG measures that “failed” local quality 

control standards, had missing quality assessments, or obtained a “partial” assessment were 

excluded from the analysis. The study comprised 85.5% of the total sample in ADNI who 

underwent lumbar puncture at baseline. As shown in Table 1, the final analytical sample 

included 412 older adults with available data on variables of interest (1,363 person-time 

observations) diagnosed at study entry as NC (N = 82), MCI (N = 241), and AD (N = 89). 

The participants were mostly male (57.5%), ranged in age from 48 to 89 years (M = 72.28, 

SD = 7.32), reported an average of 16.33 years of education (SD = 2.62; range, 8–20 years), 

and roughly 54% were carriers of at least one ApoE-ε4 allele. Table 1 also reports global 

cognition at baseline measured by the Mini Mental State Examination (MMSE; Folstein et 

al., 1975). As a way of evaluating the selectivity of the studied sample, we compared its 

demographic characteristics with those of the full ADNI participant population at baseline. 

The analytical sample did not differ from the general participant population in terms of age 

(MADNI=72.79, SDADNI=7.67; Msample=72.28; SDsample=7.32; p=0.905) and gender 

(MADNI=0.54, SDADNI=0.49; Msample=0.58; SDsample=0.49; p=0.063). However, the studied 
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sample was, on average, more educated (MADNI=15.80, SDADNI=2.92; Msample=16.33; 

SDsample=2.62; p<0.001) and had a higher prevalence of ApoE-ε4 carriers (MADNI=0.47, 

SDADNI=0.49; Msample=0.55; SDsample=0.49; p=0.003). Therefore, results from the current 

data set are most applicable to a group of individuals who, on average, have a college-level 

degree and close to 50% have, at least, one copy of the ε4 allele.

2.2 FDG-PET measures

Longitudinal summary measurements of hypometabolism were obtained from images 

preprocessed at the University of California, Berkeley (UC Berkeley), following a standard 

four-step procedure described in http://adni.loni.usc.edu/methods/pet-analysis/pre-

processing/. Further details on the quality control analyses and procedures to enhance 

uniformity and reduce variability in PET images across centers are provided in Joshi et al. 

(2009). The full standardized protocol for image analysis is described in http://www.adni-

info.org/Scientists/ADNIStudyProcedures.aspx. FDG-PET data analyzed at UC Berkeley 

used pre-specified regions of interest (ROIs) generated through a meta-analysis of PubMed 

longitudinal and cross-sectional studies identifying the location of FDG-PET changes in the 

brain most commonly affected in AD and MCI patients or that were correlated with 

cognitive performance. Detailed procedures for the FDG-ROI generation and subsequent 

smoothing and normalization of volumes are explained elsewhere (Jagust et al., 2010, 2009; 

Landau et al., 2010). The analytical approach resulted in a set of five regions located in 

bilateral posterior cingulate gyrus, right and left angular gyri, and middle/inferior temporal 

gyrus (denoted here as right and left temporal). Given the high bivariate correlations 

between the five FDG-ROIs at baseline and across assessment waves (0.425 to 0.876), a 

unit-weighted composite was also generated by averaging across all five ROIs for each 

participant at each observation time-point. Longitudinal FDG measures collected at baseline, 

6-month, 12-month, 18-month (only MCI), and 24-month were modeled as mediators in all 

subsequent parallel growth process models. The collection of FDG-PET images varied 

slightly per study protocol: ADNI 1 followed the schedule mentioned above; ADNI 1 CN 

and late MCI individuals meeting the follow-up eligibility criteria for inclusion in ADNI-

GO, continued with yearly FDG imaging events; PET scans for early MCI subjects newly 

enrolled in ADNI-GO (approximately 200 in the main study) were obtained at baseline; and 

ADNI-2 obtained PET scans at baseline and every two years thereafter. Baseline mean 

values for the five FDG-ROIs and the composite ROI included in the present study are 

presented in Table 1.

2.3 Cognitive Measures

The Alzheimer’s Disease Assessment Scale–Cognitive subscale (ADAS-Cog) (Mohs et al., 

1983, Rosen et al., 1984) was used as the target outcome measure. The ADAS-Cog is a 

rating instrument commonly used to measure cognitive dysfunction in clinical trials and for 

detecting, tracking, and staging AD. It was administered by trained individuals at each study 

site. Scores are obtained from written and verbal responses to items measuring key areas of 

cognition in AD including verbal episodic memory, language, comprehension, and 

ideomotor praxis. The standard ADAS-Cog includes 11 items and the expanded scale 

(ADAS-Cog-13) includes two additional items measuring visual attention and concentration 

(digit cancellation) and delayed verbal recall. The expanded ADAS-Cog-13 scale was 
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selected as the longitudinal outcome measure. The 13 items were combined into a unit-

weighted composite score ranging from 0 to 85 with lower scores indicating better cognitive 

performance. This measure was selected because it is a global cognitive scale assessing 

multiple domains and is more precise in measuring mild degrees of impairment than other 

global cognitive impairment measures such as the MMSE (Tombaug & McIntyre, 1992; 

Wouters et al., 2010). The study included outcome observations from all participants taken 

at five data collection time points: baseline, 6-month, 12-month, 18-month, 24-month, and 

36-month. Note that compared to the FDG mediation process, assumed to unfold from 

baseline to month 24, the cognitive outcome change process extended the span of time to 

include an extra year to attenuate issues involving concurrent causation (Salthouse, 2011; 

Selig and Preacher, 2009).

The ADNI study administers alternate test forms at each visit in which only the word lists 

are varied to minimize practice effects. To insure unambiguous interpretation of changes in 

the ADAS-Cog-13 between time points, we conducted longitudinal measurement invariance 

tests over a 36-month interval to determine whether the test items assessed the same 

attribute across time (Horn and McArdle, 1992; Meredith, 1993). Longitudinal invariance 

was evaluated using a confirmatory factor analysis within the framework of structural 

equation modeling (SEM; Meredith, 1993; Schaie et al., 1998). We tested and compared a 

series of nested models that sequentially imposed more restrictive constraints on the model 

parameters across time. That is, we assessed the degree to which ADAS-Cog-13 factor 

structure (configural invariance), factor loadings (metric invariance), factor variance/

covariance and item means (scalar invariance), and item error variances were similar across 

time. The results provided evidence in support of the test’s longitudinal factorial invariance 

over the 36-month period. (Results are available upon request from the first author.) Means 

and standard deviations of the ADAS-Cog-13 at baseline are reported in Table 1. The test 

reliability estimate of a 12-month test-retest correlation was 0.86.

2.4 CSF Biomarker Measures

The standardized protocol for CSF sample collection and analysis in ADNI is available at 

http://www.adni-info.org/Scientists/ADNIStudyProcedures.aspx. Briefly, baseline CSF 

samples were collected at each study center and placed in polypropylene transfer tubes 

followed by aliquoting, freezing at −80°C, and shipping on dry ice to the ADNI Biomarker 

Core laboratory at the University of Pennsylvania Medical Center for banking, processing, 

and analysis (Shaw, 2008). After implementing the necessary quality control studies and 

establishing the validity of the analytical platform, the baseline CSF t-Tau, Aβ1–42, and p-

Tau181p were measured using the multiplex xMAP Luminex platform and Innogenetics 

(INNO-BIA AlzBio3, Ghent, Belgium) immunoassay kit-based reagents. This system 

measures the biomarkers simultaneously in the same sample aliquot in ADNI individuals 

and in an independent age-matched cohort of autopsy-confirmed AD cases with premortem 

CSF samples (Shaw et al., 2009).

As displayed in Figure 1, the mediational process was modeled by associating baseline CSF 

measures (predictors) and latent growth factors for FDG-PET measures (capturing changes 

in the metabolic rate for glucose) and cognitive function also indexing changes over time. 
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Baseline means and standard deviations for raw CSF variables are presented in Table 1 by 

clinical group. Prior to statistical modeling, CSF biomarker data were log-transformed to 

normalize their distribution.

To strengthen the validity of the mediation analysis, all models controlled for the following 

covariates: initial clinical diagnosis, age at baseline, gender (coded as 1 for Male), education 

level, and ApoE status coded as ε4 present versus absent. A contrast coding scheme was 

used for the three-level clinical diagnosis variable assigning “normal control” as the 

reference level.

2.5 Statistical Analysis

A SEM approach of building and evaluating latent growth curve models (LGC; Meredith 

and Tisak, 1990; Muthén and Curran, 1997; Singer and Willet, 2003) was used to tease apart 

direct versus indirect effects of CSF biomarkers on the rate of decline in cognitive function 

and the potential mediating effects of changes in brain glucose metabolism when included in 

the causal pathway in a parallel change process. In the LGC model applied in this study, 

performance at a given measurement time-point was determined by two factors (Tucker-

Drob, 2011) : 1) an initial level factor representing baseline performance, and 2) a change or 

“growth” curve slope factor, which represented annual change in the outcome over the span 

of the study. A PPLGC model allows the simultaneous modeling of the growth trajectories 

of the mediator and outcome and the assessment of mediational processes (Cheong et al., 

2003; MacKinnon, 2008). In this study, hypotheses concerning indirect or mediational 

effects were tested by using parameter estimates obtained from the effect of baseline CSF 

measures (xi) on the growth rate factor of the mediator (brain glucose metabolism) and the 

growth rate factor of the outcome (cognitive function). This tenable explanatory mechanism 

was modeled and tested using the two-wave PPLGC mediation model with non-equidistant 

time points shown graphically in Figure 1. Assuming linear relationships, the growth of the 

measured variable for the cognitive outcome and the FDG-PET mediator (measurement 

models) are expressed, respectively as:

(1)

where Y and M represent the vector of repeated measures for individual i over the t time 

points (0, 6, 12,… ,T). The growth parameters include vectors for initial status (θ0 for 

cognition and α0 for the mediator) and for the linear slope (θ1 and α1) (Muthén and Curran, 

1997). The following regression equations are estimated to obtain the mediation–relevant 

portions of the model:

(2)

(3)

The residuals ζ1 and ζ2 are assumed to be normally distributed with zero means, variances 

σ2
1 and σ2

2 are uncorrelated with each other and the covariates (cij; j=1,…,5) (Muthén and 

Aparouhov, 2014). Inserting equation (3) in (2) yields:
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(4)

Equation (4) states that the “direct” effect of CSF (xi) (obtained at baseline) on the cognitive 

slope (θ1), which captures the linear change in cognition over three years, is β2 and the 

“indirect” or “mediation” effect through the FDG-PET slope, which also captures linear 

change but over a 2-year period, is β1γ1. Both of these effects are conditional on the joint 

effect of all the predictors in the model.

Some of the advantages of using a LGC modeling framework to study individual differences 

in growth parameters and assess mediational mechanisms over similar approaches (e.g., 

hierarchical modeling or mixed effects techniques) include the capability to (1) model more 

complex multivariate relationships containing, for example, multiple independent measures 

and time-invariant or variant mediation influencing the underlying random effects of an 

outcome trajectory, (2) define change over time in terms of unobserved latent factors (Singer 

and Willet, 2003), (3) estimate model parameters simultaneously, and (4) incorporate in the 

model the unreliability of observed measures (measurement error) (Muthén, 1991; Rovine 

and Molenaar, 2001).

The PPLGC modeling scheme for testing mediation proceeded in several steps. First, using 

a univariate two-factor LGC model, we examined presence and type (linear, quadratic, etc.) 

of change in the outcome (cognitive function) and the mediator (regional brain glucose 

uptake) over data collection time points and whether or not change trajectories varied as a 

function of the type of CSF biomarker. That is, we estimated single-outcome latent growth 

models for a) cognition and b) FDG-PET measures in each of six regions (bilateral posterior 

cingulate gyrus, right and left angular gyri, right and left temporal gyri, and the average of 

all regions) each with two latent factors defining, respectively, the level (intercept) and the 

slope of the “growth” curve. Control variables (clinical diagnosis, age at baseline, gender, 

education, and ApoE) were also included in these models. Subject-specific mean functions 

were plotted to explore growth shape and marginal growth trends. We used a time-based 

LGC model in which the rates of change were assumed to be person-specific functions of 

time since baseline evaluation or the number of data collection time points (for other 

approaches, see McArdle et al., 2002). That is, we centered time scores at time point 1. The 

factor loadings of the growth factor were first fixed to represent “linear” change and the fit 

of the model was examined. The inclusion of higher-order terms in the growth curves and 

freely estimated time points (represented with an asterisk * in Figure 1) were also examined. 

Second, after confirming growth and examining the shape of the trajectories, we combined 

the models to include two outcomes at once and tested for the longitudinal mediational 

effects of regional FDG-PET measures estimating the parameters simultaneously.

In all PPLGC models, the significance of mediation (indirect) effects was examined using 

95% bias-corrected (Bc) bootstrapped asymmetric confidence intervals (CIs) (Efron and 

Tibshirani, 1993; MacKinnon et al., 2002; Preacher and Hayes, 2008). Bc bootstrapped 

asymmetric CIs do not require normality of the sampling distribution of the indirect 

(mediation) effect estimates and the constituent paths of the indirect effects and coverage 

properties of estimates are good even in small samples (Kilian, 1998; Mackinnon et al., 
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2008, 2004). Additionally, Bc bootstrapped CIs take into account possible correlations 

among all the explanatory variables included in the model, allow dependencies between the 

standard error of the estimated effect and the effect parameter, and efficiently single out 

mediational effects, possibly improving the validity of statistical inferences. All mediational 

tests were performed with 10,000 bootstrap replications. If the 95% Bc CI for a given point 

estimate failed to include 0, the effect was said to be significant. The normal approximation 

CIs were provided for all the single direct paths in the model.

The fit of hypothesized models was assessed using multiple fit indexes that were sensitive to 

model misspecification in growth curve models and did not depend on sample size as much 

as the χ2 test (Schermelleh-Engel et al., 2003; Wu et al., 2009). These included: the root 

mean square error of approximation (RMSEA; Browne and Cudeck, 1993), the comparative 

fit index (CFI; Bentler and Bonett, 1980), and the Tucker-Lewis Index (TLI; Tucker and 

Lewis, 1973). Models with CFI and TLI values greater than 0.95 were considered to 

adequately fit the data and a RMSEA less than 0.08 indicated satisfactory fit (Hu and 

Bentler, 1999; Russell, 2002). We also used residual diagnostics procedures to assess 

possible model misspecification (Wang et al., 2005). Descriptive analyses and exploration of 

growth trajectories were performed in R, Version 3.0.2 (R Foundation for Statistical 

Computing, Vienna, Austria). Growth model analyses were conducted in Mplus, Version 

7.11 (Muthén and Muthén, 2013) using a full information maximum likelihood estimator.

3 Results

Table 2 reports the bivariate correlations among the baseline predictors, the mediators across 

five assessment points and the neurocognitive outcomes measured at six time points. It can 

be seen that FDG-PET mediators for the average measures across regions and cognitive 

ability outcomes were strongly and negatively correlated both within and across data 

collection time points. Most CSF measures were correlated with both longitudinal cognitive 

and FDG metabolic measures. All variables appeared to be correlated with outcomes of 

interest, prior to or after multiple comparison adjustments, justifying their inclusion in the 

analyses.

3.1 Univariate Growth Curve Models

3.1.1 ADAS-Cog-13 Outcome—Detailed results for all univariate LGC models 

including ADAS-Cog-13 as the outcome are reported in the supplemental materials, Table 

A.1, Appendix A. All models produced a good fit according to established criteria. The CFI 

and TLI indices varied from 0.996 to 1 and RMSEA values ranged from 0 to 0.032. The 

mean “growth” trajectory or change factor estimate for the unconditional (no covariates) 

model was positive and highly significant (1.87, p < 0.001) indicating an average decline of 

about two units per year in the ADAS-Cog-13. All the conditional models also produced 

statistically significant mean growth trajectories. The variances of the intercept and growth 

factors exhibited statistically significant individual variability in initial status and change in 

cognition over time (all ps < 0.05). All but Aβ1–42 CSF measures yielded a positive and 

statistically significant effect on both level (initial status) and change in cognitive 

performance over time. The effect of Aβ1–42 on both growth factors was negative and also 
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significant; that is, low baseline amyloid beta protein levels predicted poor baseline 

cognitive performance (higher scores in the test) and faster decline over time. After testing 

alternative models, a linear growth system with additive random coefficients was 

appropriate for the target cognitive outcome. A linear trend was also observed in the panel 

of individual plots for the response variable over the time periods included in this study.

3.1.2 FDG-PET Mediator—Table A2, Appendix A, summarizes the results of the 

univariate LG models for the FDG-PET mediator as an outcome organized by regional brain 

measure (posterior cingulate gyrus, right and left angular gyri, right and left temporal gyri, 

and the average of all regions). The overall fit indices strongly suggested that the models fit 

the data well (CFI, range: 0.985 to 1; TLI, range: 0.979 to 1; RMSEA, 0 to 0.035). A linear 

LGC model also provided a good fit and was deemed appropriate for the data. The shape of 

the growth curve was also inspected using individual and mean plots.

The mean of the slope growth factor for all unconditional models across brain regions was 

negative and statistically significant ranging from (−0.025, p < 0.001; Average regional 

FDG-PET effect) to (−0.031, p < 0.001; Posterior cingulate effect). The negative rate of 

change in the slope indicated that, on average, FDG-PET scores decreased about 0.03 points 

between each assessment. Statistically significant variance of intercepts and slopes 

suggested non-trivial individual variability in both intercept and slopes around their mean 

values across the five time points. Participants varied in their initial glucose metabolism 

scores and their rates of change over time. Interestingly, the effect of CSF measures on 

initial and longitudinal changes in cerebral metabolic rates of glucose utilization, varied by 

brain region. For example, Aβ1–42 CSF measures had a significant positive regression 

coefficient for the FDG-PET slope growth factor only in the left temporal region. That is, 

low Aβ1–42 levels were associated with faster decline in glucose metabolism specifically in 

the left temporal gyrus. The same relationship was not observed in the other brain regions 

under study. Notably, however, in all brain regions, low baseline levels of Aβ1–42 were 

associated with low initial glucose metabolism. Similarly, the effect of higher levels of p-

Tau181p/Aβ1–42 on a significant reduction of glucose uptake was observed in all but the right 

and left angular gyri. As shown in Table A2, all the other baseline CSF measures (p-

Tau181p, t-Tau, and t-Tau/Aβ1–42) were highly predictive of changes in glucose metabolic 

rates over time in all five brain regions and their composite (all ps < 0.01).

3.2 Parallel Process Latent Growth Curve Models and Mediation Tests

The main goal of this study was to formally test the mediational effect of changes in FDG-

PET uptake in the relationship between baseline CSF biomarkers and changes in cognitive 

performance. That is, we set out to test the hypothesis that altered CSF measures would 

result in regional glucose hypometabolism in the brain and this metabolic change, in turn, 

would increase cognitive decline over a three-year period. To this end, the FDG-PET 

mediator LGC model described above was combined with the cognitive function outcome 

growth model into a PPLGC model and regressed on baseline CSF biomarkers, gender, 

education, age, ApoE, and diagnosis at entry. The hypothesized relationships among the 

latent growth factors and predictors describing the mediational process depicted in Figure 1 

were estimated separately for each analyte and mean glucose metabolic rate in each ROI. 
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The point estimates of these relationships and corresponding 95% CIs are reported in Table 

3 by brain region and CSF biomarker predictor.

3.2.1 FDG-PET as Mediator—The role of decline in FDG-PET metabolism as a process 

variable mediating the effects of alterations in baseline CSF biomarkers on changes in 

cognitive function varied by CSF analyte and brain region. However, the effect of changes 

in metabolic function on changes in cognition was statistically significant across all ROIs. 

That is, in all models, increased metabolic dysfunction was associated with cognitive decline 

over time, irrespective of the CSF biomarker predictor or measured brain region. All the 

direct paths from metabolic function measures to cognitive performance were significant 

(see Table 2). Interestingly, the estimated mediated effects of FDG uptake in the left 

temporal region were significant for all the CSF biomarker predictors evaluated in this 

study. Compared to the effect of biomarkers of Aβ accumulation, such as Aβ1–42, 

biomarkers of neuronal degeneration or injury (t-Tau, p-Tau181p, and ratios including these 

analytes) had a stronger effect on changes in FDG as a mediator across all brain regions. In 

all ROIs, the tests of FDG-PET change rate as a mediator of the effects of t-Tau and t-Tau/ 

Aβ1–42 on cognitive change were statistically significant. For example, in the right temporal 

region illustrating mediation of t-Tau/Aβ1–42 effects, the significance of direct and indirect 

paths suggested a mediational process such that high baseline Tau/ Aβ1–42 levels negatively 

affected FDG-metabolism by decreasing glucose metabolic rate, which in turn had a 

detrimental effect on changes in cognitive function over the studied time period.

The effect of alterations in Aβ1–42 as a predictor of cognitive decline was only mediated by 

the effect of FDG uptake assessed in the left temporal brain region. As depicted in Figure 2, 

the mediational effects of metabolic function in the “composite” or average FDG uptake 

over five regions (middle/inferior temporal, bilateral posterior cingulate, and lateral angular) 

were significant for all CSF biomarker predictors except for Aβ1–42. This finding suggests 

that a composite FDG score may be more reliable but not necessarily a valid or 

representative measure of metabolic activity in specific brain regions included in the average 

possibly having an important role in the causal chain (or sequence) of neuropathological 

events leading to AD.

4. Discussion

This study sought to investigate the mechanisms behind the dynamic association between 

alterations in CSF biomarkers and longitudinal changes in cognitive performance and FDG 

uptake over time. In our principal analysis we used a multimodal framework to 

simultaneously model the longitudinal changes in brain glucose metabolism, longitudinal 

changes in cognition, their association over time, and the impact of baseline CSF measures 

on these associations while controlling for demographic variables, baseline clinical 

diagnosis, and ApoE ε4 status. We formally tested whether the relationship between CSF 

analytes and the growth (change) trajectory for cognitive function was mediated by the 

growth (change) trajectories of glucose uptake and how the mediation process varied by 

target brain region. In all models, altered levels of CSF peptides were hypothesized to have a 

neurotoxic effect leading to decreased glucose utilization and impaired cell function, 
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indexed at an aggregate level by FDG-PET, causing in turn cognitive decline as measured 

by ADAS-Cog-13.

Our findings suggest a regional causal sequence of events that identifies change in FDG 

hypometabolism as a mediator between antecedent alterations in the production of CSF 

biomarkers and subsequent cognitive impairment. Reduced glucose uptake also implies 

either a reduction in the number of synapses or a reduced synaptic metabolic activity over 

time mediating the effect of early measures of CSF markers on changes in cognitive 

function. In all pre-defined ROIs, which were selected based on an extensive meta-analysis 

(Landau et al., 2011) suggesting these are commonly-implicated regions in symptomatic 

AD, higher baseline concentrations of putative indicators of neuronal damage, such as t-Tau, 

p-Tau181p, and ratios including these measures, were more predictive of decline in cerebral 

glucose metabolism, which caused in turn decline in cognition, than lower baseline 

concentrations of Aβ1–42; a known marker of Aβ sequestration in neuritic plaques. 

Mediational tests modeling changes in cerebral metabolic rate for glucose, as the mediator 

of the effect of t-Tau or t-Tau/ Aβ1–42 on cognitive change across time, were significant 

across all brain regions. Consistent with previous findings, primarily in cross-sectional 

studies, a significant direct effect of alterations in Aβ1–42 levels on hypometabolism was 

observed in a single brain region: the middle/inferior temporal gyrus (Okamura et al., 1999; 

Petrie et al., 2009). Similarly, after including cerebral glucose uptake as a mediator in the 

causal path, the association between baseline Aβ1–42 or tau-related measures and cognitive 

decline observed in the univariate growth models became insignificant. These findings 

provide support for the revised temporal framework model posited by Jack and colleagues 

(2013) in which reduced CSF levels of the Aβ1–42 peptide (amyloid-related biomarkers 

reflecting extracellular amyloid burden) may occur much earlier in the pathogenic chain of 

events and are thus weakly correlated with concurrent cognition, but may ultimately lead to 

detrimental effects on cognition. Congruent with this theory of a temporal sequence of 

pathological changes, we also showed that baseline markers of intra-neuronal neurofibrillary 

degeneration (t-Tau, p-Tau181p, and ratios including these biomarkers) predicted changes in 

brain glucose metabolism (a biomarker of neuronal function and structure) causing in turn 

changes in cognitive performance across time. Using an extension of the recently-introduced 

event-based model (Fonteijn et al., 2012) with multimodal data, but focusing on “ordering” 

of events rather than longitudinal mediation, Young et al., 2014 also found a sequence of 

events strongly placing CSF and atrophy rates before cognitive test scores.

This study examined longitudinal data from a sample representing the full range of the AD 

spectrum from healthy controls to mild dementia and provided new information regarding 

the broad temporal chain of events across the disease continuum. The study was not 

designed to assess relatively early or transient nonlinear signal in presymptomatic subjects. 

For example, some studies (Landau et al., 2012) have shown a greater association between 

Aβ deposition and cognitive decline in CN individuals than in individuals at later stages of 

the disease for whom hypometabolism may become more prominent consequently affecting 

cognitive abilities. Yet, other studies suggest the presence of upregulated FDG metabolism 

in individuals with a positive β-amyloid PET imaging result, but cognitively normal (Oh et 

al., 2014). The revised hypothetical biomarker curve model proposed by Jack et al. (2013) 

also conveys the idea that early increases in metabolism may pre-date amyloid 
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accumulation. To formally study such early FDG changes it would be necessary to target 

people who will eventually develop AD and examine their serial FDG metabolic patterns in 

the preclinical phase. Several ongoing projects are studying this phase and the application of 

the types of models we have described here to establish and test competing causality 

hypotheses would be of interest in that phase of the disease (Johnson et al., 2014; Reiman et 

al., 2012; Villemagne et al., 2013).

As we have noted above, the results are highly consistent with prior work demonstrating 

stronger associations between cognition and tau-related pathology rather than amyloid-

related pathology. Presumably this is linked to the fact that neurofibrillary tangles are 

intracellular and the detection of these analytes in the CSF may be from the breakdown and 

clearance of such affected cells. A consistently replicated finding is that a large portion of 

cognitively healthy older adults and people at risk harbor amyloid in the brain (Johnson et 

al., 2014; Villemagne et al., 2014). In a recent study of brain banked cases, Perez-Neivas et 

al. (2013) showed that compared to AD, cognitively normal but amyloid harboring control 

brains were more likely to have diffuse rather than neuritic plaques, less inflammation and 

microglial activation, fewer neurofribrillary tangles, and more neurons and synapses. These 

and other studies (Niedowicz et al., 2012) suggest that this type of amyloid formation may 

be predictive of subsequent neurofibrillary pathology and eventual neurometabolic decline. 

However, CSF amyloid analytes and amyloid imaging are not sufficiently sensitive to 

dissociate benign from toxic amyloid formations accruing in the brain. Tau imaging with 

PET (Chien et al., 2014; Okamura et al., 2014; Xia et al., 2014) is a new technique that can 

be done serially over time in individual patients. While, like amyloid biomarkers, the 

specificity to the various tau forms has not been established, such methods will likely be 

helpful in characterizing the accumulation and spread of fibrillary tau-related pathology in 

the development of AD.

This study has some limitations that should be noted. The ADNI sample used in the analysis 

had a larger ApoE ε4 prevalence rate (55%) than the total study population (48%). Previous 

research (Reiman et al., 2001, 1996; Small et al., 2000) has demonstrated a link between 

ApoE ε4 carriers and lower cerebral glucose metabolism as compared to ApoE ε4 non-

carriers. Higher prevalence increases positive predictive value and the interpretation of 

findings should take into account the characteristics of the sample. It is also possible that 

there are other variables not measured in the present study that may be causally affecting 

both the brain glucose metabolism mediator and the longitudinal cognitive outcome even 

after conditioning on the covariates we controlled for (Imai et al., 2009). Limitations 

inherent to observational studies curb the ability to infer causality with the certainty of 

randomized or experimental designs. Sequential tests of different predictors of the mediator 

theory set forth in the present study (e.g., tau and amyloid imaging as described above; 

structural measures, such as hippocampal volume and other measures of atrophy; genetic 

profiles of resilience genes and susceptibility genes; markers of microglial-mediated 

inflammation in the brain, such as YKL-40 or plasma-based markers) may be necessary to 

strengthen the results of the analysis (MacKinnon et al., 2007). A natural extension of this 

study would include a third growth process representing the longitudinal effect of changes in 

CSF biomarker predictors on FDG uptake changes as a mediator and cognitive changes as 
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the outcome. To minimize issues related to “concurrent causation” and test a hypothesis of a 

“temporal sequence of events,” a better design would include longitudinal CSF biomarkers 

collected prior to the serial FDG-PET evaluations and repeated cognitive assessments after 

the collection of PET imaging biomarkers using time intervals that allow for the evolution of 

clinically meaningful disease-associated events, which, of course, may vary according to 

disease status. Still, advanced causal inference models may also be required to increase the 

evidence of a true causal mediation (Imai et al., 2010; Jo, 2008). However, despite the 

outlined study design limitations, the results of the present mediation analysis examining 

simultaneously the effect of change processes in the mediator (FDG-PET) on changes in 

cognition (ADAS-Cog-13) do provide information that can be utilized to increase the 

evidence for causal inference. Other modeling approaches using statistical machine learning 

techniques showing promise in optimizing classification and regression performance with 

multimodal baseline and longitudinal data (see, for example, Zang & Zheng, 2012) may also 

be further explored to test hypotheses of temporal sequence of events in disease progression. 

More longitudinal studies and appropriate modeling approaches are required, as well as 

relevant clinical information, to examine and validate hypothesized mediational 

relationships explaining the complex sequence of events leading to neurodegeneration in 

AD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Aβ β-amyloid

Aβ1–42 β-amyloid peptide 1 to 42

Bc Bias-corrected

CFI Comparative fit index

CI Confidence interval

CN Cognitively normal

CSF Cerebrospinal fluid

FDG [18F]fluorodeoxyglucose

LGC Latent growth curve

MCI Mild cognitive impairment

MMSE Mini Mental State Examination

PET Positron emission tomography

PPLGC Parallel-process latent growth curve

p-Tau181p Hyperphosphorylated tau

RMSEA Root mean square error of approximation

ROI Region of interest

SMC Significant memory concern

TLI Tucker-Lewis Index

t-Tau Total tau

References

Alexander GE, Chen K, Pietrini P, Rapoport SI, Reiman EM. Longitudinal PET evaluation of cerebral 
metabolic decline in dementia: a potential outcome measure in Alzheimer's disease treatment 
studies. The American Journal of Psychiatry. 2002; 159:738–745. [PubMed: 11986126] 

Arlt S, Brassen S, Jahn H, Wilke F, Eichenlaub M, Apostolova I, Buchert R. Association between 
FDG uptake, CSF biomarkers and cognitive performance in patients with probable Alzheimer's 
disease. European Journal of Nuclear Medicine and Molecular Imaging. 2009; 36:1090–1100. 
[PubMed: 19219430] 

Bentler PM, Bonett DG. Significance tests and goodness of fit in the analysis of covariance structures. 
Psychological Bulletin. 1980; 88:588–606.

Browne, MW.; Cudeck, R. Alternative Ways of Assessing Model Fit. In: Bollen, K.; Long, J., editors. 
Testing Structural Equation Models. Newbury Park, CA: Sage; 1993. p. 136-162.

Chen FF, Sousa KH, West SG. Testing measurement invariance of second-order factor models. 
Structural Equation Modeling. 2005; 12:471–492.

Cheong J, MacKinnon DP, Khoo ST. Investigation of meditational process using parallel process 
latent growth curve modeling. Structural Equation Modeling. 2003; 10:238–262. [PubMed: 
20157639] 

Chien DT, Szardenings AK, Bahri S, Walsh JC, Mu F, Xia C, Kolb HC. Early clinical PET imaging 
results with the novel PHF-Tau radioligand [F18]-T808. Journal of Alzheimer's Disease. 2014; 
38:171–184.

Dowling et al. Page 15

Neuroimage. Author manuscript; available in PMC 2016 January 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Choo IH, Ni R, Schöll M, Wall A, Almkvist O, Nordberg A. Combination of 18F-FDG PET and 
Cerebrospinal Fluid Biomarkers as a Better Predictor of the Progression to Alzheimer's Disease in 
Mild Cognitive Impairment Patients. Journal of Alzheimer's Disease. 2013; 33:929–939.

Craig-Schapiro R, Perrin RJ, Roe CM, Xiong C, Carter D, Cairns NJ, Holtzman DM. YKL-40: A 
novel prognostic fluid biomarker for preclinical Alzheimer's disease. Biological Psychiatry. 2010; 
68:903–912. [PubMed: 21035623] 

de Leon MJ, DeSanti S, Zinkowski R, Mehta PD, Pratico D, Segal S, Davies P. Longitudinal CSF and 
MRI biomarkers improve the diagnosis of mild cognitive impairment. Neurobiology of Aging. 
2006; 27:394–401. [PubMed: 16125823] 

De Leon MJ, Convit A, Wolf OT, Tarshish CY, DeSanti S, Rusinek H, Fowler J. Prediction of 
cognitive decline in normal elderly subjects with 2-[(18)F]fluoro-2-deoxy-Dglucose/ positron-
emission tomography (FDG/PET). Proceedings of the National Academy of Sciences of the 
United States of America. 2001; 98:10966–10971. [PubMed: 11526211] 

Drzezga A, Becker A, Van Dijk K, Sreenivasan A, Talukdar T, Sullivan C, Putcha D. Neuronal 
dysfunction and disconnection of cortical hubs in non-demented subjects with elevated amyloid 
burden. Brain. 2011; 134:1635–1646. [PubMed: 21490054] 

Ewers M, Sperling RA, Klunk WE, Weiner MW, Hampel H. Neuroimaging markers for the prediction 
and early diagnosis of Alzheimer's disease dementia. Trends Neuroscience. 2011; 34:430–442.

Fagan AM, Roe CM, Xiong C, Mintun MA, Morris JC, Holtzman DM. Cerebrospinal fluid tau/beta-
amyloid(42) ratio as a prediction of cognitive decline in nondemented older adults. Archives of 
Neurology. 2007; 64:343–349. [PubMed: 17210801] 

Fellgiebel A, Siessmeier T, Scheurich A, Winterer G, Bartenstein P, Schmidt LG, Müller MJ. 
Association of elevated phospho-tau levels with Alzheimer-typical 18F-fluoro-2-deoxy-D-glucose 
positron emission tomography findings in patients with mild cognitive impairment. Biological 
Psychiatry. 2004; 56:279–283. [PubMed: 15312816] 

Fellgiebel A, Scheurich A, Bartenstein P, Muller MJ. FDG-PET and CSF phospho-tau for prediction 
of cognitive decline in mild cognitive impairment. Psychiatry Research. 2007; 155:167–171. 
[PubMed: 17531450] 

Folstein MF, Folstein SE, McHugh PR. Mini-mental state: A practical method for grading the 
cognitive state of patients for the clinician. Journal of Psychiatric Research. 1975; 12:189–198. 
[PubMed: 1202204] 

Hansson O, Zetterberg H, Buchhave P, Londos E, Blennow K, Minthon L. Association between CSF 
biomarkers and incipient Alzheimer's disease in patients with mild cognitive impairment: a follow-
up study. Lancet Neurology. 2006; 5:228–234.

Herholz K. PET studies in dementia. Annals of Nuclear Medicine. 2003; 17:79–89. [PubMed: 
12790355] 

Horn JL, McArdle JJ. A practical and theoretical to measurement invariance in aging research. 
Experimental Aging Research. 1992; 18:117–144. [PubMed: 1459160] 

Hunt A, Schonknecht P, Henze M, Toro P, Haberkorn U, Schroder J. CSF tau protein and FDG PET in 
patients with aging-associated cognitive decline and Alzheimer's disease. Neuropsychiatric 
Disease and Treatment. 2006; 2:207–212. [PubMed: 19412465] 

Imai K, Keele L, Tingley D. A general approach to causal mediation analysis. Psychological Methods. 
2010; 15:309–334. [PubMed: 20954780] 

Jack CR Jr. Knopman DS, Jagust WJ, Petersen RC, Weiner MW, Aisen PS, Trojanowski JQ. Tracking 
pathophysiological processes in Alzheimer's disease: an updated hypothetical model of dynamic 
biomarkers. Lancet Neurology. 2013; 12:207–216.

Jagust WJ, Gitcho A, Sun F, Kuczynski B, Mungas D, Haan M. Brain imaging evidence of preclinical 
Alzheimer's disease in normal aging. Annals of Neurology. 2006; 59:673–681. [PubMed: 
16470518] 

Jagust WJ, Landau SM, Shaw LM, Trojanowski JQ, Koeppe RA, Reiman EM, Mathis CA. 
Relationships between biomarkers in aging and dementia. Neurology. 2009; 73:1193–1199. 
[PubMed: 19822868] 

Dowling et al. Page 16

Neuroimage. Author manuscript; available in PMC 2016 January 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Jagust WJ, Bandy D, Chen K, Foster NL, Landau SM, Mathis CA, Koeppe RA. The Alzheimer's 
Disease Neuroimaging Initiative positron emission tomography core. Alzheimer’s & Dementia: 
the journal of the Alzheimer’s Association. 2010; 6:221–229.

Jo B. Causal inference in randomized experiments with mediational processes. Psychological Methods. 
2008; 13:314–336. [PubMed: 19071997] 

Johnson SC, Christian BT, Okonkwo OC, Oh JM, Harding S, Xu G, Sager MA. Amyloid burden and 
neural function in people at risk for Alzheimer's disease. Neurobiology of Aging. 2014; 35:576–
584. [PubMed: 24269021] 

Joshi A, Koeppe RA, Fessler JA. Reducing between scanner differences in multicenter PET studies. 
NeuroImage. 2009; 46:154–159. [PubMed: 19457369] 

Landau SM, Harvey D, Madison CM, Reiman EM, Foster NL, Aisen PS, Jagust WJ. Comparing 
predictors of conversion and decline in mild cognitive impairment. Neurology. 2010; 75:230–238. 
[PubMed: 20592257] 

Landau SM, Harvey D, Madison CM, Koeppe RA, Reiman EM, Foster NL, Jagust WJ. Associations 
between cognitive, functional, and FDG-PET measures of decline in AD and MCI. Neurobiology 
of Aging. 2011; 32:1207–1218. [PubMed: 19660834] 

Landau SM, Mintun MA, Joshi AD, Koeppe RA, Petersen RC, Aisen PS, Jagust WJ. Amyloid 
deposition, hypometabolism, and longitudinal cognitive decline. Annals of Neurology. 2012; 
72:578–586. [PubMed: 23109153] 

Li G, Sokal I, Quinn JF, Leverenz JB, Brodey M, Schellenberg GD, Kaye JA, Montine TJ. CSF tau/
Abeta42 ratio for increased risk of mild cognitive impairment: a follow-up study. Neurology. 
2007; 69:631–639. [PubMed: 17698783] 

Lo RY, Hubbard AE, Shaw LM, Trojanowski JQ, Petersen RC, Aisen PS, Jagust WJ. Longitudinal 
change of biomarkers in cognitive decline. Archives of Neurology. 2011; 68:1257–1266. 
[PubMed: 21670386] 

MacKinnon DP, Lockwood CM, Williams J. Confidence limits for the indirect effect: Distribution of 
the product and resampling methods. Multivariate Behavioral Research. 2004; 39:99–128. 
[PubMed: 20157642] 

Marsh HW, Grayson D. Longitudinal stability of latent means and individual differences: A unified 
approach. Structural Equation Modeling. 1994; 2:317–359.

McArdle JJ, Ferrer-Caja E, Hamagami F, Woodcock RW. Comparative longitudinal structural 
analyses of growth and decline of multiple intellectual abilities over the lifespan. Developmental 
Psychology. 2002; 38:115–142. [PubMed: 11806695] 

Meredith W. Measurement invariance, factor analysis, and factorial invariance. Psychometrika. 1993; 
58:525–542.

Mohs K, Rosen W, Davis K. The Alzheimer's Disease Assessment Scale: An instrument for assessing 
treatment efficacy. Psychopharmacology Bulletin. 1983; 19:448–450. [PubMed: 6635122] 

Mosconi L, De Santi S, Brys M, Tsui WH, Pirraglia E, Glodzik-Sobanska L, de Leon MJ. 
Hypometabolism and altered CSF markers in normal ApoE E4 carriers with subjective memory 
complaints. Biological Psychiatry. 2008; 63:609–618. [PubMed: 17720148] 

Mosconi L, Mistur R, Switalski R, Tsui WH, Glodzik L, Brys M, de Leon MJ. Longitudinal changes in 
brain glucose metabolism from normal cognition to pathologically verified Alzheimer's disease. 
European Journal of Nuclear Medicine and Molecular Imaging. 2009; 36:811–822. [PubMed: 
19142633] 

Mosconi L, Berti V, Glodzik L, Pupi A, De Santi S, de Leon MJ. Pre-clinical detection of Alzheimer's 
disease using FDG-PET, with or without amyloid imaging. Journal of Alzheimer’s Disease. 2010; 
20:843–854.

Mosconi L, Rinne JO, Tsui WH, Murray J, Li Y, Glodzik L, de Leon MJ. Amyloid and metabolic 
positron emission tomography imaging of cognitively normal adults with Alzheimer's parents. 
Neurobiology Aging. 2013; 34:22–34.

Muthén B, Asparouhov T. Causal effects in mediation modeling: An introduction with applications to 
latent variables. Structural Equation Modeling. 2014 Forthcoming. 

Dowling et al. Page 17

Neuroimage. Author manuscript; available in PMC 2016 January 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Muthén BO, Curran PJ. General longitudinal modeling of individual differences in experimental 
designs: A latent variable framework for analysis and power estimation. Psychological Methods. 
1997; 2:371–402.

Muthén, LK.; Muthén, BO. Mplus User's Guide. Seventh Edition. Los Angeles, CA: Muthén & 
Muthén; 2013. 

Niedowicz DM, Beckett TL, Matveev S, Weidner AM, Baig I, Kryscio RJ, Murphy MP. Pittsburgh 
compound B and the postmortem diagnosis of Alzheimer's disease. Annals of Neurology. 2012; 
72:564–570. [PubMed: 23109151] 

Oh H, Habeck C, Madison C, Jagust W. Covarying alterations in Aβ deposition, glucose metabolism, 
and gray matter volume in cognitively normal elderly. Human Brain Mapping. 2014; 35:297–308. 
[PubMed: 22965806] 

Okamura N, Arai H, Higuchi M, Tashiro M, Matsui T, Itoh M, Sasaki H. Cerebrospinal fluid levels of 
amyloid beta-peptide1-42, but not tau have positive correlation with brain glucose metabolism in 
humans. Neuroscience Letters. 1999; 273:203–207. [PubMed: 10515194] 

Okamura N, Furumoto S, Fodero-Tavoletti MT, Mulligan RS, Harada R, Yates P, Villemagne VL. 
Non-invasive assessment of Alzheimer's disease neurofibrillary pathology using 18F-THK5105 
PET. Brain. 2014

Perez-Nievas BG, Stein TD, Tai HC, Dols-Icardo O, Scotton TC, Barroeta-Espar I, Gómez-Isla T. 
Dissecting phenotypic traits linked to human resilience to Alzheimer's pathology. Brain. 2013; 
136:2510–2526. [PubMed: 23824488] 

Petrie EC, Cross DJ, Galasko D, Schellenberg GD, Raskind MA, Peskind ER, Minoshima S. 
Preclinical evidence of Alzheimer changes: convergent cerebrospinal fluid biomarker and 
fluorodeoxyglucose positron emission tomography findings. Archives of Neurology. 2009; 
66:632–637. [PubMed: 19433663] 

R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R 
Foundation for Statistical Computing; 2013. URL http://www.R-project.org/

Reiman EM, Caselli RJ, Yun LS, Chen K, Bandy D, Minoshima S, Osborne D. Preclinical evidence of 
Alzheimer's disease in persons homozygous for the e4 allele for apolipoprotein E. The New 
England Journal of Medicine. 1996; 334:752–758. [PubMed: 8592548] 

Reiman EM, Caselli RJ, Chen K, Alexander GE, Bandy D, Frost J. Declining brain activity in 
cognitively normal apolipoprotein E epsilon 4 heterozygotes: A foundation for using positron 
emission tomography to efficiently test treatments to prevent Alzheimer's disease. Proceedings of 
the National Academy of Science of the United States of America. 2001; 98:3334–3339.

Reiman EM, Quiroz YT, Fleisher AS, Chen K, Velez-Pardo C, Jimenez-Del-Rio M, Lopera F. Brain 
imaging and fluid biomarker analysis in young adults at genetic risk for autosomal dominant 
Alzheimer's disease in the presenilin 1 E280A kindred: a case-control study. Lancet Neurology. 
2012; 11:1048–1056.

Roe CM, Fagan AM, Grant EA, Hassenstab J, Moulder KL, Maue D, Morris JC. Amyloid imaging and 
CSF biomarkers in predicting cognitive impairment up to 7.5 years later. Neurology. 2013; 
80:1784–1791. [PubMed: 23576620] 

Rosen W, Mohs R, Davis K. A new rating scale for Alzheimer's disease. The American Journal of 
Psychiatry. 1984; 141:1356–1364. [PubMed: 6496779] 

Salthouse TA. Neuroanatomical substrates of age-related cognitive decline. Psychological Bulletin. 
2011; 137:753–784. [PubMed: 21463028] 

Schaie KW, Maitland SB, Willis SL, Intrieri RC. Longitudinal invariance of adult psychometric ability 
factor structures across 7 years. Psychology and Aging. 1998; 12:8–20. [PubMed: 9533186] 

Selig JP, Preacher KJ. Mediation models for longitudinal data in developmental research. Research in 
Human Development. 2009; 6:144–164.

Shaw LM. PENN Biomarker Core of the Alzheimer's Disease Neuroimaging Initiative. Neuro Signals. 
2008; 16:19–23. [PubMed: 18097156] 

Shaw LM, Vanderstichele H, Knapik-Czajka M, Clark CM, Aisen PS, Petersen RC, Trojanowski JQ. 
Cerebrospinal fluid biomarker signature in Alzheimer's disease neuroimaging initiative subjects. 
Annals of Neorology. 2009; 65:403–413.

Dowling et al. Page 18

Neuroimage. Author manuscript; available in PMC 2016 January 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.R-project.org/


Sluimer JD, Bouwman FH, Vrenken H, Blankenstein MA, Barkhof F, van der Flier WM, Scheltens P. 
Whole-brain atrophy rate and CSF biomarker levels in MCI and AD: a longitudinal study. 
Neurobiology of Aging. 2010; 31:758–764. [PubMed: 18692273] 

Snider BJ, Fagan AM, Roe C, Shah AR, Grant EA, Xiong C, Holtzman DM. Cerebrospinal fluid 
biomarkers and rate of cognitive decline in very mild dementia of the Alzheimer type. Archives of 
Neurology. 2009; 66:638–645. [PubMed: 19433664] 

Small GW, Ercoli LM, Silverman DH, Huang SC, Komo S, Bookheimer SY, Phelps ME. Cerebral 
metabolic and cognitive decline in persons at genetic risk for Alzheimer’s disease. Proceedings of 
the National Academy of Sciences of the United States of America. 2000; 97:6037–6042. 
[PubMed: 10811879] 

Tombaugh TN, McIntyre NJ. The mini-mental state examination: a comprehensive review. Journal of 
the American Geriatric Society. 1992; 40:922–935.

Tucker LR, Lewis C. A reliability coefficient for maximum likelihood factor analysis. Psychometrika. 
1973; 38:1–10.

Villemagne VL, Burnham S, Bourgeat P, Brown B, Ellis KA, Salvado O, Masters CL. Amyloid β 
Deposition, neurodegeneration, and cognitive decline in sporadic Alzheimer's disease: a 
prospective cohort study. Lancet Neurology. 2013; 12:357–367.

Wouters H, van Gool WA, Schmand B, Zwinderman AH, Lindeboom R. Three sides of the same coin: 
Measuring global cognitive impairment with the MMSE, ADAS-cog and CAMCOG. International 
Journal of Geriatric Psychiatry. 2010; 25:770–779. [PubMed: 19946861] 

Wu W, West SG, Taylor AB. Evaluating model fit for growth curve models: Integration of fit indices 
from SEM and MLM frameworks. Psychological Methods. 2009; 14:183–201. [PubMed: 
19719357] 

Xia C-F, Arteaga J, Chen G, Gangadharmath U, Gomez LF, Kasi D, Kolb HC. [18F]T807, a novel tau 
positron emission tomography imaging agent for Alzheimer's disease. Alzheimer’s & Dementia. 
2013; 9:666–676.

Young AL, Oxtoby NP, Daga P, Cash DM, Fox NC, Ourselin S, Alexander DC. A data-driven model 
of biomarker changes in sporadic Alzheimer's disease. Brain. 2014; 137:2564–2577. [PubMed: 
25012224] 

Zhang D, Shen D. Multi-modal multi-task learning for joint prediction of multiple regression and 
classification variables in Alzheimer's disease. Neuroimage. 2011; 59:895–907. [PubMed: 
21992749] 

Zhang D, Shen D. Predicting Future Clinical Changes of MCI Patients Using Longitudinal and 
Multimodal Biomarkers. PLoS ONE. 2012:7.

Dowling et al. Page 19

Neuroimage. Author manuscript; available in PMC 2016 January 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. 
Schematic representation of the parallel process growth model estimated to test the 

longitudinal effects of CSF measures on the rate of change in cognition via the rate of 

change in regional glucose metabolism over time. The model equations are notationally 

described in the Methods section. Latent variable intercepts (α1 and θ1) and slopes (α1 and 

θ1), represented by circles, were regressed on six observed (squares) variables: age, gender, 

ApoE, education, clinical diagnosis at baseline, and CSF(xi). Residual error variances are 

shown by two-headed curved arrows going towards observed and latent variables. Numbers 

on the arrows going from the latent growth parameters to observed measures at each time 

point indicate factor loadings. The asterisk (*) indicates that the loading was estimated. The 

CSF measures were assessed separately in the model and included: Aβ1–42, t-Tau, p-

Tau181p, t-Tau/Aβ1–42, and p-Tau181p/ Aβ1–42. The models also included direct paths from 

each covariate (cj) to all the growth parameters, but have been omitted in the figure for 

simplicity purposes.
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Figure 2. 
Estimates of the significant mediation test results for FDG-PET change rate as the mediator 

of the effects of alterations in CSF measures on cognitive decline over time across 5 

different brain regions.
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Table 1

Descriptive Statistics of Study Variables at Baseline

Variable

Total
(N=412)

Mean (SD)

NC
(N=82)

Mean (SD)

MCI
(N=241)

Mean (SD)

AD
(N=89)

Mean (SD)

Demographic Characteristicsa

    Gender (Male %) 57.5% 51.2% 60.2% 56.2%

    ApoE ε4 status (carrier %) 54.6% 34.2% 54.0% 75.3%

    Age in years 72.28 (7.32) 72.45 (6.66) 71.49 (7.41) 74.25 (7.35)

    Education in years 16.33 (2.62) 16.61 (2.59) 16.45 (2.59) 15.72 (2.64)

Global Cognitionb

    MMSE 27.03 (2.71) 29.06 (1.18) 27.74 (1.82) 23.22 (2.00)

FDG ROIb

    Posterior Cingulate 1.30 (0.19) 1.40 (0.16) 1.33 (0.17) 1.15 (0.16)

    L Temporal 1.17 (0.18) 1.27 (0.13) 1.20 (0.15) 1.00 (0.18)

    R Temporal 1.18 (0.16) 1.25 (0.12) 1.20 (0.14) 1.06 (0.17)

    L Angular 1.22 (0.19) 1.32 (0.14) 1.24 (0.16) 1.05 (0.18)

    R Angular 1.22 (0.18) 1.32 (0.14) 1.25 (0.16) 1.07 (0.19)

    Composite ROI 1.22 (0.16) 1.31 (0.12) 1.24 (0.14) 1.06 (0.15)

Neuropsychological Outcomeb,c

    ADAS-Cog-13 17.67 (10.25) 8.67 (4.53) 15.88 (6.96) 31.22 (8.61)

CSF Biomarkersb

    Aβ1–42 169.89 (56.39) 211.15 (51.03) 169.46 (54.95) 132.61 (34.95)

    t-Tau 98.33 (59.01) 67.68 (34.21) 94.42 (54.86) 138.12 (67.12)

    p-Tau181p 41.54 (24.80) 31.39 (21.53) 39.85 (21.34) 55.60 (30.06)

    t-Tau/ Aβ1–42 0.69 (0.56) 0.35 (0.25) 0.66 (0.50) 1.11 (0.64)

    p-Tau181p/ Aβ1–42 0.29 (0.23) 0.17 (0.18) 0.28 (0.19) 0.45 (0.30)

Notes.

a
The omnibus F-test was significant for age (F=4.725, p=0.009). Hochberg-adjusted age mean difference between the MCI and AD groups was 

significant (p=0.007). ApoE status was associated with diagnosis at baseline (χ2 = 26.790, p<0.001).

b
The omnibus F-test was significant as well as all Hochberg-adjusted post-hoc pairwise comparisons.

c
Lower scores reflect higher functioning or better performance.

Key: NC=normal control; MCI=mild cognitive impairment; AD=Alzheimer’s disease; ApoE=apolipoprotein E; CSF=cerebrospinal fluid; Aβ=beta 
amyloid; p-Tau= phosphorylated tau; t-Tau=total tau.

Neuroimage. Author manuscript; available in PMC 2016 January 15.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Dowling et al. Page 23

T
ab

le
 2

B
iv

ar
ia

te
 C

or
re

la
tio

n 
St

at
is

tic
s 

be
tw

ee
n 

Pr
ed

ic
to

rs
 a

nd
 L

on
gi

tu
di

na
l M

ed
ia

to
r 

an
d 

O
ut

co
m

e 
V

ar
ia

bl
es

V
ar

ia
bl

e
1

2
3

4
5

6
7

8
9

10
11

12
13

14
15

16
17

18
19

20
21

22

T
ar

ge
t O

ut
co

m
e

1
    

A
D

A
S-

C
og

 M
0

-

2
    

A
D

A
S-

C
og

 M
6

0.
90

-

3
    

A
D

A
S-

C
og

 M
12

0.
86

0.
89

-

4
    

A
D

A
S-

C
og

 M
18

0.
73

0.
82

0.
75

-

5
    

A
D

A
S-

C
og

 M
24

0.
84

0.
89

0.
88

0.
87

-

6
    

A
D

A
S-

C
og

 M
36

0.
75

0.
85

0.
81

0.
82

0.
91

-

M
ed

ia
to

r

7
    

A
v 

F
D

G
-P

E
T

 M
0

−0
.6

3
−0

.6
3

−0
.5

8
−0

.4
8

−0
.5

5
−0

.4
7

-

8
    

A
v 

F
D

G
-P

E
T

 M
6

−0
.5

2
−0

.5
5

−0
.5

2
−0

.5
6

−0
.5

9
−0

.5
2

0.
91

-

9
    

A
v 

F
D

G
-P

E
T

 M
12

−0
.5

3
−0

.5
5

−0
.4

9
−0

.5
1

−0
.6

3
−0

.5
0

0.
91

0.
91

-

10
    

A
v 

F
D

G
-P

E
T

 M
18

−0
.3

3
−0

.3
3

−0
.3

1
−0

.5
1

−0
.5

0
−0

.5
1

0.
90

0.
89

0.
92

-

11
    

A
v 

F
D

G
-P

E
T

 M
24

−0
.5

8
−0

.5
9

−0
.5

6
−0

.4
8

−0
.6

6
−0

.5
6

0.
86

0.
87

0.
91

0.
93

-

C
SF

 M
ea

su
re

s(
P

re
di

ct
or

)

12
    

A
β 1

–4
2

−0
.4

7
−0

.5
1

−0
.4

8
−0

.3
1

−0
.5

2
−0

.5
3

0.
40

0.
26

0.
33

0.
22

0.
35

-

13
    

t-
T

au
0.

42
0.

43
0.

46
0.

01
0.

34
0.

28
−0

.2
9

−
0.

10
−0

.2
4

−
0.

03
−

0.
17

−0
.4

5
-

14
    

p
-T

au
18

1p
0.

35
0.

40
0.

37
0.

13
0.

42
0.

42
−0

.2
6

−
0.

14
−0

.2
5

−
0.

03
−0

.2
7

−0
.4

6
0.

69
-

15
    

p
-T

au
18

1p
/A

β 1
–4

2
0.

40
0.

46
0.

43
0.

23
0.

44
0.

52
−0

.3
4

−
0.

18
−0

.2
6

−
0.

05
−0

.2
5

−0
.6

4
0.

67
0.

93
-

16
    

t-
T

au
/ A

β 1
–4

2
0.

47
0.

48
0.

50
0.

11
0.

40
0.

37
−0

.3
5

−
0.

16
−0

.3
0

−
0.

07
−

0.
18

−0
.6

5
0.

93
0.

69
0.

78
-

D
em

og
ra

ph
ic

s

17
    

M
al

e
0.

08
0.

06
0.

04
0.

02
−

0.
01

0.
04

−
0.

05
0.

09
0.

15
−

0.
03

0.
02

−
0.

08
−0

.2
2

−
0.

10
−

0.
05

−
0.

14
-

18
    

E
du

ca
ti

on
−

0.
13

−
0.

12
−

0.
14

−
0.

05
−

0.
08

0.
02

0.
10

0.
10

0.
11

0.
03

0.
03

0.
08

−
0.

14
−

0.
05

−
0.

05
−

0.
13

0.
21

-

19
    

A
ge

0.
22

0.
21

0.
20

0.
07

0.
08

0.
15

−
0.

11
−

0.
09

0.
03

−
0.

21
−0

.3
1

−
0.

13
0.

06
−

0.
01

0.
01

0.
06

0.
14

−
0.

08
-

20
    ApoE 





ɛ

4
0.

26
0.

29
0.

26
0.

16
0.

28
0.

30
−

0.
17

−
0.

12
−0

.2
2

−
0.

02
−

0.
15

−0
.4

3
0.

32
0.

33
0.

38
0.

39
0.

00
−

0.
11

−
0.

15
-

21
    

d
xM

C
I

−0
.2

1
−0

.1
9

−
0.

14
0.

02
0.

26
0.

19
−

0.
06

−
0.

10
0.

06
−

0.
01

−
0.

08
−

0.
08

−
0.

08
−

0.
07

0.
06

0.
06

−
0.

13
−

0.
01

-

Neuroimage. Author manuscript; available in PMC 2016 January 15.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Dowling et al. Page 24

V
ar

ia
bl

e
1

2
3

4
5

6
7

8
9

10
11

12
13

14
15

16
17

18
19

20
21

22

22
    

d
xA

D
0.

68
0.

67
0.

63
0.

64
0.

35
−0

.5
0

−0
.3

4
−0

.3
9

−0
.4

0
−0

.3
5

0.
35

0.
30

0.
35

0.
39

−
0.

01
−

0.
12

0.
14

0.
21

−
0.

62
-

N
ot

e.
 C

or
re

la
tio

ns
 g

re
at

er
 th

an
 th

e 
ab

so
lu

te
 v

al
ue

 o
f 

ρ 
=

 0
.1

9 
w

er
e 

si
gn

if
ic

an
t u

si
ng

 a
 p

er
-t

es
t S

id
ak

-a
dj

us
te

d 
p 

<
 0

.0
00

47
 a

nd
 a

 f
am

ily
-w

is
e 

al
ph

a 
of

 0
.1

0.

K
ey

. A
D

A
S-

C
og

=
A

lz
he

im
er

’s
 d

is
ea

se
 a

ss
es

sm
en

t s
ca

le
-c

og
ni

tiv
e 

su
bs

ca
le

-1
3 

ite
m

s;
 A

v 
F

D
G

-P
E

T
=

 A
ve

ra
ge

 o
r 

co
m

po
si

te
[1

8 F
]f

lu
or

od
eo

xy
gl

uc
os

e 
po

si
tr

on
 e

m
is

si
on

 to
m

og
ra

ph
y 

ob
ta

in
ed

 f
ro

m
 s

er
ia

l m
ea

su
re

m
en

ts
 (

ba
se

lin
e;

 M
0,

 to
 M

on
th

 2
4;

 M
24

) 
in

 th
e 

fo
llo

w
in

g 
fi

ve
 b

ra
in

 
re

gi
on

s:
 r

ig
ht

 a
nd

 le
ft

 a
ng

ul
ar

 g
yr

i, 
bi

la
te

ra
l p

os
te

ri
or

 c
in

gu
la

te
 g

yr
us

, a
nd

 le
ft

 m
id

dl
e/

in
fe

ri
or

 te
m

po
ra

l g
yr

us
. C

SF
=

ce
re

br
os

pi
na

l f
lu

id
; A

β=
be

ta
 a

m
yl

oi
d;

 p
-T

au
=

 p
ho

sp
ho

ry
la

te
d 

ta
u;

 t-
T

au
=

to
ta

l t
au

 A
po

E
=

ap
ol

ip
op

ro
te

in
 E

; M
C

I=
m

ild
 c

og
ni

tiv
e 

im
pa

ir
ed

; A
D

=
A

lz
he

im
er

’s
 

di
se

as
e.

Neuroimage. Author manuscript; available in PMC 2016 January 15.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Dowling et al. Page 25

Table 3

Mediation Tests

Mediational Process

Posterior Cingulate Temporal (Right)

Model Fit (Range) Model Fit (Range)

CFI: 0.996–1.0; TLI=1.0; 
RMSEA=0.0

CFI: 0.989–0.996; TLI=0.987–0.992;
RMSEA=0.016–0.026

Estimate 95% BC bootstrap CI Estimate 95% BC bootstrap CI

    Direct Paths

    Aβ1–42 → FDG-PET Slope 0.020 (−0.005, 0.044) 0.015 (−0.012, 0.042)

    FDG-PET Slope → Cognitive Slope −57.883* (−93.615, −22.919) −36.883* (−66.276, −7.490)

    Aβ1–42 → Cognitive Slope 0.452 (−2.227, 4.701) −1.22 (−2.644, 0.203)

Estimated Mediational Effects (Indirect Paths)

    Aβ1–42 FDG-PET Slope → Cognitive Slope −1.140 (−6.140, 0.161) −0.536 (−3.556, 0.494)

    Direct Paths

    p-Tau181p → FDG-PET Slope −0.017 (−0.037, 0.004) −0.018* (−0.034, −0.001)

    FDG-PET Slope → Cognitive Slope −74.804* (−105,175, −44.432) −27.866* (−51.811, −3.921)

    p-Tau181p → Cognitive Slope −0.025 (−3.97, 0.542) 0.525 (−2.583, 1.445)

Estimated Mediational Effects

    p-Tau181p → FDG-PET Slope → Cognitive Slope 1.257 (−0.255, 4.603) 0.493* 0.002, 4.276)

    Direct Paths

    t-Tau → FDG- FDG-PET Slope −0.020* (−0.038, −0.002) −0.028* (−0.044, −0.013)

    FDG-PET Slope → Cognitive Slope −64.539* (−92.664, −36.413) −33.944* (−67.085, −0.804)

    t-Tau → Cognitive Slope −0.698 (−3.308, 0.513) −0.058 (−1.129, 1.333)

Estimated Mediational Effects (Indirect Paths)

    t-Tau → FDG-PET Slope → Cognitive Slope 1.317* (0.117, 4.064) 0.953* (0.134, 6.727)

    Direct Paths

    t-Tau/Aβ1–42 FDG-PET Slope −0.016* (−0.027, −0.005) −0.020* (−0.032, −0.008)

    FDG-PET Slope → Cognitive Slope −66.115* (−98.921, −27.028) −28.837* (−48.818, −8.855)

    t-Tau/Aβ1–42 → Cognitive Slope −0.354 (−1.282, 0.573) 0.214 (−0.423, 0.850)

Estimated Mediational Effects (Indirect Paths)

    t-Tau/Aβ1–42 → FDG-PET Slope → Cognitive Slope 1.036* (0.180, 3.672) 0.570* (0.100, 1.588)

    Direct Paths

    p-Tau181p/Aβ1–42 → FDG-PET Slope −0.010 (−0.023, 0.002) −0.014 (−0.028, 0.001)

    FDG-PET Slope → Cognitive Slope −57.879* (−101.183, −14.576) −25.630* (−47.969, −3.291)

    p-Tau181p/Aβ1–42 → Cognitive Slope 0.186 (−0.640, 1.012) 0.554 (−1.026, 1.274)

Estimated Mediational Effects (Indirect Paths)
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Mediational Process

Posterior Cingulate Temporal (Right)

Model Fit (Range) Model Fit (Range)

CFI: 0.996–1.0; TLI=1.0; 
RMSEA=0.0

CFI: 0.989–0.996; TLI=0.987–0.992;
RMSEA=0.016–0.026

Estimate 95% BC bootstrap CI Estimate 95% BC bootstrap CI

    p-Tau181p/Aβ1–42 → FDG-PET Slope → Cognitive 
Slope

0.589 (−0.020, 2.819) 0.356 (−0.141. 1.371)

    Direct Paths

    Aβ1–42 → FDG-PET Slope 0.027* (0.005, 0.050) −0.012 (−0.015, 0.039)

    FDG-PET Slope → Cognitive Slope −43.082* (−80.079, −6.086) −61.703* (−89.417, 33.988)

    Aβ1–42 → Cognitive Slope −0.336 (−2.211, 3.037) −0.647 (−2.223, 0.929)

Estimated Mediational Effects (Indirect Paths)

    Aβ1–42 → FDG-PET Slope → Cognitive Slope −1.166* (−5.166, −0.139) −0.729 (−2.824, 1.063)

    Direct Paths

    p-Tau181p → FDG-PET Slope −0.023* (−0.041, −0.006) −0.025* (−0.044, −0.006)

    FDG-PET Slope → Cognitive Slope −63.248* (−95.434, −31.062) −50.894* (−73.720, −28.067)

    p-Tau181p → Cognitive Slope −0.796 (−2.162, 0.569) −0.488 (−1.625, 0.649)

Estimated Mediational Effects (Indirect Paths)

    p-Tau181p → FDG-PET Slope → Cognitive Slope 1.474* (0.167, 5.181) 1.278* (0.109, 3.794)

    Direct Paths

    t-Tau → FDG-PET Slope −0.022* (−0.036, −0.009) −0.025* (−0.041, −0.009)

    FDG-PET Slope → Cognitive Slope −64.073* (−94.484, −27.840) −53.939* (−75.890, −31.989)

    t-Tau → Cognitive Slope −0.855 (−1.944, 0.234) −0.695 (−1.637, 0.248)

Estimated Mediational Effects (Indirect Paths)

    t-Tau → FDG-PET Slope → Cognitive Slope 1.441* (0.359, 5.605) 1.343* (0.340, 3.282)

    Direct Paths

    t-Tau/Aβ1–42 FDG-PET Slope −0.018* (−0.029, −0.007) −0.017* (−0.030, −0.003)

    FDG-PET Slope → Cognitive Slope −49.434* (−79.774, −19.133) −62.965* (−92.526, −33.405)

    t-Tau/Aβ1–42 → Cognitive Slope −0.23 (−3.518, 0.648) −0.383 (−1.289, 0.524)

Estimated Mediational Effects (Indirect Paths)

    t-Tau/Aβ1–42 → FDG-PET Slope → Cognitive Slope 0.896* (0.155, 4.244) 1.042* (0.139, 2.749)

    Direct Paths

    p-Tau1181p/Aβ1–42 FDG-PET Slope −0.013* (−0.023, −0.002) −0.011 (−0.024, 0.001)

    FDG-PET Slope → Cognitive Slope −49.484* (−83.657, −15.321) −65.349* (−100.101, −29.899)

    p-Tau1181p/Aβ1–42 → Cognitive Slope 0.073 (−1.240, 1.387) −0.126 (−0.987, 0.735)

Estimated Mediational Effects (Indirect Paths)

    p-Tau1181p/Aβ1–42 → FDG-PET Slope → Cognitive 
Slope

0.633* (0.066, 3.636) 0.736 (−0.059, 2.683)
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Mediational Process

Posterior Cingulate Temporal (Right)

Model Fit (Range) Model Fit (Range)

CFI: 0.996–1.0; TLI=1.0; 
RMSEA=0.0

CFI: 0.989–0.996; TLI=0.987–0.992;
RMSEA=0.016–0.026

Estimate 95% BC bootstrap CI Estimate 95% BC bootstrap CI

    Direct Paths

    Aβ1–42 → FDG-PET Slope 0.015 (−0.006, 0.037) 0.019 (−0.002, 0.039)

    FDG-PET Slope → Cognitive Slope −26.891* (−46.483, −7.299) −43.825* (−68.895, −18.756)

    Aβ1–42 → Cognitive Slope −1.217* (−2.270, −0.163) −0.988 (−2.309, 0.334)

Estimated Mediational Effects (Indirect Paths)

    Aβ1–42 → FDG-PET Slope → Cognitive Slope −0.412 (−2.175, 0.269) −0.818 (−2.805, 0.234)

    Direct Paths

    p-Tau181p → FDG-PET Slope −0.013 (−0.031, 0.005) −0.021* (−0.037, −0.005)

    FDG-PET Slope → Cognitive Slope −26.538* (−47.613, −5.462) −36.973* (−57.285, −16.662)

    p-Tau181p → Cognitive Slope 0.651 (−0.146, 1.447) 0.14 (−0.712, 0.992)

Estimated Mediational Effects (Indirect Paths)

    p-Tau181p → FDG-PET Slope → Cognitive Slope 0.338 (−0.201, 2.791) 0.765* (−0.076, −2.448)

    Direct Paths

    t-Tau → FDG-PET Slope −0.023* (−0.040, −0.005) −0.024* (−0.039, −0.009)

    FDG-PET Slope → Cognitive Slope −38.243* (−68.157, −8.330) −52.321* (−86.690, −17.943)

    t-Tau → Cognitive Slope −0.145 (−0.983, 1.273) −0.26 (−1.418, 0.897)

Estimated Mediational Effects (Indirect Paths)

    t-Tau → FDG-PET Slope → Cognitive Slope 0.886* (0.073, 4.528) 1.269* (0.157, 4.165)

    Direct Paths

    t-Tau/Aβ1–42 → FDG-PET Slope −0.016* (−0.029, −0.003) −0.018* (−0.029, −0.007)

    FDG-PET Slope → Cognitive Slope −26.318* (−47.407, −5.229) −44.872* (−72.476, −17.267)

    t-Tau/Aβ1–42 → Cognitive Slope 0.375 (−2.112, 1.009) −0.126 (−0.613, 0.865)

Estimated Mediational Effects (Indirect Paths)

    t-Tau/Aβ1–42 → FDG-PET Slope → Cognitive Slope 0.424* (0.046, 3.292) 0.807* (0.129, 2.971)

    Direct Paths

    p-Tau181p/Aβ1–42 → FDG-PET Slope −0.011 (−0.025, 0.003) −0.013* (−0.025, −0.001)

    FDG-PET Slope → Cognitive Slope −22.578* (−40.826, −4.329) −36.043* (−58.134, −10.484)

    p-Tau181p/Aβ1–42 Cognitive Slope 0.643 (−0.086, 1.200) 0.376 (−0.258, 1.011)

Estimated Mediational Effects (Indirect Paths)

    p-Tau181p/Aβ1–42 → FDG-PET Slope → Cognitive 
Slope

0.250 (−0.138, 2.013) 0.467* (0.031, 2.458)

Note.
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*
Statistically significantly different from 0 based on the asymmetric 95% bias-corrected bootstrap confidence interval.
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